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3D printing (3DP) has advanced traditional medical treatments. Healthcare has witnessed a remarkable
transformation with the emergence of reverse engineering 3D printing. This innovative technology has
demonstrated its potential to surmount the limitations encountered by traditional medical treatments. With more
than a decade of dedicated research and exploration, 3DP has garnered substantial attention for its ability to
address the challenges in medical treatment by creating patient-specific implants, advanced medical devices, and

intricate anatomical models.

3D printing drug delivery medical applications

1. Common Reverse Additive Manufacturing Techniques
Used for Drug Delivery Applications

Additive manufacturing techniques enable customizability, especially in the production of personalized medicines
with precise dosages allowing high control over release profiles and delivery locations. Commonly used 3DP

techniques used for drug delivery applications include FDM, SLA, powder bed fusion (PBF), and inkjet printing.

Fused deposition modeling is a commonly used 3DP technique in the pharmaceutical and medical sectors. In
FDM, a thermoplastic filament is melted and extruded layer-by-layer to create the desired structure. FDM offers
several advantages for drug delivery applications, such as the ability to create complex geometries, control the

porosity of the structure, and incorporate drugs into the filaments.

One of the most popular applications of FDM in drug delivery is the creation of drug-loaded filaments.
Pharmaceuticals are first embedded into the polymer matrix and extruded as filaments of the required dimensions,
which are then used in the 3DP machine to create a prototype or drug delivery device that can be orally used as
tablets, implanted, or injected into the body. The drug concentration and release can be controlled by adjusting the
amount of drug to be loaded in the polymer matrix as well as changing the porosity of the model that will be 3D

printed.

Scoutaris et al. 3D-printed indomethacin-loaded chewable tablets using polyethylene glycol (PEG) polymer
filaments using the FDM technique. For enhanced acceptability of the tablets by pediatric patients, formulations
were fabricated in the form of variable shapes, including a lion, heart, bottle, ring, and bear 1. Sadia et al.

designed perforated channels within the caplets to enhance drug release rates and used FDM techniques to 3D-
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print hydrochlorothiazide caplets for evaluation 2. Similarly, Oblom et al. used non-identical cellulose-based
polymers including hydroxypropyl methyl cellulose (HPMC), hydroxypropyl cellulose (HPC) and Eudragit loaded
with the isoniazid drug to fabricate dosages that treat and prevent latent tuberculosis. Their research has shown

that altering printing parameters including tablet size and infill ratios can allow personalization of the tablets 2],

Stereolithography: SLA is a 3DP technique that uses a laser to solidify a liquid resin layer-by-layer to create a 3D
structure. SLA has emerged as a promising technique for drug delivery applications due to its ability to create
complex and precise structures with high resolution. Xu et al. formulated ibuprofen-loaded mini-sized pellets for
oral administrative applications using SLA technology. They have used polyethylene glycol diacrylate (PEGDA) as
monomer and diphenyl (2,4,6-trimethyl benzoyl) phosphine oxide (TPO) as photo initiator . In a research study
conducted by Robles-Martinez et al., multilayer polypills were fabricated using six drugs including paracetamol,
caffeine, naproxen, chloramphenicol, prednisolone, and aspirin, in various shapes and compositions. The authors
have successfully demonstrated the feasibility of SLA as an excellent 3DP technique to manufacture multi-dosage

formulations &,

SLA has also been used to create microneedle arrays for transdermal drug delivery. Economidou et al. used SLA to
create microneedle arrays containing insulin in both pyramidal and spear-shaped microneedles for transdermal
administration. The evaluation of these 3D-printed microneedles in a mice model showed an enhanced skin
penetration compared to subcutaneous injections 8. Xu et al. engineered solid and hollow intravesical bladder
devices using elastic resins in SLA-type 3D printer. Solid devices were manufactured by direct mixing of lidocaine
hydrochloride with elastic resin and 3DP solid constructs. In contrast, hollow devices were first 3D-printed with
elastic resin and later loaded with lidocaine hydrochloride. Comparative evaluation among these devices showed
varying drug release profiles and the authors established a novel SLA technique to fabricate localized and

extended intravascular delivery devices [,

In the PBF type of 3DP, a layer of powder is spread across the build plate and selectively melted using a laser or
electron beam to create the desired shape. Additive manufacturing techniques including selective laser sintering
(SLS), selective laser melting (SLM), and electron beam melting (EBM) are some of the common methods that can
be categorized under PBF. Of all these techniques, SLS is the only non-metallic process that can utilize
biocompatible and biodegradable material to produce 3D-printed objects. This process has a close resemblance to
traditional tablet-manufacturing process. Additionally, this technique enables creating complex and porous
structures with high resolutions. Due to these advantages, researchers have explored SLS technology and its

assisted materials, for numerous drug delivery applications [,

In inkjet printing, droplets of drug-loaded resin are ejected/sprayed on the substrate/build platform in layer-by-layer
fashion fusing with layers underneath to create an object of the desired shape. Inkjet printing has demonstrated
great potential for drug delivery applications, particularly for creating precise and personalized drug delivery
systems. Its ability to create complex patterns with high resolution makes it an attractive option for developing

advanced drug delivery devices.
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| 2. Biomaterials Used in 3D Printing
2.1. Introduction to Biomaterials:

Drug delivery systems are printed with different polymers and by varying methods depending on the goal of the
print 2. Polymers fall under two broad categories: biodegradable and non-biodegradable 9. Biodegradable
polymers are generally categorized as having the ability to erode into the human body over time 2%, Biodegradable
polymers can be subdivided into natural and synthetic biomaterials [BIl2011l Bjodegradable natural polymers, such
as gelatin, alginate, and collagen, come from biological sources, making them useful for fabrication of biodevices

due to their compatibility with native proteins of the human body 2[12],

However, these compounds have the drawback of being less biocompatible 2. The second broad category of
polymers includes non-biodegradable compounds such as PEG and ethylene vinyl acetate 19  Unlike
biodegradable polymers, these compounds remain structurally intact during their life cycle. 3DP can use properties
that vary across different polymers, such as porosity, hydrophobicity, and drug release, to engineer customized
microfluidic drug delivery devices 29, Drug delivery systems are printed with different polymers and by varying
methods depending on the goal of the print 2. Polymers fall under two broad categories: biodegradable and non-
biodegradable (12!, Biodegradable polymers are generally categorized as having the ability to erode into the human
body over time 12, Bjodegradable polymers can be subdivided into natural and synthetic biomaterials [11112][13]
Biodegradable natural polymers, such as gelatin, alginate, and collagen, come from biological sources, making
them useful for fabrication of biodevices due to their compatibility with native proteins of the human body [1112],
Furthermore, natural polymers can crosslink when exposed to the appropriate stimuli, making them useful for
creating microgels and hydrogels (13141 Unfortunately, the stimuli required to induce crosslinking can be cytotoxic
B On the other hand, biodegradable synthetic polymers, such as Polyglycolic acid, Polylactic Acid, and
Polycaprolactone, are frequently utilized to fabricate drug delivery systems due to their low cost and widespread
FDA approval 23151 However, these compounds have the drawback of being less biocompatible 22!, The second
broad category of polymers includes non-biodegradable compounds such as Polyethylene Glycol and Ethylene
Vinyl Acetate 22l Unlike biodegradable polymers, these compounds remain structurally intact during their life cycle.
3DP can use properties that vary across different polymers, such as porosity, hydrophobicity, and drug release, to

engineer customized microfluidic drug delivery devices 12,

2.2. Physical, Chemical and Biological Properties of Biomaterials

Most synthetic biopolymers such as PLA, PGA, PLGA, and PCL are 3D-printed using the FDM technique. This
method requires the polymers to be heated to their melt extrusion temperatures. These temperatures are higher
than the melting temperature. Depending on the composition of the polymer, the melt extrusion temperatures range
from 90-220 °C. Viscoelastic properties of these polymers are highly dependent on temperature and composition.
Drugs or bioactive agents that are thermally stable can be used with these polymers. These polymers are also

used in SLS-based 3DP; fine powders of the polymer are melted using high energy lasers 18],
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The other biomaterials used in extrusion or FDM printing include synthetics (PEG, poloxamers, etc.) and natural
polymers (alginate, collagen, gelatin, decellularized extracellular matrix, etc.). These biomaterials undergo
crosslinking when exposed to suitable external stimuli. The crosslinking stimuli can be physical (light, heat) and
chemical (counter ions) stimuli. The mechanical properties of the biomaterials improve after crosslinking as
polymers are held in place by covalent and ionic bonds. Mechanical properties of biomaterials are very important
as they determine how the material maintains shape, retains architecture, and enables easy handling of the 3D-

printed structures 261,

Another important property of biomaterials that needs to be considered is the degradation process, products of
degradation and route of elimination. Polymers primarily undergo bulk erosion or molecular degradation. In the
case of bulk erosion, the scaffolds undergo hydrolysis at random ester bonds and undergo further hydrolysis to
release monomers into the tissue. Depending on the type of polymer used, these monomers could be lactic acid,
glycolic acid, fumarate etc. These monomers, components of physiological processes such as the Krebs cycle, are
eliminated through the lungs 2. Bioceramics are a class of biomaterials used in fabrication of implants that are
used in orthopedic applications. These bioceramics are resorbed by surrounding cells to promote new tissue

