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ARTICLE INFO ABSTRACT

Keywords: Three-dimensional (3D) printing or Additive Manufacturing (AM) technology is an innovative tool with great
Addiﬁ"_e manufacturing potential and diverse applications in various fields. As 3D printing has been burgeoning in recent times, a
Stereolithography tremendous transformation can be envisaged in medical care, especially the manufacturing procedures leading to
Photocurable polymers . . . o . .

e personalized medicine. Stereolithography (SLA), a vat-photopolymerization technique, that uses a laser beam, is
Photopolymerization

known for its ability to fabricate complex 3D structures ranging from micron-size needles to life-size organs,
because of its high resolution, precision, accuracy, and speed. This review presents a glimpse of varied 3D
printing techniques, mainly expounding SLA in terms of the materials used, the orientation of printing, and the
working mechanisms. The previous works that focused on developing pharmaceutical dosage forms, drug-eluting
devices, and tissue scaffolds are presented in this paper, followed by the challenges associated with SLA from an
industrial and regulatory perspective. Due to its excellent advantages, this technology could transform the

Personalized medicine

conventional “one dose fits all” concept to bring digitalized patient-centric medication into reality.

1. Introduction

The advancements in the pharmaceutical field have accelerated the
development of novel active pharmaceutical ingredients (API), most of
which are hydrophobic with low bioavailability and a narrow thera-
peutic window (Wang et al., 2021). The conventional dosage forms that
follow the “one-size fits all” rule pose challenges in delivering API's with
a narrow therapeutic window (Durga Prasad Reddy and Sharma, 2020;
Wen et al., 2015). These dosage forms do not consider the pharmaco-
kinetic variability, especially in pediatric and geriatric patients, often
leading to either subtherapeutic action or adverse effects caused by
underdose and overdose, respectively (Menditto et al., 2020). As a
result, there is a growing demand for the development of pharmaceu-
tical formulations intended to deliver API within the therapeutic range.
The use of 3D printing helps in formulating the API with a narrow
therapeutic index, leading to precise doses (Seoane-Viano et al., 2021).
Furthermore, conventional dosage forms’ limited drug loading capacity
restricts its scope in long-acting formulations. However, the 3D-printed
drug-eluting systems can incorporate large quantities of the drug and

control the drug release over a period, which has gained attention over
the decades (Wang et al., 2021).

3D printing, also known as additive manufacturing (AM), is a
printing technology that builds objects layer by layer, replicating the
computer-aided design (CAD) model. Under supremacy in precision,
high drug-loading, and producing complex structures, this technology is
highly capable of addressing the limitations associated with conven-
tional dosage forms and producing effective personalized medicines and
medical devices (Xu et al., 2021a). It is often observed that the marketed
formulation is crushed or broken manually to adjust the dose for pedi-
atric and geriatric use. This may result in inappropriate dosing and re-
duces patient compliance, which can be combated using 3D printing
technology to tailor patient-specific dose (Chen et al., 2020). In addition
to the several advantages mentioned, AM technology is used to develop
micro-scale drug delivery systems like microneedles. It is also capable of
producing dosage forms with high drug loading, which cannot be ach-
ieved through conventional techniques due to the bulkiness and tab-
leting constraints. Despite possessing various advantages that benefit
humankind, the AM technique is constrained industrially due to its low
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manufacturing speed compared to conventional manufacturing pro-
cesses, a limited number of pharmaceutically accepted printing mate-
rials, and inefficiency in producing large batches (Zhang et al., 2018).
However, the recent advancements in this field enable this technique to
overcome these problems. For instance, in 2015, Spritam® (levetir-
acetam), the first FDA-approved 3D printed tablet was produced using
“ZipDose®” technology that works by exuding binder solution onto API-
excipient powder (Hsiao et al., 2017).

