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ABSTRACT 

Additive manufacturing, particularly three-dimensional printing (3DP), is rapidly transforming drug formulation and production in pharmaceutical 
sciences. This review focuses on two prominent 3DP techniques-fused deposition modeling (FDM) and stereolithography (SLA)-for the fabrication 
of solid oral dosage forms with controlled drug release. FDM offers advantages such as cost-effectiveness and compatibility with pharmaceutical-
grade polymers, while SLA provides superior resolution and the ability to create complex, drug-loaded matrices. Despite these promising 
capabilities, challenges, including material limitations, regulatory hurdles, and the need for process optimization, hinder widespread clinical 
adoption. Recent advancements in material science and printing technology are beginning to address these issues, paving the way for more reliable 
and personalized drug delivery systems. This review summarizes the fundamental principles, key advantages, limitations, and ongoing innovations 
in FDM and SLA for pharmaceutical applications. Future directions include overcoming regulatory barriers, expanding material options, and 
integrating 3DP into mainstream personalized medicine. 
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INTRODUCTION 

Additive manufacturing (AM), commonly known as three-
dimensional printing (3DP), is a transformative technology that 
constructs products layer by layer using computer-aided design 
(CAD) models [1]. In recent years, the application of 3D printing in 
the pharmaceutical sector has revolutionized traditional drug 
manufacturing by converting conventional processes into digital 
workflows [2, 3]. This shift has enabled the production of highly 
customized medical products, paving the way for personalized 
medicine. 3D printing is significant in pharmaceuticals because it 
addresses the limitations of traditional manufacturing methods, 
which are often complex, costly, and inflexible [4-6]. 

Traditional pharmaceutical manufacturing typically relies on mass 
production techniques that offer limited scope for customization. In 
contrast, 3D printing offers exceptional versatility, allowing precise 
control over drug dosages, release profiles, and formulation 
geometry tailored to individual patient needs. This is particularly 
critical for managing chronic conditions such as diabetes, epilepsy, 
and cardiovascular diseases, where patient-specific dosing and 
adherence to complex regimens are essential [7, 8]. For example, 
Spritam® (levetiracetam), the first FDA-approved 3D-printed drug, 
demonstrates how this technology can improve disintegration rates 
and patient compliance [9]. 

Technical considerations for developing personalized medications 
using 3D printing include designing 3D structures using CAD 
software or 3D scanning to create STL files. These files define layer-
by-layer printing instructions, which are further processed through 
slicing software, such as Ultimaker CURA, to generate g-code 
instructions for the printer [10]. Pharmaceutical "inks," containing 
active ingredients and excipients, are then precisely deposited to 
form complex drug delivery systems. 

Moreover, 3D printing accelerates drug development by enabling rapid 
prototyping and iterative optimization of formulations. This leads to 
shorter timeframes for drug discovery and improved safety and efficacy 
through continual testing. Beyond drug formulation, 3D printing also 
facilitates the creation of advanced drug delivery systems. For instance, 
multilayered oral dosage forms have been developed to release different 
drugs at programmed intervals, simplifying treatment regimens for 
patients with multiple chronic conditions [10]. 

Overall, the integration of 3D printing into pharmaceuticals holds 
great promise for enhancing patient-centric care, improving 
therapeutic outcomes, and reducing healthcare costs. However, the 
widespread adoption of this technology also demands careful 
attention to regulatory standards, material selection, and 
manufacturing reproducibility, which are discussed in subsequent 
sections. 

Data collection 

In this review, a structured literature search was performed to 
gather relevant studies on the application of three-dimensional 
printing (3DP) technologies. The databases PubMed, Science Direct, 
Scopus, and Google Scholar were utilized for the search. Keywords 
such as "3D printing in pharmaceuticals," "additive manufacturing," 
"fused deposition modeling," and "stereolithography" were used in 
various combinations with Boolean operators (AND/OR) to ensure a 
comprehensive retrieval of articles. Studies published between 2014 
and 2024 were considered. Inclusion criteria involved peer-
reviewed original research articles and systematic reviews that 
focused on the pharmaceutical applications of 3D printing 
technologies. Studies that were unrelated to pharmaceutical 
applications of 3D printing and non-peer-reviewed sources, such as 
conference abstracts and opinion articles were excluded. An initial 
pool of studies was identified based on title and abstract screening, 
followed by a full-text review to ensure relevance to the topic. Only 
those studies meeting the inclusion criteria were synthesized and 
critically analyzed for this review. 

History 

In the early 1990s, the pharmaceutical sector began to develop 3D 
printing technology at MIT (Massachusetts Institute of Technology, 
Cambridge, MA, USA). Charles Hull is considered the pioneer of 3D 
printing, as he created, patented, and commercialized the first 
apparatus for the 3D printing of items in the mid-1980s [11, 12], as 
well as developed the CAD software that was compatible with the 
STL file format. Hull's method, known as stereolithography (SL), 
involves a laser moving across a liquid resin surface to cure it. The 
stage is then submerged to allow for the curing of the layer, and this 
process is repeated layer by layer until the desired geometry is 
produced [13]. 
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In 1998, Scott Crump, co-founder of Stratasys, Ltd., filed a patent 
application for fused deposition modeling (FDM). Using this 
method, an object can be created by melting the object and then 
layering the hardening material until the required shape is 
achieved. This method can make use of materials including 
molten metals, thermoplastic resins, and self-hardening waxes 
[13, 14]. 

In 2015, Aprecia Pharmaceuticals created Spritam®, the first tablet 
to be officially 3D printed. The FDA authorized the tablet, which 
contained levetiracetam, an antiepileptic medication for kids with a 
rare form of epilepsy. The tablet's slow and constant release of 
medication makes it easier for kids to take and lowers the risk of 
seizures [14]. 

