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Abstract

Objectives The traditional manufacturing methods of solid oral dosage forms (SODFs) are reported 
to be time-consuming, highly expensive and not tailored to the patient’s needs. Three-dimensional 
printing (3DP) is an innovative emerging technology that can help to overcome these issues. The 
aim of this review is to describe the most employed 3DP technologies, materials and the state of 
the art on 3DP SODFs. Characterization techniques of 3DP SODFs, challenges and regulatory issues 
are also discussed.
Key findings The interest in the investigation of the suitability of 3DP as an alternative strategy for 
the fabrication of SODFs is growing. Different 3DP technologies and starting materials have been 
investigated for the development of SODFs. Numerous SODFs with complex geometries and com-
position, and with different release patterns, have been successfully manufactured via 3DP. Despite 
that, just one 3DP SODF has reached the market.
Summary 3DP can be a promising alternative to the classical SODFs manufacturing methods. 
However, numerous technically and regulatory challenges still need to be addressed in order 3DP 
to be extensively used in the pharmaceutical sector.

Keywords: three-dimensional printing; 3D printing; oral solid dosage forms; oral drug delivery; pharmaceutics; polymers

Introduction

Solid oral dosage forms (SODFs) have always been the most pre-
ferred forms for drug administration, due to high patient compliance 
and convenience to manufacture and handle; moreover, healthcare 
staff are not usually required for administering SODFs due to their 
easiness of administration. It has been reported that the 90% of the 
dosage forms for humans are intended for being administered or-
ally. In addition, oral administration is associated with patient com-
pliance significantly greater than that reported with other routes 
of administration such as the parental and the inhalation route. 
Moreover, SODFs can be used for the local treatment of diseases af-
fecting the gastrointestinal (GI) tract, such as stomach and colorectal 
cancers, infections, inflammations, bowel diseases, gastro-duodenal 
ulcers and gastroesophageal reflux disorders.[1]

The conventional manufacturing methods for SODFs require nu-
merous operation steps such as blending, mixing, milling and com-
pression. As a consequence, they are time-consuming and highly 
expensive. Finally, are not customized to the individual needs but are 
manufactured in bulk scale.[2] Three-dimensional printing (3DP) is 
revolutionizing the world of SODFs manufacturing. To date, various 
3DP technologies are available, with all of them require an initial 
designing step with a computer-aided design (CAD) software. The 
CAD model is then exported in an adequate format to the slicer 
software of the printer where it is sliced into the layers that will be 
used by the printer to produce an object in a layer-by-layer manner. 
Some 3DP technologies may require further post-processing steps, 
for example, to remove solvent residues, excess powder or supports, 
polishing and sintering.[2–6]

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Copyedited by:  

D
ow

nloaded from
 https://academ

ic.oup.com
/jpp/advance-article/doi/10.1093/jpp/rgab136/6371163 by guest on 11 February 2022

https://orcid.org/0000-0002-8740-1661
mailto:d.lamprou@qub.ac.uk?subject=
https://creativecommons.org/licenses/by/4.0/


2 Journal of Pharmacy and Pharmacology, 2022, Vol. XX, No. XX

Over the last decade, there has been a growing interest in 
the investigation of the capability of 3DP to fabricate oral solid 
dosage forms. 3DP allows the development of SODFs with 
complex geometries that are impossible to be manufactured with 
conventional fabrication methods. Moreover, multiple active 
pharmaceutical ingredients (APIs) could be combined into one 
dosage form, thus being beneficial for patients who need to daily 
take many different medicines. Furthermore, on-demand and 
patient-specific medicines can be easily manufactured via 3DP. 
This decreases the risk of adverse effects or underdosing related 
to SODFs manufactured with the conventional methods which 
follow the “one-size-fits-all” regime and significantly improves pa-
tient adherence.[2, 7]

This review article begins with an overview of the 3DP tech-
nologies applied for the manufacturing of SODFs, including the 
advantages and limitations of each technique. Next, the most 
common materials used for 3DP of SODFs are described, following 
by examples on the formulation of state of the art of 3DP SODFs 
(Supplementary Table S1). The most used characterization tech-
niques of 3DP SODFs are also reported, and the review concluded 
by covering the challenges and regulatory issues in 3DP of SODFs.

3D Printing Technologies for the Manufacturing 
of SODFs

Many different 3DP technologies have been investigated for the de-
velopment of SODFs. Among them, the most common 3DP technolo-
gies employed for the manufacturing of SODFs can be categorized 
as extrusion-based 3DP, vat photopolymerization, powder-based 
3DP and inkjet 3DP. Each class of 3DP techniques can be divided 
into subcategories depending on the material used and on the type 
of energy used. The 3DP technologies used in the manufacturing of 
SODFs are graphically represented in Figure 1.

An overview of the characteristics, advantages and limitations 
of each 3DP technology is provided in the following sections and 
summarized in Table 1.

Extrusion-based 3D printing
Extrusion-based 3DP is the most popular 3DP technology in pharma-
ceutical manufacturing. The process consists of the extrusion of a 
material through machine-driven nozzles.[8, 9] Depending on the ma-
terial used and on the need for a melting step to be easily extruded 
through the nozzle, two different extrusion-based 3DP technolo-
gies can be identified. The extrusion process that requires material 

melting is referred to as fused deposition modelling (FDM), when the 
melting step is not required then the pressure-assisted microsyringe 
(PAM) is used (Figure 2).[4, 10, 11]

Fused deposition modelling
The FDM technology was invented by Scott Crump in 1989.[12] Few 
years later, the first FDM printer was commercialized by Stratasys, a 
company co-founded by Crump and his wife.[11, 13] Nowadays FDM 
represents the most widely used 3D printing method in the pharma-
ceutical field.[11, 13, 14] FDM is based on the software-controlled layer-
by-layer deposition of a molten thermoplastic filament on the printer 
building platform.[5, 11]

The thermoplastic filament is usually prepared by hot melt ex-
trusion (HME). Three different approaches can be employed. In a 
first approach, the filament can be loaded with the drug after the 
extrusion process by soaking it in the drug solution allowing the 
passive diffusion of the drug into the filament. In a second approach, 
the drug can be mixed with the powder mixture composed of the 
polymer and the eventual excipients and produce a drug-loaded 
filament.[11, 14] A third approach consists of the manufacturing of an 
empty shell and the simultaneous or subsequent loading of the shell 
with a drug in the form of a solid or a liquid.[14] The second approach 
is usually the most preferred due to the higher drug loading that can 
be achieved.

During FDM printing, the filament is loaded in the printhead 
thanks to a gear system.[8] Inside the printhead, the filament is heated 
above the glass transition temperature to achieve a semi-solid state.
[13] The melted filament is then extruded through the printhead nozzle 
and deposited onto the printer building platform where it solidifies 
due to the reduction of its temperature. Once the first layer is solidi-
fied, the building platform lowers down to allow the juxtaposition 
of the subsequent layer on the top of the previous one. The process 
continues until the 3D object is completed.[11, 15] A variant of FDM is 
known as “dual FDM 3D printing.” Dual FDM 3D printing systems 
are characterized by multiple printheads which allow to print one 
object with different materials. Dosage forms incorporating more 
than one drug can be manufactured with this technology. This can 
be quite beneficial for patients who need to take several medication 
on the same day.[11] However, FDM systems with multiple printheads 
could increase mechanical complexity and the processing time.[16]

The quality of the printed design is affected by several factors. 
These could be distinguished into factors related to the process and 
factors related to the feedstock. The first includes the temperature of 
the nozzle, the speed of extrusion and the infill density.[4] The factors 

Figure 1 3DP technologies for the manufacturing of SODFs.
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related to the feedstock are its thermal conductivity, density or glass 
transition temperature.[17, 18]

The use of FDM in the pharmaceutical field offers several ad-
vantages. First, FDM printers are low-cost systems with prices 
ranging from £500 to 2000.[11] Second, printing parameters such 
as layer thickness and infill percentage can be easily modified 

allowing the manufacturing of dosage forms with different geom-
etry, complexity and inner structure.[2, 3, 19] The drug release profile 
can also be easily modified by accurately setting the printer param-
eters.[3, 17] Even SODFs containing multiple APIs can be manufac-
tured by FDM.[11, 19] Despite other 3DP technologies require a 
post-processing step, in FDM this additional step is not needed. 

Table 1 Advantages and limitations of 3DP technologies used for SODFs manufacturing 

3DP Technology Advantages Limitations

FDM •  low-cost
•  possibility to manufacture dosage forms with different geometry, 

complexity and inner structure
•  easy modification of drug release profile
•  manufacturing of SODFs with multiple APIs
•  no post-processing
•  high mechanical resistance of the dosage form

•  limited to low dosage drugs
•  thermal degradation

PAM •  does not require high temperatures
•  high choice of materials
•  dosage forms with high drug loading and with combination of 

different APIs can be manufactured

•  requirement of organic solvents
•  3DP dosage form may show contraction or 

deformation in their shape
•  time-consuming
•  low resolution

SLA •  print larger models in comparison to other photocuring based 
3DP

•  the action of the laser might degrade the 
API

•  printing speed can be quite slow
•  post-processing 

DLP •  faster than SLA
•  high-resolution prints
•  smaller resin tanks in comparison to SLA printers
•  does not require high temperatures or pressures

•  the action of the laser might degrade the 
API

•  post-processing

CIJ and DoD •  high accuracy and reproducibility
•  low number of steps required to create the final object
•  low printing time
•  minimum drug wastage
•  low cost

•  not applicable with high drug loading
•  possible alteration of APIs due to high 

shear rates 

SLS •  dosage forms having different shapes and drug release patterns
•  accurate control of the composition and of the internal structure 

of the dosage form
•  low wastage
•  no need to add supports
•  no need of drying step
•  low-cost

•  possibility of drug degradation due to high 
temperatures and high-energy beam

Figure 2 Schematic representation of FDM (A) and PAM (B).
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Thus, when the printing process is completed, the object is already 
solid and can be used immediately.[11, 19] Finally, the final products 
manufactured by FDM are characterized by high mechanical re-
sistance.[3, 10, 17]

However, there are also some drawbacks that limit the applica-
tions of FDM in pharmaceuticals. A limited number of thermoplastic 
polymers of pharmaceutical grade possess adequate characteristics 
to be employed in FDM printing.[3, 10, 20] The drug is usually loaded 
to the filament with impregnation. The yields of drug loading are 
usually low and this may limit the use of FDM to low dosage drugs.
[21] Moreover, the process requires high temperatures which can lead 
to the thermal degradation of thermolabile drugs.[3, 11] This limitation 
can be overcome by combining the drug with a polymer that pos-
sesses a similar melting temperature.[3, 11]

