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Abstract: Since a three-dimensional (3D) printed drug was first approved by the Food and Drug Administration in 2015, 
there has been a growing interest in 3D printing for drug manufacturing. There are multiple 3D printing methods – including 
selective laser sintering, binder deposition, stereolithography, inkjet printing, extrusion-based printing, and fused deposition 
modeling – which are compatible with printing drug products, in addition to both polymer filaments and hydrogels as 
materials for drug carriers. We see the adaptability of 3D printing as a revolutionary force in the pharmaceutical industry. 
Release characteristics of drugs may be controlled by complex 3D printed geometries and architectures. Precise and unique 
doses can be engineered and fabricated via 3D printing according to individual prescriptions. On-demand printing of drug 
products can be implemented for drugs with limited shelf life or for patient-specific medications, offering an alternative to 
traditional compounding pharmacies. For these reasons, 3D printing for drug manufacturing is the future of pharmaceuticals, 
making personalized medicine possible while also transforming pharmacies.
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1. Introduction
Three-dimensional (3D) printing is an additive manu-
facturing method whereby successive layers of material 
are deposited/solidified to form a 3D structure. This 
technology has been applied in numerous fields, re-
presenting the large variety of possible applications, 
including the consumer goods industry[1], aerospace 
research[2,3], regenerative medicine[4–12], medical device 
development[13–19] and the automotive industry[20]. 
An emerging application of 3D printing is for drug 
manufacturing[21,22].

Interest in 3D printing of pharmaceutical products 

has been growing since the Food and Drug Adminis-
tration (FDA) approved the first 3D printed drug in 
2015[1,21]. Several methods and materials have since 
been investigated and demonstrated to serve this pur-
pose[1,23–25]. Selective laser sintering (SLS) is the most 
analogous method to the common drug manufacturing 
process of powder pressing, in that it relies on loose 
powder that becomes joined into a solid object. Another 
powder-based method is binder deposition, in which a 
liquid binding solution is printed onto a bed of powder. 
Stereolithography, the selective solidification of a pool/
bed of photosensitive material, may also be used for drug 
manufacturing. Inkjet printing offers high resolution 
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printing of viscous materials. Extrusion printing is ano-
ther alternative method which is compatible with both 
viscous and solid materials. Furthermore, drug products 
can be printed using hydrogels or polymer-based fila-
ments[1].

The rationales supporting the increasing research in 
3D printing for drug manufacturing are noteworthy. In 
general, there is a demand for adaptability, a feature that 
is not often seen in pharmaceuticals[26]. This includes 
the ability to fabricate dosage forms with complex geo-
metries and architectures, which directly correlates 
to increased complexity and control over release cha-
racteristics. The adaptability of 3D printing may also 
be applied for the precise and unique dosing of drugs, 
whereby drug doses can be printed with the safety of 
digital control. Additionally, multiple doses or multiple 
drugs can be printed together in a singular dosage form. 
Finally and importantly, 3D printing allows for drug 
products to be adapted for on-demand, prescription-
specific production. The ability of on-the-spot drug 
fabrication will have major implications in emergency 
medicine and for medications with limited shelf-life[1]. 
Furthermore, 3D printing of drugs means that they 
can be manufactured for patients on an individualized 
basis. This capacity directly responds to the demand 
for individualized medicine and healthcare[1]. Patient-
specific medicine entails the modification of drug 
dosing and combinations to meet the individual’s 

needs. Conventional drug manufacturing methods lack 
the ability to fulfill this necessity, as they focus on 
large-scale batches[26]. There is little flexibility in the 
typical manufacturing process, requiring several steps 
which would be too difficult to tailor for a small batch. 
Conversely, 3D printing-based fabrication of drug 
pro ducts can be changed between prescriptions, also 
showing promise to transform pharmacy compounding.

Herein, we provide a case for the exploration of 3D 
printing for drug manufacturing. We first review 3D 
printing methods and materials that are applicable to 
drug manufacturing. Then, we elaborate on the benefits 
of this developing approach in pharmaceuticals, 
justifying why the FDA has encouraged continued 
de velopment of 3D printed products[1,21]. We see the 
3D printing of drug products as the next imminent 
revolution in the medicine and healthcare industries, and 
aim to demonstrate it as such.