Challenges in implementing 3D printing technology in clinical 
practice 

In order to produce a sufficient quantity of printed units, the 
printing length is essential. This could vary from 7 sec to 15 min 
when taking into account oral solid dose types. The compression of a 
conventional industrial tablet press, which can produce millions of 
tablets per hour, is still far more than this [15]. 

Additionally, the cost of printing needs to be considered because, for 
example, it is difficult to lower the price of 3D-printed solid dosage 
forms in comparison to generic compressed tablets. The production 
of medications via 3D printing must ensure that the final product 
meets quality standards and that an effective decontamination 
protocol is in place to prevent cross-contamination between batches. 
This poses a challenge for lower-cost FDM printers, which are priced 
around EUR 100 to 200, as they often lack the necessary features for 
stringent contamination control. To the best of our knowledge, the 
M3DIMAKER, a 3D printer for medications that is now available for 
purchase for around EUR~80,000, is the only one that follows good 
manufacturing practices (GMP). To address the problem of cross-

contamination, FabRx has introduced printing in blister packaging 
[16]. 

Comparison between conventional drug manufacturing and 3D 
printing 

The three main processes used in the pharmaceutical business to 
create traditional drugs are direct compression, wet granulation, 
and dry granulation. Solid dosage forms, like tablets, can be difficult 
to manufacture and require a number of sequential steps. The most 
common method is direct compression, which involves just mixing 
the API and the excipient before transferring the mixture to the 
tablet press machine. After compression, the solid pharmaceutical 
form might need to be coated. The weak compression qualities of the 
powdered material, however, make direct compression impractical 
in some situations, requiring a granulation step first. 

Through the granulation process, we can bind the medicine with 
additional excipients to create granules with much-improved 
compaction and flow characteristics. The binder can be introduced 
when ethanol or water is present to cause granulation. This is 
referred to as wet granulation or dry granulation with compaction 
rollers. Granules are combined with other excipients, like lubricants 
or disintegrants, after the granulation process, and then they are 
tableted. Another stage can be the need for a coating layer. But with 
3D printing, once the "pharmaceutical ink" is ready, just one step is 
needed [17, 18]. Selecting the right 3D printing technique depends 
on the kind of medication we wish to produce. The primary benefits 
and drawbacks of each method are discussed in order to determine 
which one best suit the needs of the particular API type. 

Types of 3d printing technologies 

The major types of 3D printing technologies used in pharmaceuticals 
include Fused Deposition Modelling (FDM), Stereolithography (SLA), 
Selective Laser Sintering (SLS), and Inkjet 3D Printing. 

  

 

Fig. 1: Different 3DP techniques used for pharmaceutical applications [94] 
 

Among the various techniques, this review highlights the FDM and 
SLA 3D printing techniques. Fig. 1 shows various technique uses for 
3D printing.  

Fused deposition modelling 

The most popular 3D printing method for creating solid oral dosage 
forms right now is fused deposition modeling (FDM); this trend has 
been brought about due to the accessibility of low-cost equipment 
that can even be connected to traditional pharmaceutical procedures 
like hot melt extrusion (HME) and film coating [19]. Introduced in 
1988, the RepRap (replicating rapid prototype) project made FDM 
3D printing accessible to the general public in 2005 [20]. 
Thermoplastic filament is used as the feedstock material in FDM 3D 
printers. The product is solidified and given the necessary geometry 
by melting it and then extruding it through a heated nozzle (fig. 2). 

Polyvinyl alcohol (PVA) filaments loaded with model drugs by 
passive diffusion were reported in early attempts to use FDM 3D 

printing to manufacture solid oral dosage forms [21-23]. PVA is a 
water-soluble polymer that has the advantage of being classified 
among Generally Recognized as Safe (GRAS) excipients [24] and a 
commercially available material for FDM 3D printing [25]. 
Additionally, a novel PVA specifically designed for HME, known as 
Parteck® MXP, is available [26]. However, PVA filament has a low 
drug loading capacity by passive diffusion, which limits its use to low 
active ingredient dosages [23, 27]. 

The FDM technique uses thermoplastic polymers like polyvinyl alcohol 
(PVA), polylactic acid (PLA), and acrylonitrile butadiene styrene (ABS). 
Some commonly used polymers can be easily fed into FDM by being 
coiled and sold commercially as pre-processed filaments. Fused 
filament modeling (FFM) is another name for this procedure. To 
enable extrusion via the nozzle tip, the filament is heated by heating 
elements or a liquefier into a molten state as the rollers feed it. The 
substance cools or is chilled and solidifies during deposition [28]. 
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A hot melt extruder (HME) can be added upstream from the printer 
nozzle for greater flexibility [29, 30]. This setup makes it possible to 
create unique formulations for use as printing material, such as 
amorphous solid dispersions. Instead of using prefabricated 
filaments like PVA filament, typical FDM equipment, precision 
extrusion deposition (PED), allows for powder or granule feed by 

incorporating a small extruder directly before the nozzle [31, 32]. 
Although PED has been used to create tissue scaffolds, there is 
currently no literature describing its application in the creation of 
medicinal dosage forms. FDM has recently been used to refer to the 
deposition of any material that may pass through a syringe or nozzle 
and solidify or be solidified to create a finished product [33, 34]. 