3D printing or AM technology is an extensive field that classifies into
Material extrusion, Vat Photopolymerization, Powder Bed Fusion, Ma-
terial Jetting, Binder Jetting, Direct Energy Deposition, and Sheet
lamination as per the ISO (International Organization for Standardiza-
tion)/ASTM (American Society for Testing and Materials) (Alexander
et al., 2021). Vat photopolymerization is superior to other 3D printing
technologies when it comes to creating complex structures with high
speed, resolution, and precision. SLA falls under vat photo-
polymerization technology that uses light irradiation in the form of a
laser to initiate photopolymerization in a vat of liquid resin to form solid
objects, which gives it a high spatial resolution, with a layer thickness as
low as 1 pm. Since its inception, SLA has been well established in several
industries, including but not limited to, aerospace, automotive, fashion,
jewelry making, and water filtration. It has great potential to establish
itself in the medical and pharmaceutical fields to develop personalized
medicines, drug-eluting devices, and surgical tools. (Deshmane et al.,
2021).

This paper presents an overview of the various 3D printing tech-
nologies, mainly delineating SLA and its apparatus, orientation of
printing, polymers used for printing, applications in the pharmaceutical
industry, and the challenges related to printing and regulatory bodies.

2. A glimpse of various 3D printing technologies
2.1. Jet printing (JT printing)

A typical jet printer is comprised of a print head with thousands of
minute pores that fabricate the desired 2D or 3D structure by depositing
the ink droplets onto the substrate (base platform) in a layer-by-layer
fashion. In pharmaceutical applications, “ink” is defined as the drug
dissolved/dispersed in a polymer/resin/solvent or binder solution. The
surface tension, viscosity, and volatility of the ink play a vital role in the
ideal functioning of JT printing (Chou et al., 2021). As per ISO/ASTM,
Binder Jetting and Material Jetting AM technologies use the jet printing
mechanism to print the 3D object. In Binder Jetting printers, the print
head sprays the liquid agents (usually binding agent solution) selectively
as per the CAD design onto powder particles followed by the evaporation
of solvent or chemical reactive curing according to the requirement,
finally leading to the joining of powder particles. In contrast, with Ma-
terial Jetting printers, the print head deposits droplets of melted mate-
rial or photocurable material containing media onto a build platform,
where each layer is solidified or cured (Alexander et al., 2021).

Based on the type of technology used to control ink flow during the
printing process, this system is categorized into continuous JT (C-JT)
and drop-on-demand JT (DOD-JT) printing. C-JT uses high-pressure
pumps to ensure the continuous propelling of the ink through the
nozzle (Prasad and Smyth, 2015). Wherein a stream of droplets passes
through an electrostatic field, which induces an electric charge onto the
droplets. Subsequently, the charged droplets are deflected from the
mainstream at a specific angle to land on the printing surface, forming
the desired pattern (Chou et al., 2021). Volatile solvents are usually
preferred in the preparation of ink, which aids in the rapid solidification
of a printed structure due to the quick evaporation of the solvent.
However, restricted use of solvents and a lower printing resolution limit
the use of C-JT printing in pharmaceutical applications (Scoutaris et al.,
2016).

On the other hand, DOD-JT printing uses pressure pulses to create
smaller droplets than those formed in C-JT, giving rise to high accuracy,
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precision, and greater resolution (Jacob et al., 2020). There are mainly
two types of DOD-JT technologies based on the process involved in
generating a pressure pulse, namely thermal and piezoelectric (Park
et al., 2019). Thermal DOD-JT has a resistor in the ink chamber that
heats up (350-400 °C) rapidly upon receiving the electric signals,
creating a vapor bubble that forces the ink down the nozzle and then
collapses, creating negative pressure in the reservoir, which aids in
drawing the ink from the ink chamber. Due to the resistor’s ability to
attain high temperatures swiftly, the risk of thermal degradation is
lowered. Instead, this technology requires the use of highly volatile
solvents because of their rapid vaporability, thus aiding in the formation
of vapor bubble (Smith and Morrin, 2017). At the same time, piezo-
electric DOD-JT employs a ceramic piezoelectric element to create me-
chanical movement upon the application of an electric signal. The
mechanical movement, in turn, leads to a pressure wave pushing the ink
out of the nozzle (Daly et al., 2015). This system allows more control
over the droplet formation and doesn’t require higher temperatures and
a highly volatile solvent to create bubbles. These advantages make this
system more feasible and ideal in pharmaceutical applications (Sumerel
et al., 2006).