2. Applicable 3D Printing Methods
For the purposes of printing drug products, we are 
concerned with 3D printing technology which utilizes 
bio-compatible materials that incorporate pharmaceutical 
elements. There are numerous 3D printing methods, 
many of which have previously been reported as adapted 
for bioprinting and drug manufacturing needs[23–25]. In 
particular, SLS (Figure 1A), binder deposition (Figure 
1B), stereolithography (Figure 1C), inkjet printing 

Figure 1. 3D printing methods for drug manufacturing. (A) Selective laser sintering. A laser is directed towards a bed of powder which 
is refilled by a roller system; the laser solidifies the powder to form the desired print. (B) Binder deposition. A binding solution is spotted 
onto a bed of powder which is refilled by a roller system; upon contact, the binder causes the powder to dissolve and re-crystalize. 
(C) Stereolithography. A laser is directed towards an inverted print bed which is submerged in a pool of photosensitive ink; the ink is 
cured and solidified by the laser. (D) Inkjet printing. On the left, a thermal inkjet nozzle uses a heating element to create a bubble in the 
continuous flow of ink, which generates a droplet. On the right, a piezoelectric element uses electrical pulses to create an acoustic wave 
which causes the formation of an air bubble, thereby generating a droplet. (E) Extrusion-based printing (of viscous materials). On the left, 
a piston is used to apply mechanical pressure to the ink to extrude a continuous stream. On the right, pneumatic pressure is applied from 
above to extrude the ink. (F) Fused deposition modeling (for solid materials). Solid filament is fed through the nozzle by rollers, then 
melted by heating elements within the nozzle, and extruded on the print bed.
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(Figure 1D), and extrusion-based printing (Figures 
1E and F) are ideal approaches for printing for drug 
manufacturing.

2.1 Powder-Based Printing 
Powder-based printing methods are the most similar 
3D printing method to the common drug manufacturing 
method of powder pressing, in which a bed of powder is 
pressed into a pre-fabricated mold. By the SLS method, a 
thermal-sensitive powder is spread over the build surface 
by a roller and pressed to form the appropriate layer 
thickness[27]. After the layer of powder is established, a 
laser supplies thermal energy to the powder to stimulate 
the melting and bonding of powder into the desired 
form[28]. This process of spreading powder followed by 
laser sintering is repeated for each successive layer. SLS 
also allows for partial sintering, and the encapsulation of 
non-sintered material within a sintered shell.

An additional powder-based method is binder depo-
sition[29–31]. Following the same procedure for powder 
spreading, binder deposition is an additive method 
that builds from a bed of powder layers. Instead of a 
laser melting the powder as in SLS, a binder solution is 
spotted onto the powder. This binder solution dissolves 
the powder which then re-crystalizes to form the solid 
form. By this method, the drug ingredients may either be 
mixed in with the powder, or the drug may be mixed into 
the binder solution.

2.2 Stereolithography
Similar to SLS, stereolithography utilizes a laser or 
projector to solidify material while in a bulk setting. 
With stereolithography, also known more generally as 
photo-polymerization, the drug would be dissolved into 
a liquid pool of hydrogel or resin material[32,33]. The 
material of choice must be photosensitive. When the 
laser light shines onto the surface of the pool/bed of 
photosensitive, drug-loaded material, the material cures 
and solidifies. This method is extremely high resolution 
and considerably fast, but the nature of the pool of 
drug-loaded material has an inherent risk of cross-
contamination between the fabrications of different drug 
products.

2.3 Inkjet Printing
Inkjet-based printing follows the same principles as a 
commercial inkjet printer for paper: ink is deposited onto 
a substrate by either a thermal-driven or piezoelectric-
driven nozzle, offering high resolution printing capa-
bilities. With the introduction of z-axis motion, 3D 
patterns may be fabricated by this method.

For the thermal inkjet printing approach, a thermal 
element within the print head generates droplets of 
ink. This heating element is electrically-controlled to 

cyclically produce brief spikes in thermal energy which 
is transferred to the ink[34]. The increase in thermal 
energy causes the formation of a small bubble, which 
provides a pulse of pressure to force ink out of the 
nozzle, thereby producing a droplet[4,35].