development 18],

Biomaterials used in vat polymerization-based 3DP methods such as SLA and DLP are modified by addition of
acrylate groups. Commonly used biomaterials include gelatin methacrylate (GelMA), polyethylene glycol diacrylate
(PEGDA), and hyaluronic acid methacrylate (HAMA), etc. Methacrylate and diacrylate polymers in the presence of
photointitators such as Irgacure, LAP, etc. undergo free radical polymerization when exposed to UV or visible light
to enable crosslinking. These photoinitiators are cytotoxic and hence should be used with caution. The biomaterials
used in vat polymerization methods have lower viscosity on the millipascal-second order. The resolution of the

objects printed using vat polymerization depends on the energy and point size of the light source 12,

In binder jet-based 3DP, two biomaterials are used—one in the powder form and the other in the liquid form. The
packing density, particle size and flowability of the powder are important properties. Printability and resolution of
the printed objects depends on the size of the powder particles. Layer thickness in binder jet printing is higher than
the particle size (of the powder) and ranges from 15-300 um. A few of the commonly used biomaterials in binder
jet 3DP include titanium and its alloys, cobalt—-chromium alloys, calcium phosphate salts, polymers, and
composites. The binders provide mechanical stability to the printed object by gluing the powder particles together.
Low-viscosity materials such as PVA solution, water, phosphoric acid, etc., are used as binders for biomedical

applications 29,

3. Research Relating Drug Release Properties When 3D
Printing Is Used

3.1. Targeted Approach
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Drug delivery via implants can be a very effective manner of drug delivery, benefitting those patients who need
long-term treatments. The aim of using reverse-engineered 3DP implants is to create a patient-specific,
reproducible loading for effective doses of drugs by using MRI/CT scans. Loading can be accomplished via

incorporation into the printing process or during the printing process itself.

The drugs are coated to the pellets using oil casting 192021 The drug mixes and distributes in the filament
homogenously. In the inkjet method, the drug is incorporated into the powder bed or binder solution (21, For DLP
the drugs are incorporated into the printed matrix by dissolving or suspending them in liquid photopolymers [22],
Drugs can also be coated post-printing to the finished 3D-printed implants. The drugs embedded in printing must
withstand high temperatures and other printing processes. Since the drug is incorporated in the implants, long-term
drug release is conceivable using this method. Using 3DP for drug-eluting implants can play an important role in
organ printing, tissue engineering, and making individual molds for medical and pharmaceutical needs [23124]125]
Drug-eluting 3DP can make stents, catheters, bone screws, gynecological devices, and antitumor devices. The risk
of infection is high when a foreign object is inserted in the body. With 3D-printed implants, such risks can be

potentially manageable by embedding them with antimicrobial drugs.

Sandler et al. (28] showed successful incorporation of nitrofurantoin in PLA filaments. Weisman et al. & confirmed
such findings by showing the inhibitory effect of 3D-printed discs containing drugs such as gentamicin sulphate and
methotrexate on Escherichia coli (E. coli) and a decrease in number of osteosarcoma cells respectively. The
process of loading the filament with drugs and printing the 3D disc did not reduce the effectiveness of the drugs.
After post-processing, Boyer et al. [28 showed that complex structures such as 3D-printed mesh and vascular Y-
stents had a high visibility when CT-scanned and even had antibacterial effects. Stents supporting palate and lip

surgery are being researched by Mills et al. 22 and Boyer et al. [28],

One current example of drug-releasing devices is the intrauterine device (IUD), which provides long-term
contraception with localized hormone delivery B9, One issue with IUDs is the difference in shape and size of the
endometrial cavity between individual women. Using 3DP could assist in making well-fitted IUDs to overcome
these dimensional challenges. However, special attention must be paid to the specific materials used in the 3DP
process, as shown by Genina et al. B, Adhesion, polarity, flexibility, crystallinity, and melting point may impact the

print's quality and durability.

Materials such as flexible TPU have been used to print bacteriostatic vaginal meshes. These meshes were loaded
with doses of levofloxacin for treating stress urinary inconsistence and pelvic organ prolapse B2, Zhao et al. [
have also applied changes in printing techniques to 3D-print cone-shaped cervical tissue implants. Here, micro and

macro pores in the printed structures mimicked the tissue properties—enabling loading of anti-HPV proteins.