  

 

Fig. 2: Fused deposition modeling (FDM) 3D printer [19] 

 

SLA (Stereolithography 3D printing) 

SLA is the first and oldest of all possible 3D printing methods. Still, 
because of its high printing resolution and widespread use, it can print 
complicated geometries and components with smooth surfaces. The 
words stereo (solid) and "photolithography" suggest "writing with 
light"[35]. The materials used in SLA are photopolymerizable; they 
solidify when exposed to light, especially ultraviolet light. The object's 
size and shape are managed by employing a spatially controlled laser 
to reveal the light selectively [36]. The comparison between SLA and 
FDM is given in table 1. 

SLA 3D printing uses a laser to create photopolymerization, which 
solidifies a liquid resin. The area to be densified is the focus of the 
laser. The desired free form is created by repeating the solidification 
layer by layer (Fig. 3). 

Stereolithography (SLA) is another 3DP technique that is commonly 
used in tissue engineering [37, 38]. Here, the final product is created 
using photopolymerization, which solidifies a liquid resin. A laser 
pointed at a specific depth in a resin vat causes localized 
polymerization, which leads to solidification.  

A solid, three-dimensional object is created by repeating the 
solidification process layer by layer [39]. The laser's energy imparted 
in SLA printing is crucial and depends on the light source's strength, 
scanning speed, exposure duration, and polymer and photoinitiator 
concentration [40]. The primary advantage of SLA printing is its 
versatility; drugs can be mixed with the photopolymer prior to 
printing and become trapped in the hardened matrices. Additionally, 
SLA has a higher resolution (20 µm compared to 50-200 µm for other 
manufacturing technologies) than other 3DP techniques, which are 
only constrained by the concentrated laser's width [39]. Another 
benefit is that less localized heating takes place during printing, which 
would make the technique more suitable for producing dosage forms 
containing thermolabile medications.  

The primary issue with this technique is that SLA technology is 
limited by a small number of photocrosslinkable polymers that are 
not on the Generally Recognized as Safe (GRAS) list. Many 
photocrosslinkable polymers have been created in recent years, 
including poly(ethylene glycol) dimethacrylate (PEGDMA) [40, 41] 
andpoly(propylene fumarate)/diethyl fumarate (PPF/DEF) [42]. 

To the best of our knowledge, not much effort has been made to explore 
the possibility of using SLA printing to fabricate oral modified-release, 
unit-dose dosage forms. Thus, the specific objective of this study was to 
evaluate the viability of producing drug-loaded tablets by SLA printing. 
4-ASA and paracetamol were chosen as model pharmaceuticals because 
of their considerable deterioration and thermal instability when printed 

using FDM technology [21], whereas the other medication was chosen 
because of its thermal stability and previous experience with FDM 
printing [43]. Furthermore, the effect of polymer composition on drug 
release kinetics was investigated. 

There are two ways to use stereolithography for 3D printing: top-
down and bottom-up. When the solid layers are formed and the 
printing is completed, the platform inside the resin tank will move 
downward from top to bottom since the UV light beam is above the 
tank [16]. To construct the initial layer of solid, immerse the 
platform in the surface at a distance equal to the desired thickness. 
UV light can now reach the surface as a result. Only when the 
substance is exposed to UV light does resin solidify. Because the UV 
laser beam is so tiny, this technique can yield high resolution. After 
the first layer has been printed, the platform covers the solid layer 
made with additional liquid resin, which will be the subsequent 
layer to be polymerized. As a result, the platform is lowered by an 
extra distance equal to the thickness required by the next layer. 
Using the alternate bottom-up printing technique, the UV light beam 
would be placed underneath the resin tank, which would have a 
clear window that would allow light to enter. In this case, the 
platform rises progressively as the layers are generated, according 
to the dimensions of each layer that must be printed [44–46].  

In order to solidify the structure and conclude the polymerization 
process, the SLA printing technology necessitates a post-printing 
step that involves cleaning the final result with isopropyl alcohol to 
remove excess resin and curing it with UV radiation. This stage is 
crucial because the polymer that is created no longer contains free 
radicals, which are present in excess liquid resin and have been 
found to be genotoxic [47-49]. 

 

 

Fig. 3: Stereolithography (SLA) 3D printer [36] 
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Table 1: Comparison between FDM and SLA 

Parameter FDM (Fused deposition Modeling) SLA (Stereolithography) Reference 
Printing mechanism Extrudes heated thermoplastic filaments 

layer by layer 
Uses UV laser to cure liquid photopolymer resin 
layer by layer 

[60-61] 

Material compatibility Limited to thermoplastics; challenges with 
heat-sensitive drugs due to high processing 
temperatures 

Suitable for heat-sensitive drugs; limited 
availability of biocompatible, photo-curable resins 

Resolution and surface finish Lower resolution (~100–300 µm); visible 
layer lines 

High resolution (~25–50 µm); smooth surface 
finish 

Drug loading and release 
profiles 

Lower drug loading capacity; potential for 
incomplete drug release 

Higher precision in drug placement; potential for 
controlled and sustained release 

Post-processing requirements Minimal; may require support removal Requires washing and additional UV curing; 
handling of uncured resin necessary 

Cost and throughput Lower cost; faster production times Higher cost; longer production times due to post-
processing 

Environmental and safety 
considerations 

Uses biodegradable or recyclable materials 
like PLA; simpler waste management 

Resins can be hazardous; requires careful 
handling and disposal 

 

Materials used for FDM and SLA 

Among all the materials utilized in these 3DP technologies, polymers 
are the most preferred since they are thermoplastic matrices that 
mix well with other chemical ingredients. These materials' low 
melting points improve their manufacturing feasibility, and flexible 
materials are needed for various applications [50–52]. 