An alternative to thermal inkjet printing is the piezo-
electric approach, which implements a piezoelectric 
actuator to form droplets. A piezoelectric crystal within 
the print head is stimulated when voltage is applied, 
which induces a rapid, reversible deformation[4]. This 
deformation propagates acoustic waves which supply 
the pulse of pressure needed to disrupt the flow of ink 
through the print head, thereby producing droplets.

The inkjet printing method can further be applied 
to microvalve-based 3D printing. Microvalve printing 
utilizes a motorized stage comprised of an array of mi-
cro valves which are capable of depositing droplets of 
material[36–38]. Each microvalve is connected to its own 
pressure regulator, allowing for individual con trol of each 
one. By controlling the stage and the pres sure regulators 
in unison, various materials can be simultaneously 
deposited. This scheme has been previously applied to 
cell-laden bioprinting, whereby support material, growth 
media, and cell-laden material were printed together[37]. 
Microvalve-based 3D printing can be applied to drug 
fabrication by depositing various drug-loaded materials 
along with binders, scaffolds, and other biodegradable 
materials.

2.4 Extrusion-Based Printing
Extrusion-based printing entails the extrusion of a 
continuous stream of ink, as compared to the droplets 
which are formed via inkjet printing. By using this 
method, the substrate material is mixed with the drug 
of interest, and deposited by a nozzle or needle. The 
substrate may be a viscous liquid or a solid filament. 
Furthermore, advances in micro-extrusion allow for 
highly precise deposition of drug-loaded material for 
small-scale products[39].

3. Material Considerations
In discussing 3D printed pharmaceuticals, it is also 
important to consider the type of material – whether it be 
a powder, solid bulk, or liquefied substance – that is used 
to print the drug product[1]. SLS and binder deposition 
both require a powder substance. Compatible with 
extrusion-based printing, fused deposition modeling 
(FDM) relies on the extrusion of solid filaments loaded 
with the desired drug. Due to the reliance on solid 
polymer-based filaments, this method poses more 
challenges in making it appropriate for oral dosage 
medicines. Conversely, natural and synthetic hydrogels 
have a more viscous consistency that makes them more 
appropriate for oral drug products. Additionally, the 
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viscous nature of hydrogels allows for extrusion-based 
or inkjet-based printing. Finally, various forms of smart 
materials are described for drug delivery applications.

3.1 Materials for Powder-Based Printing
Materials used for powder-based printing methods 
must meet certain criteria for printability. With respect 
to binder deposition, the requirements and necessary 
parameters of the materials used are relatively straight-
forward. Factors that impact the printability include 
particle size, binder viscosity, droplet size of the binder 
solution, the concentration of the binder solutions, and 
the thickness of each powder layer[40]. The powder size 
must not be too small as to cause low flowability, nor 
may it be too large such that high density printed parts 
are not feasible. Additionally, the binder solution must 
be of low enough viscosity and high surface tension to 
precisely form small droplets, while also being able to 
penetrate the layer of powder. This is interdependent on 
the requirement that the powder layer be thin enough for 
binder saturation, but thick enough to prevent excessive 
binding. In most cases of binder deposition printing, 
the binder solution acts as a solvent for the powder, 
whereby the powder is dissolved upon contact with the 
binder[41,42]. The binder-powder mixture may either dry 
to form the solid part, or the materials may react to cause 
localized polymerization, curing or bonding. Examples 
of such powders may include soluble polymers, plastics 
and starches, while binders include chloroform and 
water, among other solvents.

Selective laser sintering has more complexity in-
volved with material selection. Powders that have 
been previously studied include polyamides, poly-ε-
caprolactone (PCL), hydroxyapatite (HA), polyethylene 
(PE) and poly(lactic acid) (PLA)[43–46]. By nature of 
SLS, a laser applies localized heat to selectively melt 
the powder where the laser strikes. To facilitate this 
process, the entire powder bed may be maintained 
at a temperature just below the melting point of the 
powder[27]. The powder material must withstand the 
elevated temperature of the print bed without degrading 
or agglomerating[47]. Ideally, the powder possesses a 
high melting point and a relatively lower glass transition 
temperature, which is often seen if the material exists 
as a semi-crystalline polymer at room temperature[28]. 
These thermal properties make the material suitable 
for printing at high temperatures. In the case of semi-
crystalline polymers, the powder bed would be held at a 
temperature above the glass transition temperature, close 
to the melting point. At this state, the laser only needs 
to introduce enough energy to exceed the point of phase 
transition, while minimizing the temperature increase in 
the surrounding powder[47].