Based on the mode of deposition of the ink, DOD-JT is further divided
into drop-on-drop deposition and drop-on-solid deposition. In the drop-
on-drop deposition, droplets of ink ejected from the printing nozzle
deposit one on the other, forming a solid layer upon evaporation of the
solvent. In drop-on-solid deposition, the powder is spread uniformly on
the platform, and the binder solution (ink) is sprayed on the powder
layer. This process is repeated by lowering the platform until desired
mass of the 3D structure is obtained (Goole and Amighi, 2016). These
systems are advantageous in developing highly porous materials like
oral-dispersible tablets.

2.2. Material extrusion systems

Material extrusion systems are the ones in which a 3D object is
fabricated by selectively dispensing the printing material (Ink), which is
usually a fusion of drug, excipients, and binder through a nozzle or
orifice. These systems uses computer-spatially-controlled methods to
disperse the ink through the nozzle and deposit it in a layer-by-layer
fashion to obtain the desired 3D structure (Lewis and Gratson, 2004).
There are two types of extrusion-based systems, namely pressure-
assisted micro-syringes (PAMS) and fused deposition modeling (FDM),
classified based on the type of printing material (Ink) used and the
method involved in its preparation.

PAMS is incorporated with a viscous semi-liquid printing material
(ink), that extrudes through a syringe to generate a predefined 3D
structure (El Aita et al., 2020). This system uses compressed air as a
driving force to expel the material through the syringe. The additives
and solid loading affect the rheological properties of the ink, which is a
critical attribute for obtaining reproducibility. The major drawback of
this system is the use of solvents, like the ones encountered in IKJT
systems (Goole and Amighi, 2016).

Discussing the FDM technology, the drug-incorporated thermoplastic
polymer filament is passed through a 3D printing nozzle, where the
filament melts and is deposited layer-by-layer to form the desired 3D
structure (Chia and Wu, 2015). As the drug-loaded filament undergoes
melting both during filament formation and in the print head, the
polymer’s melting point should preferably be low to avoid drug degra-
dation. In addition to the low melting point, the polymer melt viscosity
should be optimum for its extrusion and for building a 3D structure.
Generally, these drug-loaded filaments are prepared by a solvent-free
process using hot-melt extrusion (HME), a green technology. In the
preparation of a filament, the drug along with polymer, and other ad-
ditives are melted together in an extruder, homogenized, and extruded
through a nozzle to form a filament (Bandari et al., 2021). Typical fac-
tors that need to be monitored during the FDM process are the tem-
perature of the print head, in-fill density, extrusion speed, and layer
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thickness. This system is economically friendly, easily reproducible, and
provides accurate dosing by modifying the print volume of the drug
delivery substrate. The release profile of the formulation can easily be
modified just by adjusting the in-fill density and geometry of the drug
delivery system. During the filament formation in the HME, the polymer
matrix allows the conversion of the crystalline drug into an amorphous
form, eventually leading to enhanced solubility of poorly soluble drugs
(Chai et al., 2017). However, the limited availability of biodegradable
thermoplastic polymers, low printing resolution, and the inability to use
thermolabile drugs hinders the applications of this technology.

However, an innovative extrusion-based technology, Melt Extrusion
Deposition (MED™) 3D printing, has been introduced recently. In this
new technology, the powder feedstocks can directly be incorporated,
which then converts into softened/molten substances and then deposits
layer-by-layer to form an object with desired internal geometries. This
overcomes the disadvantages owing to filament production, wherein the
drug is exposed twice to heat and thus increasing the chances of drug-
degradation (Zheng et al., 2021).