Objects with an elaborated design may require additional sup-
port material to improve their adherence to the building platform.[9, 

13] Support materials can be distinguished into the soluble type or the 
breakaway type. When the printing process is completed, the soluble 
support is removed by immersing the object into a solvent where the 
support material is soluble, while the breakaway-type support can be 
manually removed from the object. Other methods to improve the 
adherence to the object on the building platform include heating the 
platform, the use of tape or hairspray.[11]

Pressure-assisted microsyringe
PAM is a 3DP technology belonging to the class of extrusion-based 
3DP. The process involves the extrusion of a semi-solid material from 
a computer-controlled microsyringe onto a build plate or a glass 
slide in a layer-by-layer fashion.[15, 22, 23] The paste must be smooth, 
homogeneous and must possess adequate rheological properties to 
be extruded out from the microsyringe and to prevent the occlusion 
of it. Once a paste with suitable properties is obtained, it is inserted 
into the syringe and the printing is started.[19] The extrusion process 
is driven by a mechanical, pneumatic or solenoid piston.[15] After the 
conclusion of the printing process, the 3DP dosage form is left drying 
to gain enough physical strength.[22] The process does not require 
high temperatures. This prevents the degradation of thermolabile 
drugs that can occur with others 3DP systems.[15] In addition to that, 
many different types of materials could be used such as hydrogels, 
epoxy resins and even chocolate.[11] Moreover, dosage forms with 
high drug loading and with a combination of different APIs can be 
manufactured.[19]

The main drawback of PAM is that the preparation of the paste 
usually requires the use of organic solvents that could be harmful 
to the human health.[11, 17] In addition, after the post-printing drying 
the 3DP dosage form may show contraction or deformation in their 
shape.[21, 23] Compared with other 3DP technologies, the entire PAM 

Figure 4 Schematic representation of CIJ (A) and DoD with the thermal approach (B1) and with the piezoelectric approach (B2).

Figure 3 Schematic representation of SLA (A) and DLP (B).
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printing process is more time-consuming.[19, 24] Finally, PAM exhibits 
a low resolution due to the diameter of the nozzles that are com-
monly employed (0.4–0.8 mm).[21]

Vat photopolymerization
Photopolymerisation 3D printing is another common method of 
additive manufacturing. The most common photocuring 3DP pro-
cesses include stereolithography (SLA) and digital light processing 
(DLP) printing (Figure 3).

Stereolithography
The SLA technique involves a laser beam that scans over the resin 
tank and causes liquid resin to cure onto the build platform.[25] The 
laser beam is controlled by a set of mirrors called galvanometers 
which direct the laser beam to a set of coordinates according to 
the CAD, causing a layer of resin to cure onto the build platform.
[26] The build plate is raised up for the next layer to be cured and 
this process is repeated until the 3D object is formed. Some post-
processing steps are often required for photocurable resin printing, 
for example, printed objects are often washed with isopropyl al-
cohol to remove excess resin and then further cured under UV light 
to strengthen the structure of the print.[27] In SLA, the resolution of 
the prints can be determined by the size of the laser point in com-
bination with the increments by which the laser beam can move 
across the resin tank. The main factors affecting the quality of the 
final print include the duration of the exposure to the laser beam, 
the intensity of the laser power and the scan speed.[28] SLA printers 
are able to print larger models in comparison to other photocuring-
based printing techniques; however, the printing speed can be quite 
slow as the printing rate is dependent on the movement of the laser 
beam.[29]

Digital light processing
In DLP printing, a digital projector screen, controlled by a digital 
mirror device, is used, which projects an image of the print layer onto 
the resin tank, curing the whole layer of the 3D print design at one 
time onto the build plate. The build plate then moves up for the next 
layer of the print to be cured, this process is repeated until the full 
3D-printed object is formed. In DLP technique, the resolution of the 
XY axis of the printer is determined by the pixel size of the projector. 
DLP process is faster than SLA as the projector cures all points of 
the printing layer simultaneously. DLP also produces high-resolution 

prints, usually on the micron scale, which methods such as FDM 
may not be able to achieve.[20] DLP printers have smaller resin tanks 
in comparison to SLA printers, therefore, would be more suitable for 
smaller prints that require high resolution. DLP also does not require 
high temperatures or pressures for printing which could make the 
printing of materials that may not be suitable for FDM printing due 
to thermal sensitivity possible.

Inkjet printing
Inkjet printing can be subdivided into two different types of tech-
nologies known as continuous inkjet printing (CIJ) and drop-on-
demand (DoD) printing (Figure 4).[4, 10, 15] These 3DP methods rely 
on the Theory of Instability developed by Lord Rayleigh in 1878, 
which describes the separation of a stream of liquid or jet into drop-
lets.[17, 18, 30]

Continuous inkjet printing
In CIJ, a high-pressure pump forces the flux of a continuous stream 
of ink through a nozzle (50–80 µm diameter). A piezoelectric crystal 
drives the liquid allowing its flow to be broken into drops at a spe-
cific speed and size and at regular intervals of time. Upon exiting 
from the nozzle, the droplets pass through an electrically charged 
element to acquire the desired charge. Finally, due to the electro-
static field, the charged droplets reach onto the substrate, building 
the three-dimensional product.[2, 17]

Drop-on-demand
In DoD droplets of 10–50 µm with a volume of 1–70 pL can be pro-
duced. The stream of droplets can be controlled by a thermal print 
head or by a piezoelectric one. When a thermal print head is used, 
the electrical pulses arriving in the resistor generate heat and form 
small bubbles in the ink reservoir. The bubbles provide the appro-
priate pressure to drive the ink out from the nozzle and to generate 
drops. In the piezoelectric approach, the application of the voltage 
induces a quick ad reversible deformation of a piezoelectric element 
which propagates acoustic waves. These generate the pulse of pres-
sure required to break the flow of ink through the print head, thereby 
producing droplets.[5, 30, 31] While the piezoelectric DoD method can 
employ liquids with different characteristics, the thermal method is 
limited to volatile liquids. Moreover, in the latter approach, a tem-
perature up to 300°C can be reached which may determine the deg-
radation of the API.[10, 17]

Figure 5 Schematic representation of binder jetting (A) and SLS (B).
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The main advantage of the use of inkjet printing in the 
manufacturing of SODFs is its ability to create final objects with 
high accuracy and reproducibility.[2, 3, 15] Compared with other 3DP 
technologies, the number of steps required to create the final object 

are fewer.[3] Therefore, as a result, the printing time is reduced.[3, 15, 17] 
The release of the drug from the dosage form can be controlled by 
optimizing parameters such as the size or the surface area of the de-
sign, loading of jetted droplets and varying the distance between the 

Figure 6 Chemical structures of Cellulose derivatives (A), PVA (B), PLA (C), Kollicoat IR (D), Eudragit (E), PVP (F), PCL (G), Carbopol (H), PEG (I), PEGDMA (J), 
PEGDA (K).
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droplets in the substrate,[3] which leads to a minimum drug wastage.
[15, 22] Finally, it is a low-cost technology.[3, 15, 23]

Powder-based 3DP
Powder-based 3DP can be classified into binder jetting and selective 
laser sintering (SLS) (Figure 5).

Binder jetting
In binder jetting 3DP, also known as drop-on-solid (DoS), the binder 
fluid containing or not the API is jetted in the powder bed of the 
printer through the printer nozzle. As a consequence, the mois-
tened powder particles contained into the powder bed joined to-
gether leading to the solidification of the layer. The solidification 
of the powder is a result of the formation of binder bridges or of 
the dissolution and re-crystallization of the particles. Once a layer 

is completed, the building platform moves downwards, while the 
powder distribution platform raises. Next, a powder layer is trans-
ferred from the powder bed to the top of the previous solidified layer 
thanks to a roller. The process continues until the 3DP object is 
completed. Once ended, the object is removed from the printer and 
unsolidified powder is eliminated. This 3DP technology was the one 
employed for manufacturing Spritam, the only 3DP oral solid dosage 
form currently available on the market.[15]

One advantage of binder jetting 3DP is that the printing pro-
cess can be carried out at room temperature.[11, 15] Therefore, the 
issue of drug degradation which is a drawback related to many 3DP 
technologies is avoided.[11] This 3DP technology is suitable for the 
production of low bulk density, highly porous, rapidly dissolvable 
tablets with high drug content. Moreover, depending on the excipi-
ents used, the drug may be in amorphous phase, advantageous when 
poorly soluble APIs are employed. Highly complex dosage forms can 

Figure 7 3DP tablets at constant surface area (A), surface area/volume ratio (B) and mass (C). Reprinted with permission from Goyanes et al.[104].

Figure 8 3D-printed gastrofloating tablets with different infilling percentages (30, 50 and 70% from left to right) and the section of the tablets (A); buoyancy study 
of re-floating ability of 50% infilling percentage 3D-printed gastrofloating tablet on 8 h (B). Reprinted with permission from Li et al.[110].
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be developed without the need of supports or rafts thanks to the 
physical support offered by the powder bed.

The main drawback related to SODFs developed by binder jet-
ting 3DP is the high fragility of the obtained dosage forms. One more 
drawback is that some binders have to be suspended or dissolved in 
organic solvents which can lead to toxicity and require a long time 
to be removed to the 3DP SODF.[15]

Selective laser sintering
SLS, also known as powder bed fusion, was first introduced 
in 1989 by Carl Deckard and Joseph Beaman.[23, 32] This tech-
nique involves the sintering or fusion of particles of a powdered 
material in a spreading platform, layer-by-layer, thanks to the 
action of a high-energy laser beam. The main elements that con-
stitute a SLS printer are: spreading platform, powder bed and 
laser system.[15] A powder dispenser disperses the powder in the 
powder bed and a rollerblade level out the surface. Then, the 
laser beam, following predefined CAD models, selectively scans 
the powder layer on specific areas causing fusion by melting and 
curing. Following that, the powder bed is moved downwards, 
and the next layer is deposited and fused.[15, 19] The process con-
tinues until the 3DP object is completed. Once the object cools 
down, it is removed from the printer manually or by using a 
sieve.[15] The powder used in SLS should possess adequate flow 
properties, good uniformity in particle size and spherical geom-
etry.[13] The most commonly SLS powders employed in 3DP of 
SODFs are Kollidon VA 64, Eudragit L100-55, Eudragit RL and 
Kollicoat IR.[23]

SLS can be employed for the manufacturing of dosage forms 
having different shapes and drug release patterns.[3] Furthermore, it 

makes possible an accurate control of the composition and of the 
internal structure of the developed dosage form.[3, 19] In addition, the 
powder material which remains at the end of the printing process 
can be removed from the printer and used again leading to a low 
wastage.[3] Unlike other 3DP technology, usually with SLS there is 
no need to add supports to the object; therefore, the operator does 
not need to face the difficulties in removing it.[20] Moreover, once the 
printing process is completed, the object can be immediately used 
without the need of being dried.[3] Finally, it is a low-cost technology.
[3, 5] The main drawback associates with this 3DP method is the possi-
bility of drug degradation due to high temperatures and high-energy 
beam.[3, 19]

Materials Employed for 3D-Printed SODFs

The selection of the matrix material for 3DP of SODFs is mainly 
dependent on the 3DP technology used, the type of SODFs aimed 
to be obtained and their characteristics (e.g. release pattern, resist-
ance in GI environment) and the compatibility with the APIs. In the 
following paragraphs, the polymers and additives most commonly 
employed in 3DP of SODFs are described.