The powders used in SLS can range in particle size 

on the scale of microns to hundreds of microns[48]. For 
all particle sizes, the laser sintering causes the forma-
tion of necks between the particles; these necks, or 
link  ages, remain small compared to the size of the 
particles themselves. This neck formation process is 
due to the surface heating of adjacent powder particles, 
and therefore is a function of particle size and shape, 
temperature, and the relative arrangement and density 
of particles. Particle size also contributes to another 
important material property, one which is shared with 
the binder deposition method: the flowability of the 
powder. Flowability refers to the ease of spreading 
pre cisely controlled layers of desired thickness; this 
para   meter is directly related to the granulometry and 
mor  phology of the particles[47]. For instance, small par-
ticles at high density lead to lower flowability. On the 
other hand, high density powder is better suited for 
accuracy and strength of the sintered part. To balance 
these characteristics, particles are preferred to be near-
spherical and flowability agents are often added[49].

3.2 Fused Deposition of Solid Materials
Fused deposition modeling (FDM) 3D printers are a 
specific category of extrusion-based printers which use 
a solid, polymer filament. The filament is fed through an 
electronically controlled nozzle which melts the filament 
and deposits it onto the print bed where the melted 
filament solidifies into the final 3D printed form. Such 
printers are simple and versatile, and are compatible 
with filaments such as poly(lactic acid) (PLA), poly(vinyl 
alcohol) (PVA), and ethylene vinyl acetate (EVA)[50–52]. 
Due to the polymer nature of the filaments, they exhibit 
considerable structural stability after printing and 
solidifying. These filaments are also largely water-
soluble, and are capable of being loaded with a drug 
in solution. Filament can be loaded with varying con-
centrations of drugs for specified doses by dissolving 
the drug in an ethanolic solution and submerging the 
unprinted, solid filament in the solution[53,54]. Filament 
can also be loaded with drugs by melting the filament 
and re-solidifying it after the addition of the drugs[55]. 
Once the 3D printed drug product is placed in vivo, 
the drug itself will diffuse out of the print, while the 
biodegradable filament will dissolve over time.

3.3 Natural and Synthetic Hydrogels
As opposed to the solid nature of polymer-based fila-
ments used in FDM printing, hydrogels are viscous 
and capable of being extruded or deposited as droplets 
via extrusion-based printing and inkjet-based printing, 
respectively. Implementing a controllable gelling hydro-
gel system, many layers of drug-loaded hydrogels can 
be printed into 3D structures, characterized by pores 
and channels which can be printed into the materials 
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according to programmable patterns[35]. Following 
print ing, curing and soaking, the hydrogel patterns 
de velop into water-swollen networks formed by the 
deposited hydrogel material[56–58]. These networks ex-
hibit considerable po rosity and high diffusion rates 
for various substances, and of particular interest is the 
ability to carry and release loaded drugs. Additionally, 
some hydrogels even respond to pH, temperature, or 
enzymatic activity, enabling controlled and targeted 
release of drugs[59–61].

Hydrogels may be formed with either naturally-derived 
or synthetic materials, each having nuanced properties 
and applications. Natural hydrogel materials include 
alginate, gelatin, agarose, fibrin and chitosan[57,62]. Syn-
thetic materials include poly (ethylene glycol) (PEG), 
oligo(poly(ethylene glycol) fumarate) (OPF) and poly 
(acrylic acid) derivatives (PAA). PEG is a commonly 
used hydrogel material for drug delivery due to its non-
toxic and non-adhesive properties, in addition to its 
compatibility with crosslinking which allows for more 
durable internal bonds to finalize the printed shape.