Polymers are used as building blocks for the development of tailored 
dosage forms because they can be chosen to change the drug's rate of 
release into the medium and provide the medication with physical 
stability. Additionally, enhancing pharmacokinetics, decreasing 
adverse interactions with the host tissue, and dissolving the device 
after its operation all depend on the polymer's biocompatibility [53]. 
Because it doesn't trigger inflammatory responses in individual tissues 
or generate harmful by products during breakdown, a biopolymer is 
preferred for biocompatibility and biodegradability [54]. 

DDS 3D printing allows for the utilization of a variety of natural and 
chemically engineered polymers. Due to their superior 
physicochemical properties, cost-benefit analysis, and established 
interactions with drug molecules, synthetic polymers like polylactic 
acid (PLA), polyvinyl pyrrolidone (PVP), polyethylene glycol (PEG), 
polyurethane (PU), and polyvinyl alcohol (PVA) have recently 
attracted interest in this field [55]. Furthermore, utilizing 3DP 
techniques, natural polymers like collagen, gelatin, alginate, and 
chitosan are also used to create novel DDSs [56]. 

Polymers used for FDM 3D printing 

Polyvinyl alcohol (PVA) 

In 1927, Hermann Staudinger became the first researcher to 
synthesize polyvinyl alcohol (PVA) [57]. With a focus on the 
manufacturing of food, industrial components, and medicinal 
disposables, this polymer has since been used in a wide range of 
applications [58]. PVA is a polymer that dissolves in water, but it 
does not dissolve in ethanol or other organic solvents [59]. It is also 
a synthetic polymer with low reactivity, high-temperature stability, 
thermoplastic qualities, and a semi-crystalline molecular structure. 
When it comes to biocompatibility, PVA degrades biologically. It is 
also a synthetic polymer with low reactivity, high-temperature 
stability, thermoplastic qualities, and a semi-crystalline molecular 
structure. PVA has very low toxicity and has a strong biological 
degradation potential in terms of biocompatibility [60, 61].  

This polymer's mechanical characteristics include poor mechanical 
strength and considerable malleability and adhesion. However, 
these properties can be changed by mixing PVA with different 
polymers or additives [62]. Because PVA is an appropriate 
commercial polymer for FDM 3D printing, the FDA has classed this 
material as a generally recognized safe (GRAS) substance [24]. This 
polymer's high-water solubility is crucial for its application because 
it makes cleaning simple. Furthermore, the temperature degradation 
occurs between 350 and 450 degrees Celsius, whereas the PVA glass 
transition temperature (Tg) is 85 degrees [63]. These features make 
it possible to use PVA 3D-printed filaments for medication 

administration [64]. Hot-melt extrusion is the most effective 
technique for creating PVA drug-delivery filaments and the most 
effective way to create drug-delivery filaments using 3D printing. 
Krause et al. claim that PVA wires can be used to transport 
medications; however, further investigation is needed to ascertain 
the impact of PVA on the performance of FDM 3D-printed 
medication delivery systems. This study discovered different release 
characteristics on PVA drug delivery devices, which could be related 
to the PVA's quality. Different manufacturers' synthesis and quality 
control procedures may have an impact on this release profile [65]. 

Poly(vinylpyrrolidone) (PVP) 

PVP has a melting point of 150 °C. PVP dissolves in water and a 
variety of organic solvents. PVP is also chemically stable, 
biocompatible, and nontoxic. The proper usage of PVP for the 
manufacturing of drug-loaded disposables is greatly aided by these 
chemical and physical properties [55]. It has several applications in 
the creation of nanoparticle devices. This is because PVP's non-ionic 
nature and significant hydrophilicity and hydrophobicity improve its 
ability to associate with a wide range of substances.  

According to recent studies, PVP can be used for developing oral 
drug carrier systems with fast release (about 30 min to release 85% 
of the medication loaded). This polymer is completely eliminated by 
the kidneys. This led the FDA to classify PVP as a safe chemical. 
Furthermore, prior studies have demonstrated that PVP's physical 
and chemical properties make it appropriate for 3D printing using 
FDM, the most widely used method for creating oral drug delivery 
devices [66]. In order to describe different drug release profiles with 
the same volume-to-surface area ratio, Windolf et al. created a 
geometric model of oral tablets [67]. The models were made using 
FDM 3D printing with a combination of PVA, pramipexole 
(therapeutic agent, 5 %), mannitol (plasticizing agent), and fumed 
silica (as a glidant). PVA and praziquantel (the active medicinal 
ingredient, 5 weight percent) were combined to create a secondary 
formulation. The results show that different dosages of a single 
standard filament can customize the therapeutic response to the 
patient's therapy requirements. Even when many medications were 
taken together, the medical treatment had no effect on the blood 
plasma profile following oral ingestion of the printed tablets [56]. 

Polyethylene glycol 

Polyethylene glycol (PEG) has been used extensively in numerous 
industrial processes since the 1950s, such as an additive to lower the 
temperature at which liquids solidify. As an ingredient for processed 
foods, PEG is used in the pharmaceutical sector to produce oral tablets, 
capsules, and pills, as well as solutions and suppositories for 
intradermal or transdermal use [68]. In addition, PEG is hydrophilic, 
lipophilic, and flexible and has a significant water absorption capacity. 
Numerous chemical and inorganic solvents can dissolve PEG. As the 
polarity of this polymer increases, its hydrophilicity also increases, 
making it more soluble in water. In order to increase the process 
ability of various polymers, including PCL, PLA, PLGA, PU, and PVA, 
PEG is commonly utilized as an addition (plasticizer) [56, 69]. 
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Poly(lacticacid) (PLA) 

This has been used in medical treatment to manufacture biomedical 
equipment and biodegradable drug delivery systems. For those 
goals, this usability is linked to advantageous properties like 
biocompatibility and bioabsorbability [70]. Fused deposition 
modeling (FDM) and stereolithography (SLA) are the most suitable 
techniques for the 3D printing of PLA for drug delivery. PLA is 
semicrystalline, hydrophobic, and shows a glass transition 
temperature and mechanical strength that are comparable to those 
of other biocompatible polymers. 