Polymers
Polymers represent the most prevalent starting materials used in 
the 3DP industry.[20] In order to be used for the manufacturing of 
3D-printed SODFs, a polymer has to comply with different require-
ments. Indeed, it must be biocompatible, easily eliminable from 
the body, be inert towards the API, be able to control the release 
of the incorporated drug and have the suitable characteristics to be 

Figure 9 Ondansetron ODTs manufactured by SLS (A) and percentage of drug released from SLS ODTs and from commercially ondansetron formulation (B).[112].

Figure 10 3D designs of the six drug printlets. Type I: cylinder (left), types II and III: ring (right).[84].
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printable.[33] Depending on the 3DP family, a different form state 
of the polymer is required. Polymers for 3DP could be in the form 
of filaments, powder, resin, paste or hydrogel.[20, 33] In the following 

paragraphs the most commonly used polymers in 3DP of SODFs are 
described. Figure 6 represented the chemical structures of the poly-
mers described in this review.

Figure 12 3DP capsular parts before raft removal (A) and assembled capsular devices (B). Reprinted with permission from Melocchi et al.[46].

Figure 11 Paediatric-friendly chocolate-based oral dosage forms (A). Reprinted with permission from Karavasili et al.[91]; Printlets with different shapes having 
Braille or Moon patterns (B).[121].
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Cellulose-Based
Cellulose is a natural polymer, which is chemically constituted by 
the repetition of β-d-glucopyranose units covalently linked through 
β-1,4-glycosidic bonds.[34, 35] Two main derivative products can be 
produced starting from the basic structure of cellulose. These are 
known as cellulose ethers and cellulose esters. The ether derivatives 
are obtained by changing the hydrogen atoms of the hydroxylic 
groups of the glucopyranose units for alkyl or substituted alkyl 
groups, while the ester derivatives are derived by esterification of 
the -OH groups with organic or inorganic acids.[35] Cellulose and 
its derivatives are gaining a great attention in 3DP of pharmaceut-
ical products due to their biodegradability, biocompatibility and 
cost-effectiveness.[33] Due to the strong inter- and intra-molecular 
hydrogen bonding, cellulose is not soluble in water and most 
common solvents. Moreover, when exposed to heat it degrades be-
fore melting.[35] Due to these limitations of pure cellulose, cellulose 
derivatives are commonly preferred over it in 3DP of SODFs.[33] 
These include methylcellulose, ethylcellulose (EC), hydroxypropyl 
cellulose (HPC), hydroxypropyl methylcellulose (HPMC).[33, 35] The 
most commonly used 3DP technologies for cellulose-based polymers 
are extrusion-based 3DP, SLS and DoP.

HPMC is characterized by glass transition temperatures varying 
from 160 to 210°C, high melt viscosity and a low degradation tem-
perature. These characteristics made its extrusion quite challenging. 
In order to overcome these issues, usually it is combined with plas-
ticizers such as polyethylene glycol (PEG) or triacetin and triethyl 
citrate (TEC).[33] Although some research groups manage to manu-
facture HPMC 3DP oral solid dosage forms without the use of plas-
ticizers. For example, the group of Khizer et  al. was able to use 
FDM to develop plasticizer-free 3D-printed tablets using filaments 
of HPMC with increasing molecular size/weight (Methocel K4M, 
K15M and K100M) loaded with the anti-diabetic drug glipizide.[36] 
Kadry et al. manufactured HPMC 3DP tablets containing diltiazem 
without adding any other additives.[37] Sometimes, HPMC extru-
sion is simplified by combining it with other thermoplastic poly-
mers.[38] In pressure-assisted microsyringe, different HPMC grade 
polymers (HPMC 2910 and HPMC 2208) were investigated for the 
manufacturing of guaifenesin bilayer tablets. In the sustained-release 
layer, HPMC 2208 was combined with poly(acrylic acid) (PAA), 
whereas in the immediate-release layer, Hypromellose (HPMC 
2910) was used as a binder and microcrystalline cellulose (MCC) 
and sodium starch glycolate (SSG) were used as disintegrants. In 
comparison to the commercially available formulation (Mucinex), 
the 3DP bilayer tablet showed a higher drug loading and compar-
able release pattern.[39] Fina et  al. used SLS for the development 
of HPMC orally disintegrating printlets (ODPs) for the delivery of 
paracetamol. The results of this study demonstrated that the laser 
speed affects the drug release from the printlets determining higher 
release when higher speeds are used without causing any drug deg-
radation.[40]

HPC shows a low glass transition temperature and consequently 
low melt viscosity and fast melt flow properties related to its mo-
lecular weight. The temperature required for its extrusion varies de-
pending on its molecular weight from 120 to 200°C. In addition, it 
does not require the use of plasticizers.[35]

Arafat et al. used FDM 3DP for the manufacturing of theophyl-
line capsule-shaped tablets with multiple interconnected blocks 
(Gaplets). HME was used for preparing the theophylline-loaded 
HPC filament. Compared with solid non-gap-containing 3D-printed 
tablets and more conventional formulations containing disintegrants 
a faster drug release was observed.[41] Gastroretentive floating oral 

dosage forms containing the same drug and using HPC as feedstock 
material were successfully printed by FDM.[42, 43] Intragastric floating 
tablets for the sustained release of domperidone were manufactured 
using FDM by Chai et  al.[44] Immediate-release FDM 3D-printed 
tablets containing theophylline were developed by Than et  al. by 
combining the drug with multiple pharmaceutical polymers (HPC, 
Eudragit EPO, Kollidon VA 64) and disintegrant (SSG) without the 
needs of a plasticizer. The addition of HPC into the blend determined 
a high improvement of the mechanical properties of the filaments.[45]

Melocchi et al. used the same 3DP technique to manufacture a 
swellable/erodible capsular device for oral pulsatile release of para-
cetamol. HPC filaments were produced by HME using temperatures 
varying from 50 to 165°C, depending on the concentration of HPC. 
The 3DP device showed a pulsatile–release profile characterized by 
a lag phase before a rapid and quantitative liberation of the drug. 
The results are comparable to that obtained with Chronocap, a cap-
sular device with the same composition obtained by using injection 
moulding (IM).[46] In a study of Infanger et al., different HPC grades 
were investigated as solid binders in the DoP printing of caffeine tab-
lets. The study revealed that HPC can be successfully employed for 
DoP printing of robust dosage forms.[47] Caffeine was also selected 
as a thermally stable model drug for the development of immediate-
release 3DP SODFs by using FDM. In this study HPC was combined 
with poly-(vinyl pyrrolidone-vinyl acetate) copolymer (Kollidon VA 
64) and poly(vinyl alcohol)-PEG graft copolymer (Kollicoat IR) and 
xylitol and PEG 4000 were evaluated as hydrophilic plasticizers and 
PEG 4000 and maltodextrin as porosity agents.[48] Powder extrusion 
3DP was used by Goyanes et  al. for the manufacturing of tablets 
of itraconazole using different grades of HPC (UL, SSL, SL and L). 
The drug release was affected by HPC molecular weight. Indeed, 
when HPC – UL was used, a faster drug release was observed. This 
was also related to the higher percentage of the drug found as an 
amorphous solid dispersion when this polymer grade was used.[49]

EC is usually used in 3DP in combination with plasticizers or 
softening agents with the aim to reduce its softening point and ameli-
orate the thermoplasticity. The latter is better when low molecular 
weight EC is used than higher MW grades. Oxidation may occur 
when 3DP objects are manufactured at a temperature higher than 
EC softening temperature (156°C), although this phenomenon could 
be avoided by using antioxidants.[33] The suitability of EC in the 
manufacturing of 3DP oral solid dosage forms has been exploited in 
various 3DP technologies such as FDM, SLS and DoP. Yang et al. de-
veloped sustained-release ibuprofen tablets with predesigned internal 
scaffold structure. In this study, EC was selected as sustained-release 
material and was combined with other excipients (e.g. HPMC, PVA, 
sodium alginate and xanthan gum) to adjust the drug release rate 
and facilitate the extrusion process. Among the release modifiers 
used in the study, HPMC was the best one. The three printed tablets 
containing HPMC in combination with EC showed a complete drug 
release within 24  h via swelling and erosion mechanism.[50] More 
recently, Shi et al. obtained similar results.[51] SLS was employed by 
Fina et al. for the production of paracetamol printlets with different 
geometries (cylindrical, bilayer and gyroid lattice) using four dif-
ferent polymers (EC, polyethylene oxide [PEO], Eudragit (L100-55 
and RL)). Without changing the formulation but only modifying the 
geometry a tailor-made drug release could be obtained.[52] In another 
study, Yu et al. used DoP 3DP to prepare doughnut-shaped multi-
layered devices containing paracetamol as a model drug, HPMC as 
matrix and EC as a release-retardant material. In-vitro dissolution 
experiments showed that the 3DP DDDs demonstrated linear release 
profiles.[53]
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Polyvinyl alcohol (PVA)
PVA is a synthetic polymer characterized by high biocompatibility, 
biodegradability and it is toxic-free.[5] It derives from polyvinyl 
acetate by partial or total hydrolysis by removing the acetate group.
[17, 33] It is freely soluble in water and in some water-miscible solv-
ents, such as formamide, dimethylformamide (DMF) and dimethyl 
sulfate (DMSO).[5] However, is sparingly soluble in ethanol and in-
soluble in many organic solvents.[5, 17] The percentage of hydrolysis 
of the acetate groups affects the chemical, mechanical and physical 
properties of PVA. As the degree of hydrolysed acetate groups in-
creases, its melting point increases reaching the value of 220°C when 
fully hydrolysed.[17] Additionally, the opposite trend is observed for 
its water solubility.[33] Moreover, the molecular weight is inversely 
proportional to the degree of hydrolysis.[17, 33] When administered 
orally, it is barely absorbed in the GI tract and easily cleared from 
the body.[33] In addition, it is a quite versatile material that can be 
used for immediate-, sustained- or delayed-release formulations.[14] 
Due to its promising characteristics, PVA has gained attention as an 
excipient to 3DP oral solid dosage forms. In FDM, PVA is one of the 
most used polymers due to its favourable melting point. Indeed, the 
melt material has a viscosity high enough to build and low enough to 
extrude.[5] Several publications have shown the suitability of PVA in 
3DP. For example, Tagami et al. incorporated curcumin into a PVA 
filament by soaking method and used the filament to manufacture 
FDM 3D-printed tablets. They found that the type of organic solvent 
used to prepare the drug dispersion and subsequently incubating the 
filament, the incubation temperature and the concentration of the 
drug in the dispersion considerably affected the drug loading into the 
PVA filament. The 3DP tablets showed a tendency of delayed dissol-
ution as the amount of curcumin incorporated was increased. This 
behaviour could be related to the poor water solubility of the drug.
[54] Gioumouxouzis et  al. manufactured a 3D-printed bilayer oral 
solid dosage form combining two anti-diabetic drugs: metformin 
and glimepiride. The two different layers presented different release 
patterns. Indeed, the metformin layer was prepared with the polymer 
Eudragit RL to obtain a sustained release of the drug, while the layer 
containing glimepiride was made with the polymer PVA to obtain 
an immediate release. To prepare the filaments an accurate screening 
of plasticizers was carried out using twin- or single-screw extruders. 
Regardless of the extruder used, the filaments presented good print-
ability. The 3DP bilayers tablets showed high accordance to the CAD.
[55] Wei et al. developed FDM 3DP tablets for rapid drug release of 
carvedilol or haloperidol, using as feedstock material PVA. Sorbitol 
was selected as a plasticizer to enhance PVA extrudability. Although 
the plasticizer was added, a high temperature (210°C) was necessary 
to prepare the filament and to print it. As a result, the development 
of FDM 3D-printed tablets using PVA is only applicable for drug 
substances that are stable at high temperature, are physically and 
chemically stable and do not vaporize or sublime during melt extru-
sion and printing. In this work, the printing temperature was suit-
able for both the investigated drugs. However, carvedilol showed 
some sublimation of carvedilol and loss of potency when the tablets 
where printed.[56] Sorbitol was also combined with PVA in the work 
of Palekar et al. for the development of age-appropriate paediatric 
formulation of baclofen.[57] As proposed by Tian et al., when PVA is 
combined with sorbitol, the two molecules could interact forming 
stronger hydrogen bonds, which could reduce the strengths of the 
interactions of PVA. This could be an explanation of the lower tem-
perature and reduced shear required for PVA extrusion.[58] Another 
plasticizer that has been used to reduce the extrusion temperature 
in PVA filament, is PEG as reported by Matijašić et  al.[59] Other 