A more recent hydrogel contender in the field is 
gelatin methacryloyl (GelMA), which is an inexpensive 
biomaterial naturally derived from denatured colla-
gen and chemically modified by the addition of a 
methacrylate group[63]. Similar to PEG, GelMA can be 
photo-crosslinked; when exposed to light in the presence 
of a photoinitiator, the methacrylate groups of the 
GelMA crosslink with each other, forming a gel. GelMA 
also exhibits the benefit of a temperature-dependent 
viscosity transition which makes it ideal for 3D printing. 
Furthermore, GelMA has been demonstrated as a drug 
delivery hydrogel by combining it with PAA, whereby 
the relative concentration of PAA controls the degree of 
and timing of drug release[64].

Pertaining to the formulation of all hydrogel materials, 
various parameters must be considered to achieve ma -
terial properties suitable for high-resolution drug manu-
facturing. The type of crosslinking directly impacts 
the degradability and mechanical properties of the 
printed hydrogel[65–67]. Hydrogels can be chemically 
cross  linked – radical polymerization, reaction with 
com  plementary or end groups, and enzymatic activity 
– or physically crosslinked – crystallization, ionic inte-
ractions, hydrogen bonds, and protein interactions. Each 
form of crosslinking has varying levels of rigidity and 
degradability; stronger and greater numbers of bonds 
are associated with stronger printed products, but at 
the expense of lower degradability. For drug delivery 
application, the crosslinking bonds must be strong and 
plentiful enough to maintain the hydrogel for a given 
time period, but must also be weak and few enough to 
breakdown and degrade. In addition to the crosslinking, 
the combination of materials is also an important factor: 

multiple materials can be combined into a copolymer, in 
which case the relative ratios of each individual material 
tunes the final material properties[56,68,69]. Copolymers can 
also be utilized to control the drug release by leveraging 
hydrophobic and hydrophilic properties of both the in-
dividual hydrogel materials and of the added drug(s)
[70,71]. For instance, the release of a hydrophilic drug can 
be controlled and slowed by embedding it within a 
hydro phobic hydrogel. An alternative example, a non-
degrading hydrophobic hydrogel that has excellent 
thermo-mechanical properties can be modified to be 
biodegradable by the addition of hydrophilic material. 
Another consideration is the viscosity, surface tension, 
and temperature-dependent properties of hydrogels. 
These factors are crucial for finding or synthesizing 
materials that are appropriate for 3D printing[62,72]. A 
final limitation of practically all hydrogels that should 
be considered is the geometric precision during the 3D 
printing process. When printing drugs, accuracy is of 
utmost importance, yet due to the low viscosity during 
printing and the gelatinous consistency post-printing, 
accurately printing corners or small designs can be very 
difficult.

As for the loading of the drug into the hydrogel, 
two general methods have been presented: the printed 
hydrogel may be placed into a liquid medium saturated 
with the drug, or the drug may be pre-mixed into the 
hydrogel material[59]. These methods have been reported 
as diffusion and entrapment, respectively. Diffusion 
relies on the porosity of the hydrogel in order to take 
up and store the drug. Entrapment is more suitable for 
drugs with larger molecule sizes or for more careful 
and specific drug loading. Alternatively, drugs can also 
be directly deposited into the middle of a print, thereby 
entrapping the drug inside a hydrogel drug carrier. With 
both diffusion and entrapment, once the 3D printed 
drug-loaded hydrogel is placed in vivo, similar to a 
FDM-fabricated drug, the drug will diffuse out of the 
hydrogel network. The concentration gradient of the 
drug formed between the 3D print and the surrounding 
environment may cause an initial burst release or a 
triphasic release profile – burst release due to swelling 
and drugs eluted from the surface, followed by zero 
order release, and finished by a second phase of rapid 
release as the hydrogel degrades – dependent on various 
factors[59,73]. These factors include the size of the drug 
particles relative to the pore size of the hydrogel (if 
the drug is larger than the pores, diffusion is restricted, 
thereby reducing the burst release effect), the distribution 
of drug particles within the print (if the surface of the 
printed hydrogel contains a large concentration of the 
drug, a burst release is more likely), and whether the 
drug is loaded by mixing or bonding[58,73]. Herein lies 
another advantage of hydrogels over solid materials: 
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drugs can be covalently or physically linked to the 
hydrogel network to limit the drug’s release, whereas 
this is impossible in FDM[74,75]. Drug release would only 
occur as the bond between the drug and hydrogel, or the 
hydrogel itself, degrades. It is important to note, though, 
that degradation of hydrogels often occurs primarily by 
bulk degradation, as opposed to surface degradation, 
due to high diffusion; surface erosion would be made 
possible by further modification and careful selection of 
the hydrogel materials[76–78].