2.3. Powder bed fusion (PBF)

PBF is a process of selectively fusing the powder particles into a 3D
object using thermal energy (e.g., a laser). Selective Laser Sintering (SLS)
is categorized under the PBF type of printing technology and is being
used extensively in pharmaceuticals. SLS works by sintering finely
powdered particles to form a 3D structure by selective exposure to a
high-energy laser. This system comprises a spreading roller (re-coater),
powder feed chamber, powder build chamber, build platform, and a
laser source with high power and scanning mechanism (Charoo et al.,
2020). A 3D object is formed by mimicking the CAD model that is im-
ported to the SLS printer through software. The printing process begins
immediately after the information is communicated to the printer. The
process begins by feeding the powder into the powder feed chamber,
where the spreading roller spreads the powder onto the build platform.
Subsequently, a high-power laser beam focuses on the uniformly spread
layer in accordance with the CAD design, sintering the particles and
solidifying them to create a two-dimensional layer. The build platform
then descends to a height equal to layer thickness, thenceforth a second
layer is spread on the first layer and is sintered to it using the laser. This
process is repeated until the desired 3D structure is formed (Charoo
et al., 2020). After the printing process is finished, the printer cools
down to bring the 3D object to room temperature. Finally, the 3D object
is taken out and dusted off to remove powder retention.

The critical process parameters include the bed thickness, tempera-
ture, and powder properties like particle density, shape, size, and size
distribution. The more considerable difference in particle size distribu-
tion can cause significant segregation affecting the sintering process.
Also, the powder needs to possess good flowability and a particle size
range of 58-180 pm to achieve uniform spreading and compelling sin-
tering of particles (Awad et al., 2020). Despite its advantages, SLS pos-
sesses various challenges like limiting its use for heat-sensitive drugs and
being unable to reuse the powder that underwent processing conditions
that significantly affect the mechanical properties of the outcome.
(Gueche et al., 2021).

2.4. Vat-photopolymerization

Vat photopolymerization 3D printing technology can be defined as
the process of fabricating a 3D object by selectively solidifying the liquid
photopolymerizable material upon exposure to light. This technology is
further categorized into four types based on the light source and its
projection onto the photopolymerizable material. These entail 1. ster-
eolithography (SLA), 2. digital light processing (DLP), 3. continuous
light interface production (CLIP), and 4. two-photon polymerization
(TPP) (Wang et al., 2021).

SLA uses a computer-controlled

UV-laser beam for
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photopolymerization. A single laser beam focuses on the vat of liquid
resin to selectively cure layer-by-layer to produce a 3D object. The use of
a laser beam enables the fabrication of objects with high precision and a
smooth surface finish. The pharmaceutical and medical applications of
this technology are mentioned in detail in the further sections.