Poly(lactide-co-glycolide) 

Polyglycolic acid (PGA) and polylactic acid (PLA) copolymerize to 
form polylactide-co-glycolic acid (PLGA). Glycolide (GA) and lactide 
(LA) ring-opening polymerization was the initial synthesis of this 
polymer in the 1970s [71]. PLGA is a biomaterial that is very feasible 
and biocompatible for use in the production of disposable 
medication delivery devices. This polymer is safe for use in human 
bodies and has been classified by the FDA and the European 
Medicines Agency (EMA). The remarkable repeatability of PLGA is in 
contrast to the majority of natural polymers. This polymer has 
superior reproductivity and purity because it is a synthetic 
substance and is not dependent on environmental variables. A 
sustained drug release that can last months is ensured by PLGA's 
higher stability compared to PGA and PLA [72]. 

Polycaprolactone 

A commercial polymer with remarkable biodegradability, 
biocompatibility, and process ability is PCL. Because ester linkage 
hydrolysis causes the toxic chemicals carbon dioxide and water to 
degrade, PCL breakdown in human beings is slow. These features 
support the use of PCL in 3D printing DDSs, which need a polymeric 
matrix to release the integrated material over an extended period of 
time [53]. Additionally, the FDA cleared PCL for safe human usage 
[55]. When a lengthy duration of degradation is required, PCL is a 
practical polymer. PCL takes between two and five years to 
completely degrade as compared to other polymers, particularly 
PLA. A key element in PCL's chemical properties is its partial 
crystallinity in the atomic microstructure and strong hydrophobicity 
[55]. Additionally, PCL has a glass transition temperature of-60 °C 
and a melting temperature of 59 °C to 64 °C [73]. PCL is a viable 
option for 3D printing because the polymer melts with less energy at 
these temperatures. Additionally, PCL exhibits strong mechanical 
strength and flexibility, both of which are important characteristics 
for its application in hot-melt filament extrusion [55]. 

Polymers used for SLA 3D Printing 

Poly(2-hydroxyethyl methacrylate) (pHEMA) 

PHEMA, also referred to as hydrogel material, is a biocompatible 
polymer. A polymer made of three-dimensional cross-linked 
polymeric networks based on HEMA that can hold onto water 
content inside its structure is known as PHEMA hydrogel [74]. 
PHEMA is regarded as a thermoplastic substance. In addition to their 
low cost, PHEMA hydrogels are non-biodegradable, have high water 
content, low thrombogenicity, cytocompatibility, plenty of 
copolymer options, soft materials with excellent temperature 
stability, resistance to acid and alkaline hydrolysis, adjustable 
mechanical properties, and an optically transparent hydrophilic 
polymer that is desirable for a variety of biomedical applications 
[75-77]. In dry conditions, PHEMA is a hard and brittle substance. 
When wetted with water, it becomes pliable and soft, making it 
easily cuttable. The density and glass transmission (Tg) of PHEMA 
are 1.15–1.34 g/ml and 358–393 K, respectively. The polymer 
becomes insoluble in water due to HEMA. Great transparency, 
transmission, and refraction index make PHEMA hydrogels a great 
choice for ophthalmologic applications in terms of optical qualities. 
The water content of PHEMA ranges from 20% to 80% in volume, 
making it appropriate for use in contact lenses. Oxygen can pass 
through the cornea because of the material's high oxygen 
permeability, softness, and flexibility. Hydrogel soft contact lenses 
are thin, improve comfort while wearing, and avoid corneal 
physiological changes while maintaining acceptable optical 

transparency for retinal imaging [78]. Other biomedical uses for 
PHEMA include wound healing, bone tissue regeneration, cancer 
treatment, drug delivery systems, breast augmentation, kidneys, 
endodontic fillings in dentistry, intrauterine inserts, prosthetics, 
implants, and replacement of damaged articularcartilage [79, 80]. 

Poly(ethylene-glycol)-Dimethacrylate (PEGDMA) 

Acrylate terminals are found in PEGDA, whereas methacrylate 
terminals are found in PEGDMA. Acrylate monomers have been 
found to be more hazardous than methacrylate monomers [81], 
while PEGDMA is less reactive than PEGDA due to the inclusion of a 
methyl group. PEGDMA is non-cytotoxic and allows for cellular 
adhesion without peptide alterations, according to earlier studies 
[82, 83]. Because of these qualities, PEGDMA is a viable option for a 
synthetic polymer in a bioink for SLA bioprinting [82]. 

PEGDMA's well-characterized material characteristics, lack of 
immunogenicity, established cytocompatibility, and ease of 
manufacturing have led to its widespread use in a variety of tissue 
engineering applications [85, 86]. Additionally, the PEGDMA 
material qualities can be easily altered by varying the chain length, 
the hydrogel's weight percentage of the macromer, and the addition 
of additional materials to form a hydrogel composite. Despite the 
fact that PEGDMA and related hydrogels have many benefits and 
have generated a lot of interest thus far, their application as a 
foundation for 3D printing While the impact of SLA on the material 
characteristics of PEGDMAs has not yet been thoroughly 
investigated, SLA has been primarily focused on the feasibility of the 
3Dprinting technology [87]. 