3.4 Smart Materials for Drug Delivery
Drug delivery can greatly benefit from smart materials 
which are compatible with 3D printing. More spe-
cifically, smart materials of interest include shape 
memory materials and environment-stimulated materials 
such as pH- and temperature-sensitive materials. In 
general terms, degradable shape memory polymer 
(SMP) are multifunctional materials which are designed 
to conform to their therapeutically relevant shape and 
mechanical properties after implantation[79]. SMPs are 
considered active polymers, as they change from a 
temporary shape to their original, permanent shape upon 
exposure to a stimulus. This controllable, conformable 
change can be leveraged for drug delivery. Most com-
monly, the stimulus is in the form of a temperature 
change, i.e. the internal temperature of the human body 
compared to the outside temperature. pH-sensitive ma-
terials are also very useful in designing SMPs: due to 
the dependence on the physiological environment of the 
drug, pH sensitivity can act as a reversible switch for 
drug release as the drug form migrates through the body 
or as the environment changes in acidity/alkalinity[80]. 
Other possible stimuli include light, pressure, or a mag-
netic or electric field[81].

When considering the printing of SMPs, it is often 
referred to as four-dimensional (4D) printing, wherein 
the fourth dimension is time[82–85]. After 3D printing 
the drug form, the printed drug can change its shape or 
functionality when the external stimulus is applied. For 
instance, a drug form can be printed that has high surface 

area in its permanent shape but a compact, low surface 
area shape in its temporary shape; the drug would be 
ingested or implanted while in its compact shape, and 
once in the targeted location, external stimulus would 
cause the transformation to its high surface area shape to 
allow for high drug release rates.

Importantly, researchers have shown that the incor-
poration of drugs does not have a significant impact on 
the thermo-mechanical behavior and shape memory 
properties of the SMPs[86,87]. Furthermore, SMPs exhibit-
ing biodegradability and zero-order drug release have 
also been developed[79,88]. By leveraging the elas tic 
properties of particular SMPs combined with hydro-
phobic materials, SMPs can be designed to release 
drugs without an initial burst followed by hydrolytic 
degradation. Another exemplary implementation of 
SMPs is for double layer delivery systems[89]. A multi-
layer approach allows for finer tuning of drug release, 
while still maintaining the mechanical properties of 
an elastic material ideal for implantable applications. 
With a focus on drug eluting implants, SMP stents 
have been designed to perform a double duty: provide 
the mechanical function of an implantable stent while 
simultaneously delivery drugs[90]. By adding the drug 
eluting feature to SMPs, implants and stents can be 
designed with anti-inflammatory agents built-in[91].

4. Benefits of 3D printing for Drug Manu­
facturing
Once an appropriate 3D printing method is determined 
and the material best suited for the pharmaceutical 
application is selected, it is a matter of developing and 
printing the drug itself. It is at this stage in the drug 
manufacturing process where 3D printing presents itself 
as the ideal approach, attributed to some noteworthy 
benefits[92]. One of the primary considerations in the 
delivery of drugs is the release characteristics. 3D 
printing enables increased geometric and architectural 
complexity, facile fabrication of multi-layer delivery 
systems, and the application of various controlled 
release mechanisms. Printing as an approach for drug 

Figure 2. Theoretical scheme of 3D printing for drug manufacturing. Based on a patient’s specific prescription from his doctor, a custom 
medication is designed via computer-aided design. The dosage form may be composed of complex geometries, multiple doses, or even 
multiple drugs. Drug-loaded bioink (biocompatible material) is then 3D printed on-demand.
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manufacturing also introduces precise and unique 
dosing, and the ability to create multi-dose or multi-
drug pharmaceutical products. Dosing may also be 
tailored specifically for individual patients. Similarly, 
the printing of drugs makes point-of-care, pharmacy-
based drug production possible, without the risks 
and extensive fabrication time associated with com-
pounding pharmacies. These benefits of 3D printing 
for drug manufacturing pave the way for the future of 
pharmaceuticals (Figure 2).