than conventional tablets, others SODFs have been manufactured 
by using filaments of PVA. Goyanes et al. developed capsule-shaped 
tablets (caplets) budesonide using an FDM 3D printer. The caplets 
were made by an inner core of PVA and subsequently coated with a 
layer of the enteric polymer Eudragit. Compared with two commer-
cial budesonide products known as Cortiment (Uceris) and Entocort, 
the coated 3DP caplets started to release after 1 h in the mid-small 
intestine. After the polymeric coat dissolved, the uncoated caplets 
continued to release in a sustained manner in the colonic region.
[60] Cotabarren et  al. fabricated through FDM 3D printing a PVA 
capsular device for modified drug delivery in a single manufacturing 
process. Sodium cromoglicate, an adjuvant for the treatment of 
chronic intestinal inflammatory disorders and for mastocytosis was 
selected as model drug for the study. The capsular device showed an 
immediate release with lag time.[61]

Polylactic acid (PLA)
PLA was first created in the 1930s by Wallace Carothers, who also in-
vented nylon and neoprene. In the 1980s, it was finally produced by 
the American company Cargill. PLA is a biodegradable polymer pro-
duced by direct or ring-opening polymerization from the monomer 
lactic acid which is typically obtained by fermentation from renew-
able resources such as corn starch and sugar cane. PLA properties 
are affected by the ratio of isomers, the processing temperature, the 
molecular weight and the crystallinity. PLA homopolymer melts at 
temperature between 150 and 175°C and has a glass transition tem-
perature (Tg) of 55°C. PLA and its derivative products are highly 
soluble in dioxane, acetonitrile, chloroform, methylene chloride, 
1,1,2-trichloroethane and dichloroacetic acid. They showed low 
solubility in water, alcohols, propylene glycol and unsubstituted hy-
drocarbons. PLA is reported as quite safe when introduced in the 
human body and it does not lead to any toxicity. It is slowly de-
graded and as a consequence has a long in-vivo life-time.[17] Jeong 
et al. used PLA for 3DP of a gastrofloating capsular device. A com-
mercial baclofen immediate-release tablet was incorporated into the 
device. The device was able to float in the gastric fluid and to control 
the release of baclofen from the immediate-release tablet.[62] PLA 
was employed by Gioumouxouzis for the production of the upper 
and a lower layer of a controlled release three-compartmental oral 
dosage form for the delivery of hydrochlorothiazide.[63] The same 
polymer was used by Fu et al. for the manufacturing via FDM of the 
body and cap of a riboflavin tablet-in-device (TiD) system.[64]

Eudragit
Eudragit polymers are obtained by polymerization of acrylic and 
methacrylic acids and their esters.[33] It has been reported that 
Eudragit polymers possess thermoplastic properties, optimal glass 
transition temperatures (ranging between 9 and >150°C), high re-
sistance to high temperatures and high miscibility with APIs and 
other excipients.[65, 66] Depending on the functional groups they 
contain, different types of drug release profiles can be obtained. 
Eudragit L and S are resistant to gastric pH. Eudragit L dissolves 
at pH >6 and is usually employed for tablet coating to allow 
the dosage to resist the acid environment of the stomach, while 
Eudragit S, soluble at pH >7 is used for colon targeting. Eudragit 
RL and RS, possess in their chemical structure quaternary am-
monium groups, do not possess any charge and their solubility is 
independent of the pH. They have opposite permeabilities, which 
is low for Eudragit RS, while it is high for the RL form. They 
are commonly used for the manufacturing of sustained-release 
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dosage forms. The cationic Eudragit E series are soluble at pH 
below 5 and are usually employed when an immediate release in 
the stomach is required.[66] Eudragit RL, RS, E and L100-55 have 
been reported as the most frequently employed Eudragit deriva-
tives in FDM 3DP.[33] For example, Sadia et al. prepared various 
filaments based on Eudragit EPO, the plasticizer TEC and the 
thermostable filler tricalcium phosphate (TCP). The optimized 
formula was employed for the development of drug-loaded fila-
ments of four model drugs with acidic (5-ASA and captopril), 
basic (theophylline) and neutral (prednisolone) nature. Following 
HME and FDM printing, almost 93% of drug contents (theo-
phylline, 5-ASA and prednisolone) remained intact in the tablet. 
However, a reduction of captopril content was observed probably 
due to thermal degradation.[67] Korte and Quodbach, manufac-
tured tablets via FDM using as starting material Eudragit RL as a 
sustained-release polymer. Stearic acid and PEG 4000, were used 
as plasticizers for producing the filaments, and theophylline was 
selected as thermally stable drug. The plasticizer used, affected 
the drug release from the 3DP tablets. Indeed, when PEG 4000 
was used it did not keep a sustained drug release as observed for 
stearic acid.[68] Pietrzak et al. prepared FDM 3DP tablets using as 
feedstock material filament prepared with mixtures of different 
grades of methacrylates (Eudragit RS, RL and E), HPC, TEC as 
plasticizer and theophylline as model drug. The printing via FDM 
required an increase of 40°C of the processing temperature com-
pared with the temperature required for the HME of the filament. 
Nevertheless, the thermal analysis revealed that the drug keeps in 
the crystalline form after the tablet printing process.[69] Eudragit 
was also utilized in binder jetting technology for the development 
of SODFs.[70, 71]

Polyvinylpyrrolidone (PVP)
PVP, also known as polyvidone or povidone, is synthesized by free 
radical polymerization from the monomer N-vinylpyrrolidone.[33, 

72] It is freely soluble in water and polar solvents. However, it is 
insoluble in hydrocarbons. Darkening in colour and reduction of 
its solubility have been observed when kept at a temperature above 
150°C. In addition, it should be kept protect from moisture since 
PVP powder is hygroscopic.[33] Indeed, it is able to absorb until the 
40% of water by its weight.[72] PVP exists in different grades, which 
are distinguished according to the K-value, calculated by using 
the Fikentscher’s equation. The K-value varies depending on PVP 
average molecular weight, degree of polymerization and intrinsic 
viscosity.[73] PVP has been efficiently used for the manufacturing of 
3DP SODFs with different 3DP technologies like FDM, direct ink 
writing and binder jetting.[33] For example, Okwuosa et  al. used 
PVP for the development of immediate-release tablets via FDM 
3DP. The filaments were prepared using PVP, TEC as plasticizer, 
talc as filler and theophylline or dipyridamole as API. The 3DP 
tablets were able to incorporate the two model drugs in high yield 
and allowed an immediate release of the loaded drugs. Moreover, 
demonstrated excellent mechanical properties and adequate 
in-batch variability.[74] The same research group developed gastric-
resistant shell-core delayed-release tablets via dual FDM 3DP. The 
tablet core was made by using PVP, TEC as plasticizer, talc or tri-
basic phosphate sodium as fillers and theophylline, budesonide or 
diclofenac sodium as API. The shell without drug, was made by 
methacrylic acid copolymer (Eudragit L100-55), the same plasti-
cizer as in the core and talc as plasticizer. All the drug candidates 
were successfully incorporated. X-ray powder diffraction (XRPD) 
indicated that theophylline was present in the form of crystals in 

the PVP filaments and in the 3DP tablets while budesonide and 
diclofenac sodium remained amorphous. 3DP tablets showed 
gastric-resistant properties and a drug release dependent on the 
pH buffer.[75] In another work, Kempin et  al. screened different 
pharmaceutical-grade polymers (PVP K12, PEG 6000, Kollidon 
VA 64, PEG 20000, poloxamer 407)  as starting materials for 
the manufacturing of FDM 3DP tablets loaded with the thermo-
sensitive drug pantoprazole sodium. All the drug-loaded polymers 
were successfully extruded and printed to tablets at temperatures 
below 100°C. The 3DP tablets made by PVP K12 and PEG 6000 
showed a faster drug release compared with the other polymers. 
For PVP tablets, when the infill rate was reduced to 50% and as 
a consequence the tablet porosity increased, was even possible to 
further decrease the time of drug release, obtaining the fastest drug 
release from FDM printed tablets ever described in the literature.
[76] Khaled et al. explored the feasibility of semi-solid extrusion on 
printing paracetamol tablets with different geometries (mesh, ring 
and solid). The paste was realized by mixing in a mortar para-
cetamol and the required excipient powders starch, PVP K25, 
croscarmellose sodium and water. The paracetamol form remained 
unchanged after printing as revealed by XRPD, Fourier transform 
infrared spectroscopy (FTIR) and differential scanning calorimetry 
(DSC) analysis. While the mesh-shaped tablets showed an imme-
diate release, the ring and solid shape demonstrated a sustained 
release. The weight variation, drug content, hardness, friability 
and sizes of the 3DP tablets were within the range defined by the 
United States Pharmacopeia (USP).[77] Binder jetting was used by 
Wilts et al. for the manufacturing of paracetamol tablets. Various 
formulations were tested, changing the molecular weights and con-
centrations of linear and 4-arm star PVP in deionized water. The 
study revealed that 4-arm star PVP derivatives were jettable at 
higher concentrations compared with linear analogues. This was 
because the formers possess lower viscosities. Moreover, they pro-
duced the strongest tablets.[78]