Poly(ethylene glycol) diacrylate PEGDA 

(Polyethylene glycol diacrylate (PEGDA), a synthetic polymer with 
strong water solubility and biocompatibility, has been certified by 
the Food and Drug Administration (FDA) for use in medical device 
manufacturing. PEGDA is chemically adaptable and offers 
considerable processing capabilities. When exposed to a certain 
wavelength of light, it undergoes a cross-linking reaction that turns 
it from a tiny, low-viscosity monomer (liquid) into a stable polymer 
(solid), creating specimens with high precision. Ester bond 
hydrolysis is one way that PEGDA can break down while being used 
in vivo. PEGDA is therefore crucial for biomedical applications, 
including medication delivery and wound healing.  

Pure PEGDA, on the other hand, readily loses water when used as a 
hydrogel. Additionally, proteins are not effectively adsorbable by the 
flat surface of cured PEGDA, which leads to poor cell adsorption and 
cell growth. According to some research, PEGDA is a photosensitive 
resin pre-polymer that is utilized to create bio-ceramics through UV 
curing. Its pyrolysis during later degreasing, however, has prevented 
PEGDA's biological activity from being effectively used [88].  

Analytical characterisation for 3D printed formulation 

A range of characterization tests were used to evaluate the FDM 3DP 
compositions' physical-mechanical properties (fig. 4). Furthermore, 
every test was conducted to investigate particular elements and 
characteristics, including the drug release profile, the disintegration 
time, the tablet breaking force, the 3D structure, the porosity, and 
whether or not the medication(s) degraded during 3D printing. 

The drug content test, which was conducted in 68% (n = 69) of the 
publications that were included in the systematic review, showed 
that there was no drug degradation during the FDM process. In the 
majority of these, the drug content value was near the theoretical 
one. For example, in the study by Genina et al., the drug's actual 
content was 62.2±1.4%, whereas the theoretical content was 70% 
w/w. The authors proposed that this little discrepancy was caused by 
the drug's stickiness during the manufacturing process when it was in 
powder form [89]. On the other hand, Goyanes et al. found that the 
heated extruder's temperature of 210 °C caused half of the medication 
(4-ASA) to deteriorate. The drug's initial weight percentage of 0.24% 
rose to 0.12% after extrusion. 4-ASA melted and broke down at 130 
and 145 °C. This implied that choosing the right medication based on 
its physical characteristics was important [22]. As shown in fig. 4, 77% 
(n = 79) of the included publications underwent SEM analysis, with 
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varying outcomes. For example, Skowyra et al. observed that at the 
conclusion of the extrusion process, irregular pores and spaces 
between layers appeared on the surface of the extruded filaments due 
to the evaporation of the water content and evaporable additives. 
Additionally, the surface appeared rough and uneven due to the 
partially connected filaments [23]. Additionally, a second study by 
Goyanes et al. found that the internal patterns were influenced by the 

infilling percentage. The tablets seemed denser when the infilling 
percentage was increased [45]. The dissolution test (fig. 4), which was 
used in 97% of the articles (n = 99) to determine how long it took for a 
drug to dissolve in the dissolution media and whether the drug release 
profile was instantaneous or sustained, was the most common 
characterization test among the FDM articles that were part of the 
systematic review (fig. 5). 

 

 

Fig. 4: Various numbers of characterization tests were conducted in accordance with the British pharmacopeia for FDM items 

 

 

Fig. 5: Illustration of two distinct drug release profiles achieved 
through FDM 3D printing technology in various articles 

 

Many researchers claim that a number of factors can affect the drug 
dissolving profile and that most 3DP formulations (73%, n = 70) had a 
sustained drug release profile. For instance, Shin et al. discovered that 
the size and shape of the 3DP formulations had an impact. Moreover, 
smaller tablets had a quicker drug release due to a larger surface 
area/mass ratio, whereas larger tablets, defined also as printlets, 
presented a slower drug release because the SA/V ratio was smaller 
[90]. 

Skowrya et al., for instance, found that after 12 and 18 h, the 
majority of the drug (>80%) was released at dosages of 4, 5, 7.5, and 
10 mg. Furthermore, because of a lower SA/V ratio, the full drug 
release was accomplished in 16 h for smaller tablets and in 20–24 h 
for larger ones [23]. The only formulations that met the BP 
acceptable level had an immediate drug release profile.  

Another essential British Pharmacopeia requirement was the 
hardness test, which was carried out in half of the studied trials 
(51%, n = 52). Furthermore, as it is one of the requirements set forth 
by BP, this diminished assessment may be a drawback. In certain 
instances, as in the studies of Goyanes et al. and Chen et al., this 
parameter was not assessed because the tablets' hardness strength 
exceeded the highest values that the hardness tester could measure 
(800 N) [45, 87]. On the one hand, the hardness values of the 3DP 
FDM formulations were lower. For example, in the study by Khaled 
et al., the mesh tablets had 224.67 N and the ring tablets had 24.72 
N. In both cases, the hardness values were too small [91, 92]. 

A third BP requirement was represented by the friability test, which 
was carried out only in 24% of the FDM-included articles, possibly due 

to the reduction of the hardness values of the formulations. Moreover, 
considering the publications where this analysis was performed, all of 
them met the BP requirements, having a friability parameter minor or 
equal to one. In some cases, the friability was 0%, such as in the works 
conducted by Okwuosa et al. and Goyanes et al. [45, 93].  

Considering fig. 4, only 18% (n = 18) of the articles tested the fourth 
BP criteria, the disintegration time. As said regarding the friability, 
this could be a limitation and a factor that requires more 
investigation in later research. Only a small number of formulations, 
such as those in the studies by Jeong et al. and Khaled et al. [94], 
could be classified as an ODT (complete disintegration underwent in 
less than 3 min (European Pharmacopeia) or if less than 30 s by the 
FDA), when taking into consideration the articles where the 
disintegration time was evaluated. Each of these articles met the BP 
criteria, and the total disintegration time ranged from 5 to 15 min in 
the other examples. Furthermore, Palekar et al. [95] found a direct 
correlation between the infill percentage and the disintegration 
time. In actuality, a larger infill percentage resulted in a faster 
disintegration period and less water penetration in the formulation.  