4.1 Release Characteristics of Drugs
The release characteristics of a drug refer to the quantity 
of the loaded drug that is emitted from the dosage form 
with respect to elapsed time. This has a significant im-
pact on the application and relative effectiveness of the 
medication. One manner of manipulating the release 
characteristic of a drug is the geometric design and 
archi tectural complexity of the drug product. 3D printing 
is an ideal method for increasing the geometric and 
architectural complexity of dosage forms. 3D printing 
allows for custom-designed, discrete shapes to be fa-
bricated, each with its own respective release timing. 
For instance, tablets of various shapes prepared with a 
constant surface area-to-volume ratio display different 
drug release rates, from fastest to slowest: sphere, cube, 
torus, cylinder and pyramid[93]. These findings are the 
result of drug diffusion and polymer dissolution[94,95]. 
The predominance of one of these factors over the 
other depends on the tablet shape and the solubility of 
the drug that is loaded in the tablet. This information 
can be leveraged with the capabilities of 3D printers 
to manufacture drugs with purposeful geometries 
for different release characteristics; in particular, by 
diverging away from typical spherical forms, 3D printing 
for drug manufacturing enables different and more 
precise drug delivery functions[96].

In addition to creating complex architectures of drug 
carriers, 3D printing is also capable of fabricating multi-
layer delivery systems. Bilayer tablets are common for 
controlled release delivery systems, by incorporating 
instant-release and slow-release layers in the same 
dosage form. While bilayer tablets are not a novel 
pharmaceutical product, the ability to fabricate them in 
essentially a single step by means of a 3D printer may 
revolutionize the process[97]. Furthermore, controlling the 
release timing by printing the carrier in different shapes 
and densities may also contribute to greater control over 
burst release, which is the phenomenon of excess drug 
being released upon initial contact with the dissolution 
media[98].

A final and important consideration for the release 
characteristics of drugs is the material of the drug 
carrier. As described above, hydrogel is a great candidate 

for a 3D printing medium, as well as for a drug carrier. 
Hydrogels also exhibit a diverse range of controlled re-
lease functions[99]. As a material property, many hydro-
gels are biodegradable over time, which lends itself to 
taking advantage of polymer dissolution as a form of 
controlled release. Additionally, due to the high diffusion 
of hydrogels, they may also be leveraged for diffusion-
controlled release and swelling-controlled release. 
Finally, hydrogels are also compatible with chemically-
controlled release.

4.2 Precise and Unique Dosing
3D printing of drug products enables a newfound level of 
customization and personalization in drug dosing that is 
nearly impossible using typical commercial, mass-scale 
production methods. Presently, proper dosing is often 
imprecise, which can have costly results, in terms of 
both money and health[100]. While clinical pharmacology 
studies have been conducted to improve methods of drug 
dosing control and to help doctors prescribe the correct 
dose on a patient-to-patient basis, less work has focused 
on the production of the prescribed doses. 3D printing 
offers highly-precise fabrication, in addition to the 
capacity of unique dosing, all attributed to the free-form 
nature of 3D printing.

Exemplifying the application of 3D printing to pro-
vide precise dosing, a flexible-dose dispenser was 
developed that combines FDM 3D printing with hot melt 
extrusion (HME), which is a common pharmaceutical 
manufacturing process[101]. HME was implemented to 
produce drug-loaded filament by accurately mixing 
the drug with the filament material via a twin-screw 
compounder, thereby providing digital control over the 
concentration of drug melted into the filament. Following 
the HME process, the drug-loaded filament was used in 
a FDM printer to direct-write pharmaceutical tablets, 
which also introduces a high level of digital control 
through the design of the 3D printed tablets. Leveraging 
the linear relationship between the mass and volume of 
printed tablets, tablets of varying doses were able to be 
printed with high precision.