The DLP system uses a digital projector screen to project the light
comprising small pixels (rectangular cubes) of a whole cross-sectional
layer of objects onto the photopolymerizable material. The entire
cross-sectional area solidifies upon the projection of light. The resulting
3D object is composed of small rectangular cubes called voxels giving it
a rough surface finish. Due to the polymerization of the whole cross-
section at once, these systems print the objects at a faster rate
compared to SLA. However, in both SLA and DLP systems, the solidified
layer peels off from the base of the vat, resulting in increased fabrication
time (Zhao et al., 2020). Some examples of the dosage forms and drug-
eluting devices fabricated using this technology include, fluticasone
eluting esophageal-targeted 3D rings (pre-loaded and post-loaded)
fabricated by Prasher et al. (2021), by employing a top-down DLP
printer (Gizmo® 3D printer). The dimensions of fabricated ring were 24
mm outer diameter (OD), 20 mm height (H), and 2.5 mm cross section
(CS). The in vitro dissolution studies demonstrated that altering the
crosslink density of resin formulations varies the drug release kinetics.
Fluticasone in vitro drug release was optimized to a target release of 1
mg/day. In vivo pharmacokinetic studies in a porcine model revealed a
high local level of fluticasone in esophageal tissue that lasted between 1
and 3 days, with little systemic absorption in plasma. This approach
demonstrates the potential pathways to treat several esophageal con-
ditions (Prasher et al., 2021). Xu et al. (2021a), fabricated two drug
loadings of dexamethasone (10% w/w and 20% w/w) punctual plugs
using a DLP 3D printer (Titan2 HR, Kudo3D Inc.), for controlled drug
delivery to the eye. Different ratios of PEGDA and PEG 400 were used as
printing material. These punctual plugs (length ranging from 1.0 to 2.0
mm, diameter ranging from 0.2 to 1.0 mm, and core diameter of 0.5
mm) were evaluated for in vitro drug release kinetics using an in-house
method that mimics the subconjunctival space, called the flow rig
model. The results revealed that the drug was released for up to 7 days
from the punctual plug developed with 20% w/w PEG 400 and 80% w/
w PEGDA, whereas the drug was released over 21 days from the punc-
tual plug comprising 100% PEGDA. This research demonstrates the ef-
ficiency of DLP in developing various extended release personalized
ocular devices (Xu et al., 2021b). Further, Rodriguez-Pombo et al.
(2022), introduced a novel volumetric 3D printing technology, which is
an advancement and is superior to DLP, intended to rapidly fabricate
medicines. They fabricated torus-shaped (11 mm diameter x 4 mm
height, and a central hole with a 3 mm diameter) paracetamol-loaded 3D
tablets (Printlets™) within 7-17 s, using a volumetric printer (FabRx
Ltd., UK) that utilized a DLP projector. Seven mirrors were positioned at
different angles in front of the projector to focus UV light onto the resin
from 3 different directions (left side projection, right side projection,
and bottom projection). The printing material was composed of a
crosslinking monomer (PEGDA), photoinitiator (lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP)), and diluents (water or PEG300),
and six different resin formulations were prepared using different ratios
of these components. This new technology is a promising tool for the
rapid production of personalized medicines and medical devices
(Rodriguez-Pombo et al., 2022).

Like DLP systems, the CLIP system also projects light comprising
small pixels of whole cross-sectional layers of objects onto the photo-
polymerizable material. However, unlike the digital projector screen in
DLP systems, CLIP utilizes more advanced digital projectors based on
light-emitting diode (LED) or laser. CLIP printers possess an oxygen-
permeable layer creating a dead zone above the base of the vat, allow-
ing continuous printing of the object instead of layer-by-layer fabrica-
tion as observed in SLA and DLP printers (Quan et al., 2020). The
oxygen-permeable layer consists of oxygen, which reacts with mono-
mers (monomers that undergo free radical photopolymerization) to
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form peroxy radicals, thus inhibiting photopolymerization. The peroxy
radicals are more stable and do not easily restart the polymerization
(O’Brien and Bowman, 2006). Therefore, the resin continuously flows
between the polymerized material and base of the vat, thus readily
available for polymerization. This continuous polymerization increases
the printing speed by 25-100 times as compared to SLA and DLP systems
(Hahn et al., 2020). However, CLIP requires low-viscosity resins. Also,
the oxygen permeable layer is highly expensive (Quan et al., 2020). Here
are a few examples of the systems fabricated using CLIP. Hagan et al.
(2022) created a 3D printed implantable device containing cisplatin
and/or paclitaxel, using a Carbon3D S1 prototype CLIP printer. The
implant was made up of two layers: an inert base layer with a thickness
of 300 pm and a drug-infused layer with a thickness of 400 pm and 1.5
mm arrowheads on the top. In vivo efficacy studies on mice, successfully
reduced the local recurrence of tumor post-surgery (Hagan et al., 2022).
Similarly, the microneedles for transdermal vaccine delivery were
fabricated by Caudill et al. (2021). The group used a Carbon3D S1
prototype CLIP printer to create microneedle patches, which were then
coated with vaccine antigens and adjuvants. The patch has 700 pm long
microneedles in a 1010 array on a 10¥*10 mm patch. The developed
microneedles successfully induced a potent immune response in a non-
invasive manner comparable to a subcutaneous bolus injection (Cau-
dill et al., 2021).