Polycaprolactone (PCL)
PCL is a semi-crystalline hydrophobic polyester derivative produced 
via condensation of hydroxycarboxylic acids or via ring-opening 
polymerization of lactones.[33] The PCL glass Tg is low and it melts 
at temperatures in the range between 59 and 64°C. It is insoluble in 
alcohol, petroleum ether and diethyl ether, poorly soluble in acetone, 
2-butanone, ethyl acetate, dimethylformamide and acetonitrile, and 
very soluble in chloroform, dichloromethane, carbon tetrachloride, 
benzene, toluene, cyclohexanone and 2-nitropropane at ambient 
temperature. PCL is slowly degraded under physiological conditions 
by hydrolysis. The time required to be degraded depends on mo-
lecular weight, the degree of crystallinity and the degradation con-
ditions.[17] Due to that, the pharmaceutical field is usually used for 
the manufacturing of long-time degradation devices.[17, 33] Few works 
explored its usage in the development of SODFs. In a recent work, 
Viidik et al. used PCL and Arabic gum for manufacturing indometh-
acin or theophylline tablets via FDM 3DP. The filament used as feed-
stock materials were prepared via HME. Both filaments showed a 
smooth surface, appreciable mechanical properties and could be 
loaded with the drug up to 40%. The developed tablets showed a 
sustained-release pattern. By changing the tablet geometry, a modifi-
cation of the drug release rate was observed.[79] Henry et al. carried 
out a research in which investigated how material properties, pro-
cess parameters and printer-dependent variables affect each other’s 
in 3DP of SODFs. They screened numerous polymers (thermoplastic 
polyurethane, ethylene-vinyl acetate, PCL, PEO, polymethacrylates, 
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HPC, polyvinyl caprolactam-polyvinyl acetate-PEG graft copolymer 
and copovidone) to investigate their feed-ability and printability. 
Moreover, the plasticizer effect of ibuprofen on PEO and PCL was 
also evaluated. It has been demonstrated that ibuprofen decreased 
the viscosity and the minimal printing temperature. In addition, the 
concentration of ibuprofen affected the quality of the end product.
[80]

Carbopol
Carbopol are gel forming, high molecular weight synthetic poly-
mers that are synthesized by crosslinking acrylic acid with allyl su-
crose or allyl pentaerythritol. The synthesis is performed in ethyl 
acetate or in an ethyl acetate/cyclohexane blend.[33, 65, 81] By varying 
the crosslinking degree, polymers with different viscosities can be 
obtained.[33] Carbopol 971P and 974P are commonly used in PAM 
3DP. Carbopol 971P is a moderately cross-linked polymer, charac-
terized by a viscosity in the range of 4000–11 000 cP. Carbopol 974P 
has a high degree of crosslinking and presents a viscosity in the range 
29 400–39 400 cP[33, 65, 81] that is commonly used for sustained-re-
lease purposes.[33, 65] For example, Zidan et al. used PAM to prepare 
various 3DP pastes following a fractional factorial design. The pastes 
were made by using Carbopol 974P as gelling agent, diclofenac 
sodium as model API, spray-dried lactose as soluble filler, Avicel 
PH101 and PH105 as insoluble fillers, polyplasdone as disintegrant 
and glycerol as plasticizer. The formulations were used to prepare 
modified-release tablets. The extrudability data were analysed with 
an analytical model to calculate the critical material parameters. The 
study showed that the percentage of soluble and swellable excipi-
ents has remarkable effects on the yield stress, flow and consistency 
parameters of the pastes. The flow index was significantly affected 
by the diameter of the nozzle.[82]

Polyethylene glycol
PEG is a synthetic, hydrophilic and biologically compatible polymer 
widely employed in the biomedical field. PEGs are obtained by 
ring-opening polymerization of ethylene oxide.[83] PEGs with MW 
>100  000 are usually referred to as PEO.[65] By substituting the 
terminal hydroxyl end group with a variety of reactive functional 
end groups many PEG derivatives can be obtained.[83] For ex-
ample, poly(ethylene glycol) diacrylate (PEGDA) is a PEG derivative 
obtained by adding an acrylic group to the terminal hydroxyl end 
group in PEG. PEGDA can be crosslinked and it is characterized 
by higher mechanical properties than PEG.[65] Poly(ethylene glycol) 
dimethacrylate (PEGDMA) is derived from PEG by adding a meth-
acrylic group to the terminal hydroxyl end group in PEG. These 
PEG derivatives have been used as photopolymerizable materials to 
print SODFs via inkjet printing, SLA and DLP technologies.[33] For 
instance, Robles-Martinez et al. used PEGDA as photopolymerizable 
monomer for SLA 3DP of polypills with variable drug content and/
or shape. Each layer of the polypill contained a different drug among 
paracetamol, caffeine, naproxen, chloramphenicol, prednisolone and 
aspirin. The polypills were successfully printed via SLA and showed 
excellent mechanical properties and distinct release patterns for 
all the six incorporated drugs.[84] Kadry et  al. investigate the pos-
sibility of obtaining SODFs via DLP. PEGDA and PEGDMA were 
used as photoreactive polymers, 2-hydroxy-4′-(2-hydroxyethoxy)-
2-methylpropiophenone as photoinitiator and theophylline as a 
model drug. UV exposure time, intensity and polymer concentration 
were optimized, and three different types of tablets containing no 
holes, two or six holes were printed. Tablets drug content, mech-
anical strength, swellability, weight variation, microscopic features, 

drug–polymer interactions and drug release profiles were investi-
gated. The 3DP tablets showed smooth outer surfaces. The drug con-
tent and weight variation were within the acceptable range described 
in the USP. It was not observed any chemical interactions between 
the drug and polymers, and the perforated tablets showed a faster 
release than non-perforated tablets. Moreover, the release was also 
affected by the type of polymer used, and it was faster for PEGDMA.
[85] Isreb et al. prepared PEO–PEG filaments for FDM 3DP of tablets. 
PEO (molecular weight 100–900 K) was used as the main polymer, 
PEG (molecular weight 6  K) as plasticizer and theophylline as a 
model drug. Free-PEG filaments were characterized by weak mech-
anical properties; however, this issue was overcome by including in 
the filament PEO that acts as a plasticizer. The filaments were used 
to manufacture radiator-like tablets. The innovative design allowed 
an acceleration of the release through swelling and erosion. The 
best dosage forms were obtained when PEO with middle-range mo-
lecular weight was used.[86]

Kollicoat IR
Kollicoat IR is a graft copolymer composed of 75% of PVA and 
the remaining 25% of polyethylene. Moreover, it contains 0.3% of 
colloidal anhydrous silica to enhance its flow ability. This polymer 
dissolves very quickly in acidic, neutral and alkaline aqueous media. 
It is highly soluble in water. Its water solutions possess a viscosity 
that increases as the polymer concentration increases.[87] Kollicoat 
IR has been employed in 3DP for the manufacture of immediate-
release tablets. Fina et al. used Kollicoat IR and Eudragit L100-55 to 
manufacture paracetamol tablets via SLS. The tablets manufactured 
with Kollicoat IR showed a pH-independent drug release. The factor 
affecting the release rate was the drug content.[88] In another work, 
Bhatt et al. used the same polymer for the production of olanzapine 
immediate-release tablets via FDM. The tablets were successfully 
3DP without the need to add a plasticizer and were able to release 
100% of the drug within 15 min.[89]

Additives
Besides polymers, other excipients are commonly used for 3DP oral 
solid dosage forms. These are pharmacologically inert compounds 
that can affect the pharmaceutical performance and the release of 
the drug. Processing quality, stability, effectiveness and patient com-
pliance are positively affected when additives are added to the for-
mulation. An optimal additive should be inert, keep chemical and 
physical stability during the shelf life of the tablet and not negatively 
interact with other additives or drug molecules. In addition, it should 
adhere to the regulatory requisites. In 3DP, using additives could sig-
nificantly improve the printing process. The main additives that are 
employed in 3DP of oral solid dosage forms are plasticizers, lubri-
cants, binding agents, disintegrants and fillers. Plasticizers are the 
most employed additives in 3DP of SODFs. Their main advantage 
is to improve the mechanical and thermal properties of the dosage 
form and can act with or without modifying the chemistry of the 
polymer. The latter are able to decrease the glass transition tem-
perature of the polymer to which they are added, thus improving 
its flexibility, processability and distensibility. Alternatively, can be 
combined with other plasticizers increasing its effect. Examples of 
plasticizers used in 3DP of SODFs are: citrate ester-based derivatives 
(e.g. TEC, tributyl citrate and acetyl triethyl citrate), fatty acid esters, 
sebacate esters, phthalate esters, glycol derivatives and vitamin E 
D-α-Tocopheryl polyethylene glycol 1000 succinate (TPGS). Among 
that, TEC is the most reported plasticizer in FDM 3DP of SODFs.
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Lubricants are usually mixed in small amounts with the ink 
powder blend or before extrusion. Lubricants can be categorized 
into glidants, anti-adherents and die wall lubricants. The first act 
is by ameliorating the flow properties of the powder mixture. 
Anti-adherent lubricants decrease the adhesion and avoid that the 
blend attaches to the equipment. Die wall lubricants lower the 
attrition between the particles of the powder blend and the die 
wall. An ideal lubricant should possess a reduced shear strength, 
be non-toxic and not be influenced by process variables. The most 
commonly used lubricants in 3DP of SODFs are oleic acid and 
magnesium stearate.