Digital control over drug dosing is not limited to 
FDM 3D printing; it has also been demonstrated with 
hydrogels which are compatible with inkjet printing. 
Following the deposition of drug-loaded hydrogel 
material, the hydrogel is cured by exposure to ultraviolet 
(UV) or near-UV light, which causes photo-initiator 
embedded within the material to crosslink. This photo-
sensitive crosslinking may be utilized as a mean of 
digital drug dosing by using a projector to precisely cure 
a portion of the printed hydrogel[102]. The cured portion 
of the hydrogel forms the drug dose, while the uncured 
hydrogel can be washed away.

3D printing for drug manufacturing also advances 
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drug dosing by making multi-drug and multi-dose 
carriers not only possible, but simple to fabricate. 
So called “polypills” can be created by combining 
different drugs, materials with varying concentrations 
of the same or different drugs, and various materials 
with differing release characteristics into the same pill. 
3D printing is the most effective and efficient method 
for accomplishing this[103,104]. Multiple drugs can be 
combined in a pill by printing with multiple filaments 
or inks, each loaded with a different drug. Likewise, 
multiple materials can be printed simultaneously to form 
a single pill comprising multiple release characteristics. 
These capacities come together to produce a myriad 
of possibilities, including, but not limited to: multiple 
layers, self-contained compartments, and inner-to-
outer variation, each with either different doses or even 
different drugs. Such polypills made possible by 3D 
printing may very well be the future of precise and 
unique drug dosing.

4.3 On-Demand Capabilities
Point-of-care and pharmacy-based drug production may 
be the future of pharmaceuticals. 3D printing fulfills this 
niche portion of drug manufacturing. By implementing 
3D printing as a fabrication method for pharmaceuticals, 
drugs can be on-demand in time-limited and resource-
limited settings[1,105]. The on-demand capabilities are 
applicable to settings such as disaster relief, emergency 
and operating rooms, on board first response vehicles, or 
medical facilities for the military. Time is also a critical 
factor when fabricating and delivering low-stability 
drugs, which is another instance of an application for on-
demand printing of drugs[97].

The printing of pharmaceutical products can also 
be implemented to produce drugs on-the-spot and in 
accordance with specific, individualized prescriptions, 
thereby revolutionizing pharmacy compounding[106]. 
Currently, patient-centered pharmaceuticals are limited 
to compounding pharmacies. Traditionally, pharmacy 
compounding is reserved for patients with special 
medical needs, offering custom medications which are 
not commercially available. In particular, pharmacists 
prepare small-scale batches based on individual pre-
scriptions. However, the individual-centric practices of 
compounding pharmacies have associated risks[107].

Pharmacy compounding is traditionally reserved 
for cases in which a patient requires a dosage form, 
strength, or medicine cocktail that is not commercially 
available. In such cases, the risk-benefit ratio of using 
the compounded medicine is favorable for the pa-
tient[107]. However, the risk-benefit scale tips in the 
opposite direction for medications that have other more 
commercialized options. The reason for the variance 
in the merit of compounding is the inherit variability 

and likely imprecision involved in the pharmaceutical 
making process. Solving these potential risks is the 
precision of custom 3D printing drugs. Leveraging 3D 
printing’s control over release characteristics of drugs 
and its ability to produce precise and unique doses, 
individualized medicine can provide prescription-based 
pharmaceutical products with the safety of digital control 
and the personalization of 3D printing.

5. Conclusion and Future Perspectives
Through this article, we have provided our perspective 
on the merits of 3D printing for drug manufacturing. 
Selective laser sintering, inkjet printing, and extrusion-
based printing were presented as applicable 3D printing 
methods for drug manufacturing. Solid filament 
materials and natural and synthetic hydrogels were 
con sidered as possible materials for drug loading and 
printing. Various rationales for the 3D printing of drugs 
were also presented, including control over the release 
characteristics of drugs, the ability to print precise and 
unique doses, and the on-demand capabilities inherent 
with the printing approach.

3D printing for drug manufacturing represents the 
future of pharmaceuticals. While diverse industries 
across all of society are adopting 3D printing as a me-
thod for manufacturing, medicine and healthcare have 
yet to fully harness the capabilities of 3D printing 
for the direct-write fabrication of medications. With 
continued research, we believe personalized medicine 
will reach new levels of possibility, and pharmacies will 
be revolutionized by this particular application of 3D 
printing.
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