Research has also shown that drugs such as minocycline, gentamicin, isoniazid, rifampicin, and vancomycin, when
used in 3DP implants, have been helpful in treating bone fractures and other injuries B4I83I38137] Along with the
reparative drugs, glucocorticoids such as prednisolone and dexamethasone have been used successfully to make

scaffolds B89 Wy et al. 4% ysed inkjet technology for 3DP multidrug implants for treating tuberculosis extending
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into bone. Furthermore, Poudel et al. 1 explored the use of laser powder bed fusion to create 3D-printed
orthopedic implants from surgical grade 316L stainless steel. The implants are coated with PLGA and loaded with
gentamicin to provide sustained antibiotic release, combating post-surgical infections and enhancing cell adhesion,

with proven efficacy against common pathogens such as S. aureus and S. epidermidis.

Surgical meshes are classically used to treat hernias 42, 3DP techniques to print meshes loaded with antibacterial,
anti-inflammatory drugs, and contrast agent have all appeared in the literature 42431441 vjsibility via CT imaging
was performed by Ballard et al. #4l. Hollander et al. [43] developed a printed mesh of medical grade liquid silicone

rubber with different pore sizes. It was embedded with prednisolone and showed promising results.

3.2. Current Applications of 3D Printing in Drug Delivery

Implantable drug delivery devices: Several commercially available implantable drug delivery devices have been

developed to provide controlled drug release over an extended period. Some examples include:

» Infuse Bone Graft: This implantable device, manufactured by Medtronic, delivers recombinant human bone
morphogenetic protein-2 (rhBMP-2) to promote bone growth in spinal fusion procedures. 3D printing could
create patient-specific implants with optimized geometry and drug release profiles, improving surgical outcomes

and reducing complications.

o Zoladex: A biodegradable implant developed by AstraZeneca for treating prostate cancer and certain
gynecological disorders. It releases the drug goserelin over time, which helps regulate hormone levels. 3D
printing could enable the development of implants with customizable drug release rates and more precise

control over hormone regulation.

» Norplant: A subdermal contraceptive implant that releases the hormone levonorgestrel over an extended period.
It has been replaced by newer systems such as Nexplanon and Implanon. 3D printing could be used to develop
patient-specific implants that deliver the optimal drug dose based on individual patient needs and

characteristics, potentially reducing side effects and improving efficacy.

» Vitrasert: An ocular implant used to treat cytomegalovirus retinitis in patients with AIDS. The implant releases
the antiviral drug ganciclovir over an extended period. 3D printing could be used to develop customized ocular

implants that conform better to individual patient anatomy, improving drug delivery and reducing complications.

e Probuphine is a subdermal implant that delivers buprenorphine to treat opioid dependence. Titan
Pharmaceuticals developed the implant, which provides continuous drug release for up to six months. 3D
printing could create personalized implants that optimize drug release based on individual patient needs,

potentially improving treatment outcomes, and reducing relapse rates.

3D printing technologies can potentially improve upon these implantable drug delivery systems by offering:
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» Customization: 3D printing enables the creation of patient-specific implants that match individual patient

anatomy and clinical needs, potentially improving treatment outcomes and reducing complications.

» Precision: 3D printing allows for precise control over implant geometry, material properties, and drug release
profiles, which could lead to more effective and safer drug delivery.

» Complex geometries and multi-component systems: 3D printing can produce implants with intricate structures

and multiple drugs, allowing for more sophisticated drug delivery strategies.

» Rapid prototyping and production: 3D printing technologies enable faster development and production of

implantable drug delivery devices, potentially speeding up bringing new devices to market.

3.3. Drug Release Rate

Drug release rate refers to the speed at which drugs become pharmacologically active 1. The main types of drug-
release include immediate release, delayed, sustained, and controlled release 1. An immediate-release drug
delivery system aims for rapid onset of drug activation post administration. To minimize delay in drug action, the
drug must have high solubility and permeability to cross mucosal membranes for absorption 1. Okwuosa et al.
notes the development of immediate-release tablets with a disintegration time of less than 15 min created via low-
temperature fused deposition modeling (FDM) 3D-printing of polyvinylpyrrolidone 2. Bhatt et al. further notes the
utility of combining hot-melt extrusion (HME) with FDM 3D-printing to create immediate-release olanzapine tablets

with a mean disintegration time of 63.33 s 48],

A sustained release drug-delivery system consistently delivers a drug overtime to overcome rapid metabolization or
elimination by the body 1. Giri et al. describes the use of selective laser sintering (SLS) 3D printing to design
tablets with a Kollidon SR (KSR) matrix 44, Their tablets could gradually deliver acetaminophen over a 12-h period
rather than in a single burst ¥4, Additionally, Wu et al. describes using 3D-printed sustained-release scaffolds
composed of bioactive glass, alginate, and gelatin 48, When co-printed with naringin and calcitonin gene-related
peptide, their scaffold delivered active drug for 21 days with no initial burst release 48,
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