The mechanism of action of disintegrants is to promote the 
disintegration and dissolution thus allowing a faster release of the 
drug incorporated into the dosage form. The process starts thanks 
to their ability to help moisture to penetrate into the dosage form. 
Starch, cellulose and their derivatives are the most commonly used 
disintegrants in pharmaceutics.

Fillers are commonly employed when the amount of the active in-
gredient of the dosage form is low. They augment the volume of the 
blend enable the manufacturing of average-sized dosage forms. One 
example of filler is TCP. Binding agents enhance the cohesiveness 
between the particles of the powder blend ameliorating the hardness 
and the friability of the dosage form. Some examples include gum, 
polyvinyl chloride (PVC), HPMC, methylcellulose, sugars, Eudragit 
L100 and polyvinylpyrrolidone K30. Despite the other additives are 
usually used in FDM 3DP, binders are usually employed in binder 
jetting 3DP.[33]

Chocolate
Chocolate is an emulsion of small-sized particles of sugar and cocoa 
in a lipid phase (cocoa butter). It is solid at ambient temperature, 
between 20 and 25°C and it soften in the human mouth in contact 
with the saliva. Its melting properties and its texture rely upon the 
percentage of cocoa and others ingredients with which is it made and 
on the method of preparation.[90] Cocoa derivatives, such as choc-
olate and chocolate milk, have been employed to enhance the palat-
ability of paediatric population. Recently, chocolate has been used as 
PAM ink for the manufacturing of paediatric-friendly formulation 
containing hydrophobic and hydrophilic drugs (paracetamol or ibu-
profen). The dosage forms were manufactured with cartoon shapes 
to be attractive for paediatric population. The 3DP chocolate dosage 
forms allowed a fast and high drug dissolution when using simulated 
saliva fluid as dissolution medium.[91]

Predicting Material Printability

Commercial FDM printers are often limited in the number of suit-
able polymers available for printing, to a few thermoplastic polymers 
that may not be biocompatible or pharmaceutically approved mater-
ials. Therefore, recently there has been increased interest in creating 
polymer blends for optimized printability and variable dissolution 
profiles for FDM printing. DSC can be used for the detection of glass 
transition of formulation. Thermogravimetric analysis  (TGA) can 
also be used to predict printability, as it assesses the thermal stability 
of the raw materials to ensure that when processing the materials, 
the temperatures used will be below the degradation temperature of 
the materials. Moreover, it allows for moisture content of processed 
samples to be calculated.

Mechanical studies on the tensile strength of filaments can also be 
useful for predicting printability for polymer blends. If the filament 

is too brittle it could fracture and not be able to move forward to 
the printhead and could block it. This can determine the contamin-
ation of the printer and will be difficult to be cleared.[92] Tabriz et al. 
found maximum tensile strength to be the most critical mechanical 
property for determining printability of filament, with a threshold 
between 15 and 20 MPa being the most ideal.[93]

Solubility parameter calculations can be used to assess the misci-
bility of drug–excipient and excipient–excipient.[94] This is important 
to assess as the miscibility of polymer blends can influence the mech-
anical properties of the final products including the hardness and 
friability of SODFs. Generally, a difference in solubility parameter 
(Δδ) of below 7 (MJ/m3)1/2 shows that substances are miscible, a Δδ 
value of >10 (MJ/m3)1/2 suggests unfavourable interaction and im-
miscibility between excipient which could result in phase separation 
of the polymer blend.[95] Alhijjaj et  al. determined that miscibility 
between excipients in polymer blends, solubility in dissolution media 
and the degree of fusion between layers of printed objects were key 
to controlling release profile of the 3D-printed SODFs.[94]

Rheology is a technique that can be effective in predicting the 
printability of polymer blends. Rheometers can subject the test for-
mulations to both shearing and temperature changes, allowing the 
conditions of FDM and other printing methods requiring heating to 
be mimicked. Currently, when testing new materials for FDM, there 
is often a trial and error method used, which can result in waste 
material which is not ideal when working with more expensive 
materials. Rheological studies, on the other hand, require a small 
amount of material therefore, some initial rheology studies to assess 
the printability of formulations could prevent wastage of materials. 
Rheological studies can also give some indication to the mechan-
ical properties, stability, crystallization and degradation properties 
of the test formulation.[96] Rheological studies are also employed to 
predict the printability of an ink aimed for inkjet printing. Dynamic 
viscosity (μ), surface tension (γ) and density (ρ) of the ink, as well 
as the nozzle diameter (r) are important parameters that need to be 
considered. The relationship between these factors is described by 
the Fromm’s Z parameter:

Z =
ρ r γ
µ

According to Reiz and Derby, an ink to be printable should pos-
sess a Z parameter in the range between 1 and 10. An ink with a Z 
parameter <1 is too viscous to be inkjet-printed, whereas if it pos-
sesses a Z > 10, it could generate satellite droplets. Typically, the vis-
cosity of the ink is evaluated via oscillatory or capillary rheometers. 
The first measures the viscosity via oscillatory movement of the 
sample between two plates, whereas the second measures the flow 
of the sample through a capillary. Surface tension is evaluated by 
analysing the shape of the droplet formed at the terminal part of a 
vertical capillary.[97]

When powder-based 3DP is used it is important to evaluate the 
characteristics of the powder mixture to predict its printability. In 
particular, bindability and wettability are important parameters to 
consider. Bindability is described as the quantity of powder ables 
to bind a specific quantity of binder. Bindability is determined by 
different adhesive forces such as van der Waals, hydrogen bonding, 
liquid/solid bridges, etc. Wettability is described as the contact angle 
of a liquid onto a solid. This is governed by the cohesive and adhe-
sive forces between the powder and the binder.[98] Powder flow is 
an important characteristic that affects powder spreading, powder 
packing and bed uniformity. Finally, the printability of a powder has 
been reported to be dependent on its stability and compressibility.[99]
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For vat photopolymerization, an evaluation of the viscosity and 
reactivity of the resin can help to predict its printability. It has been 
reported that high viscosity resins are not preferable in the 3DP pro-
cess. On the contrary, photosensitive resins with relatively low vis-
cosity enable a faster and more accurate fabrication.[100] For SLA 
3DP, a viscosity ranging between 0.25 and 10 Pa s has been con-
sidered the most suitable.[101] The reactivity of the photosensitive 
resins can be evaluated by means of real-time photo-rheology, which 
gives information about the changes in viscoelastic properties as a 
function of irradiation time.[100]

To conclude, these methods for printability prediction can give 
a good indication during the initial stages of research as to which 
blends would be most ideal.

Oral Solid Dosage Forms Developed by 3D 
Printing

Tablets
Tablets represent the most common SODFs manufactured by 3DP. 
In August 2015, FDA approved the first 3DP tablet. Spritam is 
an orodispersible tablet, which can contain up to 1000 mg of the 
antiepileptic drug levetiracetam. Aprecia Pharmaceuticals commer-
cialize it, and is been manufactured by powder bed binding technique. 
The 3DP tablet possesses a comparable efficiency to conventional 
tablet but has the great advantage of a decreased time needed for 
onset of action.[2, 17] Since then, there has been an increasing interest 
in manufacturing tablets via 3DP. The 3DP allows the fabrication of 
tablets with different release patterns. This goal is usually achieved 
by varying the geometry of the tablet, accurately selecting the com-
ponents of the blends or by varying the infill density.

Immediate- and modified-release tablets
Immediate-release (IR) tablets are intended to disintegrate in a short 
amount of time and release the encapsulated drug.[9] Modified re-
lease is a term used when referring to any modification in drug re-
lease rate, timing and/or site. Various types of modified release can 
be identified such as delayed-release, extended-release and targeted-
release. Extended release can be further classified into controlled 
release, characterized by a zero-order kinetic or sustained release 
where the drug release rate is not constant over the time.[102]

Fanous et  al. manufactured via FDM printing, IR tablets with 
the poorly water-soluble drug lumefantrine using basic butylated 
methacrylate copolymer (Eudragit EPO) combined with the hydro-
philic plasticizer xylitol and the pore former maltodextrin. The au-
thors were able to 3DP tablets with a maximum drug loading of 
5%. The infill density affected the release, which was more rapid 
for 3D-printed tablets with 65% infill density, while 80 and 100% 
showed much slower release.[103] Than et al. developed immediate-
release tablets with three different polymers (HPC, Eudragit EPO, 
Kollidon VA 64), SSG as disintegrant, and theophylline as a model 
drug via FDM 3DP. The formulations were optimized by the QbD 
approach. The study showed that adding HPC to the blend sig-
nificantly improved the mechanical properties of the filament. An 
immediate release was obtained without the need to alter the infill 
density or to use a plasticizer.[45] Fina et al. explored the suitability 
of SLS 3DP to manufacture paracetamol IR tablets. Two different 
thermoplastic polymers (Kollicoat IR and Eudragit L100-55) were 
employed in the study. The release profile of the tablets prepared 
with the immediate-release polymer Kollicoat IR was not affected by 
the pH while the rate of release was dependent on the drug content.

[88] Khaled et  al. investigated how the tablet geometry affects the 
release profile. They used an extrusion-based 3DP to manufacture 
mesh, ring and solid tablets containing paracetamol, polyvinylpyr-
rolidone (PVP K25), croscarmellose sodium (NaCCS) and starch. 
Their study showed that tablets with larger surface areas are able to 
release the drug faster.[77]

In 3DP, the main parameters that can be altered to modify the re-
lease profile are the type of polymer, the ratio polymer/drug, the geo-
metrical shape, the infill density and the shell thickness. For instance, 
Goyanes et  al. manufactured paracetamol tablets of five different 
geometries (cube, pyramid, torus, sphere and cylinder). Pyramidal 
tablets were capable to release the 90% of the drug within 2  h, 
while the spherical ones took 12 h to release the same amount of 
drug (Figure 7).[104] The same research group found that drug release 
from 3DP tablets is influenced by the polymer composition, drug 
loading and the internal structure of the formulations. In detail, all 
the 3DP tablets manufactured with hypromellose acetate succinate 
(HPMCAS) showed delayed drug release properties <10% drug in 
the acidic environment. In the intestinal environment, the drug was 
released much faster from the printlets prepared with polymers with 
a lower pH threshold. Moreover, it has been shown that drug re-
lease was slower with higher infill percentage.[105] Similarly, Yang 
et  al. found that drug content, release modifiers, fill density and 
shell thickness affect the drug release behaviour.[50] Different 3DP 
approaches were used for the manufacturing of zero-order release 
tablets allowing a drug release at a constant rate over a prolonged 
time. The work of Wang et al. is the first to investigate the suitability 
of 3DP in the manufacturing of zero-order release tablets. Powder 
bed inkjet 3D printing was used for manufacturing pseudoephed-
rine hydrochloride (PEH) dosage forms composed of an immediate 
release core surrounded by a release rate regulating shell. The dosage 
form was not affected by different pH and hydrodynamic stress of 
the dissolution medium. The chemical and dissolution properties of 
the dosage forms did not show any change after 1-month exposure to 
25°C/60% RH or 40°C/75% RH environment under open container 
condition.[106] FDM was used by Fina et al. to manufacture tablets 
composed of a prolonged-release core surrounded by an insoluble 
shell capable to provide zero-order release profiles. Paracetamol was 
selected as a model drug for the study. Before printing the tablets, 
a mechanical characterization of the filaments was carried out to 
evaluate the effect of different drug loading on their physical robust-
ness. Following that, tablets with different shell aperture diameters 
and with different core infills (100, 50 and 25%) were produced. 
The dosage forms kept a zero-order release profile for 16–48 h.[107] 
Recently, Fang et al. prepared glipizide zero-order release tablets via 
semi-solid extrusion. The friability, breaking force and drug content 
satisfied the standards reported in the USP. No interactions between 
the drug and the excipients were detected by DSC, XRPD and FTIR 
analysis.[108]