Furthermore, BP had to consider weight homogeneity, whose 
acceptable range was determined by average mass. For example, the 
maximum deviation percentage was 10% if the average weight was 
84 mg or less, 7.5 if the weight was between 84 and 250 mg, and 5% 
if the average weight was greater than 250 mg. 

As shown in fig. 7 above, this test was conducted in 57% (n = 58) of 
the available papers, and only a small portion of them met the BP 
limits. If, for example, three different tablets with three different 
infilling percentages (30%, 50%, and 70%) were manufactured in 
the work by Li et al. and the average weight was greater than 250 
mg and the deviation percentage was 2% in each of the three cases, 
it was possible to determine that all of the formulations met the 
specification [96]. 

Different drug formulated by 3D printing technology 

Drugs classification 

According to reports, the FDM 3DP formulations contained a variety 
of drugs (fig. 6), and the administration of each medication differed 
depending on the condition that required treatment. In the FDM 3DP 
formulations, the most commonly employed drug types were anti-
inflammatory medications like acyclovir and prednisolone, 
analgesics like paracetamol and aspirin, and antihypertensive 
medications like nifedipine and carvedilol [86]. 
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Fig. 6: Fig. depicting various types of drugs incorporated into FDM 3D printed formulations [94] 

 

Test for SLA (Stereolithography) 3D printing technique 

The drug dissolution test was another crucial test used to assess the 
efficacy of the SLA approach, and it was carried out in 100% (n=8) of 
the publications. In particular, the researchers evaluated the 
correlation between a number of variables, such as the proportion of 
cross-linkable polymers in the tablets, the shape and structure of the 
tablets, and the effect of excipient addition on the rate of drug 
release. The scientists concluded that the dissolving profile can be 
influenced by the geometry of the tablets as well as the addition of 
excipients and that it was important to choose an appropriate 
quantity of photocrosslinkable polymer to control the drug release 
rate [94]. 

Wang et al. investigated the possible impacts of the cross-linkable 
polymers in the tablets' PEDGA/PEG 300 ratio on the dissolving 
profile. On the one hand, they discovered an indirect correlation 
between the amount of PEDGA and the drug release rate. For 
example, after 10 h, 100% of the paracetamol was released when the 
PEDGA content was 35%, but 84% and 76% of the paracetamol was 
released when the PEDGA content was 65% and 90%, respectively. 
However, there was a direct association between the amount of PEG 
300 and the medication release rate, meaning that if the first 
increased, the second would also increase [97]. 

Furthermore, Heavy et al.'s investigation examined the connection 
between drug release rate and cross-linkable polymers. 
Furthermore, Wang et al. and these authors came to the conclusion 
that choosing the right photocross linkable polymer was important 
in order to control drug release because, on the one hand, surface 
cure issues could arise if the polymer concentration was too low. 
However, if it was very high, this concentration might decrease the 

amount of UV radiation that would reach the bottom layers, 
resulting in insufficient curing. Moreover, the formulations were 
characterised by a sustained drug release rate profile over the 24 h 
[18]. The homogeneity of weight, another characterization test 
mandated by the British Pharmacopeia, was assessed in 50% (n = 4) 
of the trials. All of the printlets in the Heavy et al. investigation had 
weight uniformity between 81.7 and 118%, with a 36.3% percentage 
deviation. Given that the average mass was 1621 mg and the British 
Pharmacopeia's recommended weight limit varies, these values did 
not adhere to the recommended limits [88]. 

Likewise, the weight of the tablets in the Kadry et al. research varied 
between 133.70 mg and 174.23 mg. With a variance of 26.2%, the 
weight ranged from 86.8 to 113%, with an average of 154.0 mg. In 
light of the British Pharmacopeia's recommended weight fluctuation 
restrictions, these pills did not satisfy the Pharmacopeia 
Specifications [98]. With a percentage of variation greater than that 
specified by the British Pharmacopeia, both formulations failed to 
satisfy Pharmacopeia requirements. 

Quantifying which of the several 3DP methodologies assessed was 
utilized most frequently in the included papers was the main goal of 
the first study. The most popular 3DP technique for creating solid 
oral drug delivery systems was FDM, with a 76% (n = 102) value. 
High resolution, good mechanical strength, and the ability to create 
3D formulations with a particular drug release profile while 
achieving different printing conditions were also the primary 
benefits of this technology [94]. Only the FDM approach had a little 
lower result than the others (68%), but the majority of the 
techniques examined assessed the drug content with a percentage 
above 90%. 

 

Table 2: Schematic summaries of the two characterisation tests performed with the two 3DP techniques (FDM, SLA) 

Different 3DP 
technique 

Drug 
content 

Dissolution 
profile 

Hardness Friability Disintegration Uniformity of 
weight 

Reference 

FDM 68% 97% 51% 24% 18% 57% [94] 
SLA 100% 100% 37.5% 0% 0% 50% 

 

Determining whether the drug release profile was immediate or 
sustained, as well as the amount of drug released in a specific 
amount of time, were the goals of the drug dissolution test. It was 
performed with a percentage value of 100% for each of the four 
strategies assessed in practically all of the included papers. 
Furthermore, tablets are the recommended 3DP forms because they 
have superior mechanical and physical qualities, like hardness and 
friability, as compared to the other formulations. This test was only 
conducted in half of the cases (51%), taking into account the FDM 
3DP process [94]. 