TPP uses a near-infrared femtosecond laser beam for photo-
polymerization. In this technique, two laser (photon) beams are pro-
jected simultaneously to solidify the resin and create a predefined 3D
structure. It has a very high resolution capable of reaching 100 nm.
Recently, TPP achieved sub-100 nm spatial resolution by employing a
radical quenching mechanism (Lee et al., 2008). This technique is highly
useful in printing microstructures with utmost precision (Wang et al.,
2021). For instance, Plamadeala et al. (2019) developed microneedles
for transdermal drug/vaccine administration. The Workshop of Pho-
tonics® provided the group with a TPP printer. The MNs were designed
as 210 mm tall pyramids with square bases, 160 mm long sides, and 10
mm thick walls. The sides of the microneedles were embellished with
microstructures with a base width of 10 mm, tip height of 5 mm, and a
distance of 30 mm was maintained between two consecutive rows. Ex
vivo tests on human skin demonstrated their ability to deliver the drug/
vaccine coated on the surface without microneedle breakage (Plama-
deala et al., 2019).

Lastly, in an innovative and intriguing work by Xu et al. (2021b), a
smartphone was used in fabricating personalized 3D printed tablets
(warfarin sodium printlets). In this technology, the light emitted from
the smartphone’s screen was used to photopolymerize the liquid resin to
obtain a solid structure. Various personalized geometries of warfarin-
loaded printlets were successfully fabricated (caplet, triangle, dia-
mond, square, pentagon, torus, and gyroid lattices) and these showed
sustained drug release. This system allows fabricating one’s own medi-
cines at home and during emergencies, in an economical way (Xu et al.,
20214d).

3. Stereolithography (SLA)

Among various potential technologies for 3D printing, SLA is the first
and oldest, yet it delivers complex geometries and smooth-surfaced
objects owing to its high printing resolution and is widely used. In
1984, Charles Hull invented and patented the first 3D printing tech-
nology using SLA, which belongs to vat photopolymerization. The term
SLA is derived from two words, stereo(solid) and (photo)lithography,
which implies, the form of ‘writing with light’. The materials used in SLA
are photopolymerizable, implying that these materials solidify upon
exposure to light, specifically UV light. The shape and size of the object
are controlled by selectively exposing the light using a spatially
controlled laser (Hull and Arcadia, 1984). The UV irradiation used for
photopolymerization is low-powered and usually generated from He-
Cd/Nd: YVO4 laser (Bikas et al., 2016).

International Journal of Pharmaceutics: X 5 (2023) 100159
3.1. Mode of UV light exposure in SLA apparatus

SLA accommodates a laser projector, which focuses the laser beam
on a liquid resin to photopolymerize layer by layer to form a 3D object.
The resolution with which an object is printed is based on the diameter
of the laser beam. A laser directs the light to two mirror galvanometers,
which move in X and Y planes. These mirrors direct the light to the
correct coordinates focusing the light upward through the base platform
onto the resin/photopolymerizable material, curing a layer of resin/
photopolymerizable material. The fabrication time is more because of
the limited surface area of resin that is exposed to the laser beam and due
to the layer-by-layer fabrication (Manapat et al., 2017; Mitteramskogler
et al., 2014).

3.2. Components of SLA apparatus

A typical SLA apparatus comprises five key elements: build platform,
optics, vat, recoater, and a control system as depicted in Fig. 1A (Zakeri
et al., 2020). The vat (tank) accommodates the liquid resin used for
printing and is integrated with the refill system connected to the resin
tank (source of liquid resin) situated outside the apparatus. The liquid
resin used is relatively viscous, making its surface in the vat bumpy, for
which a recoater (mixer) is used for uniformly distributing the resin to
obtain a flat and even surface. The build platform is the one on which a
3D object is fabricated, and it is accompanied by an elevator to facilitate
vertical movement during the printing process (Gibson et al., 2015;
Zakeri et al., 2020). Further, optics consists of the light source, an
acoustic, optical modulator for swiftly switching on and off the light
source, a Z-focus lens used for focusing the laser beam over the resin
surface, and two inertia galvanometers for scanning the projection of the
laser beam. Lastly, the control system comprises a process controller,
beam controller, and environment controller, which respectively control
the sequence of machine operations, scanning speed along with the focal
depth of the laser beam, and temperature and humidity of the vat
chamber (Gibson et al., 2015; Zakeri et al., 2020).