Certain disease conditions are governed by the circadian rhythm 
of the body. As a consequence, their treatment is needed to be done 
at fixed times of a day. The use of pulsatile dosage forms which re-
lease the drug after a pre-determined lag time offers a significant im-
provement of patient compliance and drug adherence. Dumpa et al. 
used FDM 3DP and conventional direct compression to manufac-
ture theophylline core-shell floating pulsatile tablets able to release 
the drug after a pre-determined lag time of 6 h. The lag time was re-
lated to the shell and wall thickness, infill density and EC percentage. 
In the study, a maximum lag time of 6 h was achieved.[42]
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Gastrofloating tablets
Tablets with prolonged gastric retention time (gastrofloating) were 
also successfully manufactured via 3DP. Conventional methods to 
obtain gastrofloating SODFs involve the use of effervescent systems 
containing CO2 to allow floating, or the use of non-effervescent sys-
tems which decrease the apparent density to float. 3DP allows to 
easily control tablet density by changing the infill density.[109] Chai 
et al. investigated the feasibility of FDM to manufacture intragastric 
floating sustained-release tablets containing the dopamine (D2) re-
ceptor antagonist domperidone. The study showed that the buoy-
ancy of the 3DP gastrofloating tablets was highly dependent on their 
density. In-vitro and in-vivo studies revealed prolonged floating and 
release.[44] Extrusion-based 3DP was used by Li et  al. to prepare 
gastrofloating containing the vasodilator dipyridamole. Tablets with 
three different infill percentages were successfully manufactured 
using conventional pharmaceutical excipients without the need of 
any foaming agent or low-density material. The tablets were able 
to keep floating for more than 8 h. The floating duration time was 
inversely proportional to the infill density (Figure 8).[110] More re-
cently, Lin et al. used photocurable printing materials in extrusion 
3D printing for the development of gastrofloating tablets. Since 
PEGDA is characterized by low viscosity and requires a long time to 
be crosslinked, various hydrogels were added to improve its mixing 
uniformity and rheological behaviour.[111]

Orally disintegrating tablets (ODTs)
Another interesting application of 3DP is the manufacturing of 
ODTs. The European Pharmacopoeia (EP) describes ODTs as oral 
delivery systems able to disintegrate within 3 min, whereas the FDA 
defines these systems as oral dosage forms that once in contact with 
saliva are able to dissolve in <30 s. ODTs are particularly interesting 
for patients affected by dysphagia and patients with difficulties in 
swallowing. Fina et al. were the first to investigate the ability of SLS 
3DP to produce ODTs. The ODTs were loaded with paracetamol, 
two different polymers (HPMC E5) and vinylpyrrolidone-vinyl 
acetate copolymer (Kollidon VA 64) were used for the matrix and 
Candurin Gold Sheen was used as colourant.[40] Allahham et  al. 
used the same 3DP technology to fabricate ODTs incorporating the 
anti-emetic drug ondansetron in cyclodextrin complexes. Mannitol 
was added to the formulation as taste masker. The performance of 
the 3DP ODT was comparable to the one obtained with a commer-
cial ODT (Figure 9).[112] Conceição et al. 3D-printed via semi-solid 
extrusion ODTs containing carbamazepine-hydroxypropyl-β-
cyclodextrin complexes and various cellulose ethers. The printlets 
showed adequate physical and drug release properties.[113]

Polypills
3DP also offers the enormous advantage to prepare multi-API tab-
lets (polypills). Polypills can be quite beneficial for patients affected 
by multiple diseases who require taking multiple medicaments 
during the day. These innovative dosage forms can reduce treat-
ment monitoring, lower the risk of under/over-dosage and improve 
patient’s compliance. The first work reported in the literature about 
3DP polypills is the one of Khaled et al. The group used extrusion-
based 3D printing to fabricate polypill containing captopril, ni-
fedipine and glipizide. The polypill was aimed for the treatment 
of diabetic patients with hypertension. The multi-API tablet was 
composed of three compartments: one osmotic pump with the drug 
captopril and two other compartments for sustained release of ni-
fedipine and glipizide. Captopril release was driven by osmosis, 

while nifedipine and glipizide were released by diffusion. The poly-
pill was aimed for the treatment of diabetic patients with hyperten-
sion.[114] The same research group developed a five-in-one polypill 
consisting of aspirin and hydrochlorothiazide for immediate release 
and pravastatin, atenolol and ramipril for sustained release in car-
diovascular disorder management.[115] Another example of 3DP 
polypill is the one developed by Robles-Martinez et al. where the 
authors used SLA 3DP to develop multi-layer tablets containing 
six drugs (paracetamol, caffeine, naproxen, chloramphenicol, pred-
nisolone and aspirin).[84] More recently, Tabriz et al. explored the 
possibility to manufacture via FDM a bilayer tablet consisting of 
isoniazid and rifampicin aimed to the treatment of tuberculosis. The 
layer containing isoniazid was optimized to allow a fast release of 
the drug in acidic environment, while the rifampicin layer was for-
mulated to achieve a delayed release of the drug in alkaline environ-
ment. It has been shown that the drug loading, the infill density and 
the number of covering layers had a key role on the release rates of 
the drug (Figure 10).[116]

Tablets for specific patient categories
Another promising application of 3DP is the manufacturing of tab-
lets for specific patient categories such as paediatric, patients with 
dysphagia and blind patients.

Paediatric oral solid dosage forms are usually obtained by 
manipulating adult formulations. However, this can origin out-
standing medication errors. 3DP can be a strategy to avoid these 
possible errors. Indeed, paediatric patients can choose the shape and 
colour of their medications, thus improving therapy adherence.[23] 
Scoutaris et al. developed candy-like SODFs loaded with indometh-
acin via FDM. Dosage forms with different shapes (e.g. heart, lion 
and bottle) were successfully manufactured. The formulations were 
able to mask indomethacin bitter taste and ensure its fast release.
[117] Taste-masked donut-shaped tablets were also 3DP via FDM by 
Wang and collaborators.[118] Karavasili et  al. used extrusion-based 
3DP for the development of paediatric-friendly chocolate-based 
oral dosage forms for the administration of both hydrophilic and 
lipophilic drugs (Figure 11A).[91] Recently, semi-solid extrusion 3DP 
was successfully used by Lafeber et al. to produce furosemide and 
sildenafil tablets for paediatric patients. The tablets satisfied the re-
quirements of the EP for uniformity of mass, content uniformity and 
conventional release.[119]

The shape and the size of the SODFs can possibly have an impact 
on the easiness of swallowing and can reduce the risk of oesophageal 
damage. It can also have influence on the picking. Goyanes et al. in-
vestigated the patient acceptability of FDM 3DP SODFs, which were 
printed in 10 different shapes: disc, torus, sphere, tilted diamond, 
capsule, pentagon, heart, diamond, triangle and cube. Different sizes 
and colours were also evaluated. Capsule and disc tablets were the 
shapes that received the highest acceptability probably due to their 
high similarity to the commercial medicines. Interestingly, the novel 
torus shape showed a good patient acceptability. Sphere and tilted 
diamonds showed a varying acceptability between pre-swallowing 
and post-swallowing stages. Patient compliance can be further in-
creased by 3DP-coloured printlets.[120]

Awad et al. explored for the first time the capability of SLS 3DP 
ODPs for patients affected by visual impairments (Figure 11B). 
ODPs were created with Braille and Moon patterns on their surface, 
allowing patients with visual impairment to recognize medications 
when removed from their original packaging. The mechanical prop-
erties of the were not affected by the presence of patterns on their 
surface. All the printlets disintegrated within 5 s in the mouth and 
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did not require the co-administration of water thus enabling their 
self-administration.[121]

Capsules and capsular devices
Capsules are SODFs consisting of a rigid or soft external structure 
enclosing drug in the form of powder, granules, solution or emul-
sion.[9] 3DP capsules and capsular devices could be produced in two 
parts (cap and body) that are filled and assembled after being fabri-
cated or can be fabricated and filled at the same time using a single 
manufacturing step. Melocchi et al. were the first to investigate the 
potential of 3DP in the manufacturing of capsules. The group used 
FDM printing to prepare a swellable/erodible capsular device made 
with HPC for oral pulsatile release. The device showed a lag time 
before fast releasing the drug. Compared with ChronoCap, a pre-
vious capsular device developed via IM by the same research group, 
the 3DP device showed similar release pattern and undergoes com-
parable morphological modifications when in contact with water 
(Figure 12).[46] Charoenying et al. did a further step in terms of de-
sign of capsular systems, as 3D printed a device to allow floating of 
a commercial capsule of amoxicillin (Sia-Mox). The combination of 
the 3DP device with the conventional capsule allowed to increase 
the floating time and prolonged the release compared with when the 
only commercial capsule was used.[122] Multi-compartment capsular 
devices were also successfully 3DP allowing the contemporary en-
capsulation of multiple actives in a single dosage form or with varied 
dosage and/or formulations of a single API. For example, Maroni 
et  al. used FDM and IM to manufacture multi-compartment cap-
sular devices for two-pulse delivery. The compartments differ for the 
wall thickness and for the employed polymer allowing an immediate 
release of the drug tracer from the Kollicoat IR compartment fol-
lowed by a second pulse from the HPMC compartment after a lag 
phase. The results obtained with the two manufacturing technolo-
gies revealed that FDM was more suitable for the personalization of 
the device, whereas IM was for the large-scale production.[123] The 
research work of Nober et al. focused on the use of FDM for the 
development of enteric capsules made with the thermoplastic poly-
mers PLA, the enteric polymer Eudragit L100-55 and PEG 400 as 
plasticizer. The capsules were loaded with the coloured drug model 
riboflavin-5′-phosphate. No drug was released in acidic medium (pH 
1.2) for 2 h, while 45 min were required for dissolve at pH 6.8.[124]