The primary factors that influenced the hardness were the number 
of excipients added to the formulation and the laser scanning speed 

[98], as indicated by the fact that Allahham et al. observed an inverse 
relationship between the breaking force values and the laser 
scanning speed [99]. Given the importance of this parameter, this 
test must be carried out in future studies to ascertain whether the 
3DP drug delivery system meets BP requirements and is suitable for 
its intended purpose. A relatively small number of publications (17–
24%) used the friability test in three of the four 3DP approaches, but 
not SLA. The reason for this might be that the 3DP formulations' 
limited hardness values prevented them from passing this kind of 
test. This lower evaluation of friability is a component that needs to 
be improved in subsequent studies, as it is one of the tests mandated 
by the British Pharmacopeia (BP). Additionally, according to 
Infanger et al., the porosity of the binder particles was the primary 
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factor influencing the friability and was directly correlated with the 
friability values [100]. Likewise, all of the FDM 3DP formulations had 
friability values of 1%, meeting the BP requirements. The summary 
of the characterization test performed on FDM and SLA techniques is 
given in Table 2. 

Nevertheless, it is not possible to determine which 3DP technique is best 
for printing oral solid formulations because each one has pros and cons, 
and the choice of printing method relies on the kind of formulation that 
needs to be produced as well as the physical-mechanical characteristics 
that must be met, like hardness, friability, or drug dissolution profile. The 
3DP of medicine is a young field that is confronted with several obstacles. 
The appropriateness of the 3DP procedures is one barrier because 
several of them may hinder the stability of medications that are 
thermolabile. Making tablets that adhere to pharmacopeia and 
regulatory organizations' legal standards is also still difficult. Another 
problem is that there aren't many ink materials that are appropriate and 
compatible with making oral drugs [101]. 

Regulatory aspects 

To regulate the use of 3D printing (additive manufacturing) in the 
production of medical devices, the U. S. Food and Drug Administration 
(FDA) released a draft guidance titled “Technical Considerations for 
Additive Manufactured Devices” in May 2016 [102]. This document 
emphasizes the need for detailed documentation at every stage of the 3D 
printing process, including material selection, device design, printing 
parameters, and post-processing procedures. It also highlights the 
unique advantage of 3D printing in creating customized devices tailored 
to the individual patient's anatomy [103]. According to the guidance, 
manufacturers must justify the use of additive manufacturing and 
explain how variations in processing parameters influence the final 
product’s properties. Importantly, all materials used must have a 
traceable origin, and alternative sourcing options should be considered 
to ensure supply chain robustness. Material characteristics that impact 
interlayer bonding must be critically evaluated, as they can significantly 
influence device performance. 

Moreover, the FDA underscores the importance of validating the 
software used for device design and manufacturing, given the risks 
associated with software-driven errors in 3D printing workflows. In 
recent years, the FDA has approved several 3D-printed devices for 
biomedical applications, including orthopedic implants and dental 
prostheses, with regulatory expectations for material quality and 
device performance becoming increasingly stringent [104]. 

Beyond devices, regulatory frameworks for 3D-printed pharmaceuticals 
are still evolving. The FDA's approval of Spritam® (levetiracetam), the 
first 3D-printed drug by Aprecia Pharmaceuticals in 2015, marked a 
significant milestone. However, regulatory authorities such as the FDA 
and European Medicines Agency (EMA) recognize critical challenges 
specific to 3D-printed drugs, particularly concerning quality control, 
reproducibility, and batch-to-batch consistency [105]. Unlike traditional 
manufacturing, where large uniform batches are produced, 3D printing 
often involves small-scale, patient-specific production, making 
conventional quality assurance models less applicable. 

Ensuring consistent drug content, dissolution profiles, mechanical 
strength, and sterility across individualized units is complex and 
demands the development of novel in-process monitoring and 
validation strategies [106]. Moreover, patient-specific risks - such as 
dosing errors, altered pharmacokinetics due to customized dosage 
forms, and individual biocompatibility responses - require thorough 
safety assessments during both preclinical and clinical evaluation 
phases. Regulatory agencies are thus encouraging the use of risk-
based approaches, design controls, and robust validation protocols 
to safeguard patient health while supporting innovation. 

In conclusion, while 3D printing offers unprecedented opportunities 
for personalized medicine, its regulatory landscape must continue to 
adapt to address unique challenges in quality assurance, 
reproducibility, patient safety, and software validation to ensure 
consistent and safe therapeutic outcomes. 

CONCLUSION 

3D printing (3DP) has emerged as a transformative technology in 
the pharmaceutical sector, offering a novel approach to personalized 

medicine. However, selecting the optimal 3DP technique for 
manufacturing oral solid dosage forms remains a complex task, as 
each method possesses distinct advantages and limitations. Despite 
its promising potential, 3DP faces several significant challenges in 
pharmaceutical manufacturing. The key challenges include 
maintaining thermolabile drug stability, limited pharmaceutical-
grade printable materials, and evolving regulatory requirements. 
The FDA has introduced guidelines focusing on quality control and 
traceability to support 3DP integration. Future studies should 
prioritize the development of thermally stable drug formulations, 
the synthesis of novel biocompatible and regulatory-compliant 
printing materials, and the refinement of low-temperature printing 
techniques. A collaborative approach, involving academia, industry 
stakeholders, and regulatory agencies, will be pivotal in advancing 
material sciences, optimizing printing methodologies, and 
strengthening the regulatory framework. With sustained innovation 
and cross-sector partnerships, 3DP holds the potential to 
revolutionize drug delivery systems and realize the vision of truly 
personalized, on-demand therapeutics. 
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