3.3. Orientation of printing in SLA apparatus

The SLA 3D printing apparatus is categorized into two types based on
the orientation of printing and the location of the light source, and its
direction of projection. They are known as “Top-Down” and “Bottom-
Up” 3D printers (Zakeri et al., 2020).

In the top-down SLA apparatus Fig. 1A, the light source used for
curing the photopolymerizable material is situated above the vat. Dur-
ing the process of printing, the build platform is immersed into the vat of
liquid resin to a depth of one layer thickness, which gets cured/solidified
by UV irradiation from the light source positioned above (Huang et al.,
2020a; Taormina et al., 2018). Each time, the build platform moves
downward on Z-axis to a depth of one layer thickness, creating space for
the resin to spread evenly and cure over the previous layers. This process
is repeated until all the layers are built to form a 3D object. This type of
setup suffers from several limitations. Firstly, the downward movement
and immersion of the build platform into the resin create a disturbance
on the surface of the resin, which consumes time for attaining equilib-
rium of the surface. Secondly, though equilibrium is attained over the
resin, the flat surface cannot be achieved, which is restored with the help
of a recoater (mixer) which again is a time-consuming process. The
entire process reduces the overall production efficiency of the apparatus
(Kozhevnikov et al., 2020). Therefore, low viscosity resins are recom-
mended as they consume less time to restore their equilibrium. Lastly,
the uppermost uncured layer is always in contact with oxygen, which
inhibits the photopolymerization of certain resins, resulting in an
improper curing (Ligon et al., 2017). Moreover, this setup requires large
quantities of resin.

In the bottom-up SLA apparatus, the light source is situated at the
bottom of the resin tank, from which the light is projected upwards,
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Fig. 1. 1A - Schematic representation of SLA (Top-Down Approach); 1B - Schematic representation of SLA (Bottom-Up Approach).

initiating the photopolymerization of resin, as shown in the Fig. 1B
(Taormina et al., 2018). This setup requires a vat with non-sticky and
transparent film at the bottom for easy detachment of the cured layer
(Pan et al., 2017). This system uses a shallow vat and requires less
quantity of resin for printing. The build platform immerses into resin,
maintaining a gap of one layer thickness above the transparent film, (vat
bottom) which eventually solidifies on exposure to UV light. Once the
resin layer is cured, the build platform raises vertically upward again to
a height of one layer thickness between the previously cured layer and
the transparent film at the bottom, creating a space for the new layer to
be formed (Yogesh et al., 2020). The newly formed layer detaches from
the vat bottom as the build platform move upwards, which can lead to
sticking of the layer to transparent film resulting in improper surface
finish. This limitation can be addressed by coating the vat bottom with
either teflon or silicon films to easily remove the solidified resin layer
(Ligon et al., 2017; Tumbleston et al., 2015). Unlike in the top-down
process, the bottom-up process has no contact of the newly forming
layer with oxygen, which improves the photopolymerization and curing
rate (Lian et al., 2017). The thickness of each layer is maintained pre-
cisely in this approach as it is controlled by the vertical movements of
the built platform, not by the fluid motion of the resin. This bottom-up
process has limitations owing to its low volume holding capacity of the
vat and laborious removal of the 3D print from the built platform.
Therefore, this system allows the printing of only the smaller 3D struc-
tures. Also, as the 3D structure builds upside down, hanging from the
base of the built platform, it must overcome the gravitational pull (He
and Song, 2018). So, to ensure the 3D structure is properly intact to the
base and to prevent it from falling off due to the gravitational pull, it
must be accompanied by the “supports”. However, these “supports” has
to be removed from the structure once the printing process is finished,
which is a tedious and painstaking process, and it might leave marks on
the surface of the object (He et al., 2019).