Orodispersible films
Orodispersible films (ODFs) are reduced thickness polymeric films 
that once being administered, adhere to the tongue or to the palate 
and quickly dissolve or disintegrate. They are commonly manu-
factured via casting methods. Recently, their manufacturing via 
3DP was also investigated. For instance, Jamróz et  al. fabricated 
aripiprazole ODFs by FDM. Aripiprazole in 3DP ODFs was pre-
sent in amorphous state. This fact had a positive influence in its dis-
solution profile. Compared with casted films, the 3D-printed films 
showed increased dissolution rate and similar mechanical charac-
teristics.[125] Ehtezazi et  al. used the same 3DP method to manu-
facture both single-layered and multi-layered oral films containing 
strawberry powder taste-masking layer separated from drug layer. 
Paracetamol and ibuprofen were used as model drugs for the study.
[126]

Öblom et al. compared warfarin ODFs produced via semi-solid 
extrusion 3D printing and inkjet printing with conventional oral 
powders in unit dose sachets (OPSs). The 3DP ODFs showed an 
higher drug content and higher uniformity of dosage units than the 

OPSs. All the formulations were stable for more than 1 month and 
appropriate for being administered through a nasogastric tube. QR 
codes were subsequently imprinted onto the 3DP ODFs allowing 
to provide additional information to the dosage form and therefore 
increasing patient safety.[127] More recently, Elbadawi et al. prepared 
caffeine oral films based on pullulan and HPMC via PAM. HPMC 
was able to increase the mechanical properties of the pullulan films.
[128]

Characterization of 3D-Printed SODFs

The use of process analytical technologies (PAT) capable to rec-
ognize imperfections in 3DP objects during the 3DP process can 
help to understand in which moment the 3DP process has failed. 
Moreover, quality-by-design (QbD) can help to define the critical 
process parameters (CPP) and critical quality attributes (CQA) of 
the raw materials, intermediates and end products. PAT were first 
defined by the FDA in 2004 and consist of the use of at-line, in-line 
or on-line integration of non-destructive measurement techniques 
combined with simultaneous data analysis tools, which make it pos-
sible to control the ongoing 3DP process.[129] The most common 
methods employed in PAT involve the use of spectroscopic tools 
like near-infrared spectroscopy (NIR) and Raman spectroscopy. 
These techniques are capable to give information about the drug 
content, hardness, drug distribution in the SODFs and their solid-
state properties. NIR spectroscopy analysis is an eligible method 
of characterization due to being fast, non-invasive, non-detrimental 
and economical nature. Raman spectroscopy is a non-detrimental 
method, capable to estimate the drug distribution, the amorphous 
or crystalline state of SODFs.[130] Image analysis can be included 
in the 3DP process allowing to acquire images of the 3DP object 
in real-time when printing and examine with differences it pre-
sents compared with the CAD model. In addition to that, a thermal 
camera can be used while 3DP to give information about possible 
degradation phenomena.[131] Mirschel et  al. used NIR for in-line 
process control of layers of UV-curable printing inks.[132] Near-
infrared chemical imaging (NIR-CI) was applied by Khorasani et al. 
for the characterization of 3DP pharmaceuticals (films and tablets). 
NIR-CI allowed chemically mapping the drug and the excipients to 
visualize the solid form variation in the final product.[133] NIR spec-
troscopy and Raman confocal spectroscopy were used by Trenfield 
et al. for the characterization of paracetamol 3DP tablets. NIR was 
used to create a calibration model able to forecast drug concentra-
tion. No significant differences were found between the drug con-
centration predicted by the model and the one obtained via HPLC. 
Raman confocal spectroscopy was used to verify how the polymer 
and the drug were distributed within the tablet. The drug was found 
to be homogeneously dispersed internally and on the surface of the 
tablet. The drug contained in the under surface was mainly in the 
amorphous state.[130] Vakili et  al. found NIR as a reliable, rapid 
and non-destructive imaging technique in quality control of inkjet-
printed theophylline tablets.[134]

Other techniques typically employed for the characterization 
of 3DP SODFs include DSC, XRPD, scanning electron microscopy 
(SEM) and micro-optical coherence tomography (µOCT). Depending 
on the type of 3DP SODF different techniques are employed. DSC 
is usually employed to verify the solid state of materials. This tech-
nique is used to characterize 3DP tablets, capsules and films.

The crystallinity of raw materials and printed dosage forms is 
commonly assessed by XRPD. XRPD is widely used for the charac-
terization of 3DP tablets and oral films.
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Finally, µOCT gives information about the internal structure, 
density and porosity of the 3D-printed tablets.

The morphological features of 3DP SODFs, including all tablets, 
capsules and films are usually analysed by SEM.

3DP SODFs are also commonly tested to examine drug con-
tent, dissolution profile, hardness, friability, disintegration and uni-
formity of weight. The obtained results are then compared with the 
Pharmacopeia Specifications.[3] Drug content and dissolution studies 
are performed for all 3DP tablets, capsules and films. Hardness and 
friability are commonly evaluated for 3DP tablets. Uniformity of 
weight is usually performed on 3DP tablets and capsules. On 3DP 
oral films, other analyses usually performed are the evaluation of the 
film thickness, the disintegration test and the evaluation of mechanical 
properties such as elongation, tensile strength and Young’s modulus.

Challenges and Regulatory Considerations of 
3DP SODFs

Although 3DP could lead to promising improvements in the pharma-
ceutical sector, there are many challenges limiting its application. 
These include the standardization of printers, the poor availability 
of biocompatible materials, development of analytical methods for 
the quality control of the final products and regulatory aspects.

Considering the differences between the various existing 3DP tech-
nologies, there is the need to find out which parameters need to be op-
timized to obtain a 3DP dosage form with appropriate stability, safety 
and efficacy.[32] Another important drawback is that some 3DP processes 
require the use of UV radiation sources or high energy, which can lead 
to drug degradation. FDM employs high temperatures, which restrict 
its use just for thermo-resistant drugs and excipients.[5] Furthermore, 
there is a lack of suitable materials that can be employed. Important 
prerequisites are the need to be biocompatible, biodegradable and do 
not lead to the formation of toxic derivatives during the 3DP process.[15]

Some 3DP technologies require an additional post-processing 
step. These are generally aimed to keep the shape of the final dosage 
form and to ameliorate some of its properties such as the mechanical 
resistance. The most frequently required post-printing process is the 
removal of the support material. Indeed, in some cases to have suc-
cessful printing supports need to be included in the 3DP object. These 
are needed to be carefully removed once the 3DP process has ended 
without compromising the final product. Other post-printing pro-
cesses are 3DP technology dependent. For instance, after an object is 
printed via SLA and DLP, it necessitates to be washed to remove the 
excess of resin followed by a curing step to harden the final product. 
After inkjet printing, a drying step is usually required. Finally, when 
an object is developed via powder-based 3DP, a following heat step 
is required.[33] Overall, when a post-processing step is required, the 
total duration of the printing process is prolonged.[5, 33]

Another issue in 3DP of SODFs is that the appearance of some of 
the final products is not attractive for the patients. Indeed, some 3DP 
methods lead to rough or imperfect surfaces of the final dosage form.
[5] This can be a consequence of the accumulation of plastic beads or 
particles of big dimensions or to the type or duration of the post-
processing.[21] An anaesthetically final product may lead to a poor 
patient compliance.[5] Sometimes keep the reproducibility might be 
challenging. The homogeneity of the material mixture must be main-
tained and phase separation must be avoided.[33]

More than 100 medical devices have been manufactured by 3DP 
during the last decade. However, the application of this technology 
in the manufacture of dosage forms is still at an early stage. The 
FDA published guidelines in 2017 on the regulatory requirements 

for 3DP medical devices. Guidelines for 3D-printed dosage form 
manufacturing have not been issued by any regulatory authority. 
Due to the considerable differences among the existing 3DP tech-
nologies, no official guidelines are currently available. It is com-
monly agreed that the material for 3DP SODFs must be Generally 
Recognized as Safe (GRAS) by the FDA to guarantee the safety of 
the final product. Moreover, as for conventional manufacturing pro-
cesses, Good Manufacturing Practice (GMP) regulations should be 
followed. Finally, not toxic solvents must be used and the working 
temperature must be accurately selected to avoid any degradation 
of the API.[135]

Taking into account on-demand manufacturing, there is the need 
to establish standards for the preparation of 3DP operators to guar-
antee quality control. Pharmacies and hospitals should possess suit-
able spaces for the manufacturing of 3DP dosage forms to prevent 
any contamination of the final product. Moreover, the 3DP ink should 
be easily accessible in various dosages. These problems make quite 
challenging for pharmaceutical companies the transition from mass 
production to personalization of 3DP oral solid dosage forms.[33]

Despite 3DP makes possible the production of patient-tailored 
SODFs, which could possibly allow the translation from the pharma-
ceutical industry to mass production, it is still distant to be the main 
technology for the manufacturing of SODFs. This is a consequence 
of the numerous limitations related to 3DP, low availability of print-
able drug formulations and lack of a defined methodology to ensure 
quality control and regulatory guidelines.[33]

The incorporation of 3DP into clinic seems to be challenging. 
Well-trained technical staff is required to manage the technical 
aspects. Moreover, non-destructive and easy-to-apply quality con-
trol measures need to be established. In addition, the adoption of 
3DP into the hospitals could be expensive. Specific packages and 
labels need to be used to address the needs of personalized medicine 
in the clinic.[15] An appropriate environment is needed to avoid any 
possible contaminations. Inks containing different dosages of the 
drug should be available. The SODFs should be accurately designed 
via the CAD software to predetermine the release pattern.[33] Finally, 
due to the numerous 3DP technologies currently on the market, it is 
challenging to select which type is the best for clinical application.[15]

Conclusions

During the last decade, there has been an increasing interest in the 
investigation of the suitability of 3DP as an alternative strategy for 
the fabrication of SODFs. The 3DP technologies investigated for this 
purpose can be categorized into four different classes: extrusion-
based, vat photopolymerization, powder-based and inkjet 3DP. 
Depending on the 3DP method and the aimed characteristics of the 
SODF, different starting materials can be used. Numerous SODFs 
with complex geometries and compositions, and with different re-
lease patterns, have been successfully manufactured via 3DP. Despite 
that, just one 3DP SODF has reached the market. Numerous technic-
ally and regulatory challenges still need to be addressed in order 3DP 
to be extensively used in the pharmaceutical sector.

Supplementary Material

Supplementary data are available at Journal of Pharmacy and 
Pharmacology online. 
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