4. Materials used in SLA

Polymerization is the process in which the short-chain monomers/
oligomers cross-link to give long-chain macromolecules. Various stim-
ulation methods like physical, chemical, and irradiation, can be used to
induce cross-linking of monomers. The SLA 3D printing technology uses
light irradiation as a source of stimuli to induce photopolymerization of
the monomers/oligomers present in the liquid resin to obtain solid
macromolecules. The photopolymerization of resin mainly depends on
the “quantity” and “quality” of the light used. The quantity of light is
defined by the exposure time required to complete the

photopolymerization of the resin. In contrast, the quality of light is
defined by the wavelength being used to achieve photopolymerization.
In general, wavelengths in the range of the UV (200-500 nm) and visible
(400-700 nm) spectra are used. However, the monomers are incapable
of generating reactive species to undergo photopolymerization upon
light irradiation. Therefore, an additional component called “photo-
initiator” is used for generating reactive species. These reactive species
attack and modify the monomers’ functional groups, leading to polymer
formation. In addition to these components, several other substances
like dispersion agents, drugs, and plasticizers may be added to the
printing material (ink) depending on the intended properties of the final
3D object (Zakeri et al., 2020).

4.1. Polymers

A polymer is a macromolecule composed of smaller repeating sub-
units called monomers/oligomers. In the SLA 3D printing process, the
resin (ink) is composed of photosensitive monomers/oligomers capable
of undergoing photopolymerization on exposure to light to form poly-
mers. Therefore, the photopolymers are of utmost importance and are
vital components in the SLA. Nevertheless, the lack of FDA-approved
biocompatible and biodegradable photosensitive polymers limits the
broad applications of SLA. However, recent times have witnessed many
advancements that lead to the development of various biocompatible
photopolymers that are suitable to be used in SLA technology. Some of
the examples are polyethylene glycol diacrylate (PEGDA) (Seo et al.,
2017), polyethylene glycol dimethacrylate (PEGDMA) (Burke et al.,
2020), poly (2-hydroxyethyl methacrylate) (pHEMA) (Steinbach et al.,
2020) and polypropylene fumarate (PPF) as shown in Fig. 2 (Lee et al.,
2007). Though there are various commercially available resins for use in
SLA, their compositions are not disclosed. The photopolymers undergo
photopolymerization through two mechanisms, namely the free radical
and the cationic systems. The acrylates and thiol-based resins undergo
free radical photopolymerization, while epoxy resins undergo cationic
photopolymerization (Bagheri and Jin, 2019).

The monomers of methacrylates and acrylates are widely employed
in pharmaceutical applications because of their fast reaction rates,
flexible mechanical properties, and stability. However, these monomers
pose a limitation by experiencing volume shrinkage during the photo-
polymerization, which results in highly brittle 3D objects (Wang et al.,
2019). This issue can be mitigated by the introduction of flexible olig-
omers. For instance, an amalgamation formed by the addition of
(methacryloxypropyl)methylsiloxane (MAOMS) to the commercial resin
gives rise to siloxane-methacrylate exhibiting enhanced tensile
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Fig. 2. Structures of some Photoinitiators and Photopolymers used in SLA 3D printing.

toughness, decreased glass transition temperature, tensile strength, and
surface energy (Palaganas et al., 2017). Similarly, the hybrids
comprising epoxy aliphatic acrylate, aliphatic urethane diacrylate, and
isobornyl acrylate exhibit high stretchability/elasticity. The 3D prints
formed from these systems can be stretched by about 1100%, which is at
least five times more than the commercially available elastomers,
allowing temporary deformations during the printing process. These
elastomers can self-heal after deformation and can regain 100% of their
mechanical strength (Patel et al., 2017). In addition, a group of smart
materials called “shape memory” polymers can regain their original
shape from a deformed or temporary shape on exposure to external
stimuli like temperature, pH, light, and hydration. A material formed by
the combination of PGEDA and PGEDMA is an example of a hydration-
stimulated shape-memory polymer (Zhao et al., 2018). These systems
paved the way for the development of 4D printing, where the fourth
dimension represents the dynamic shape transformation over time
(Weems et al., 2021). The major limitation concerning acrylate-based
polymers is that they are prone to oxygen inhibition, which can be
mitigated by adding amines or triphenylphosphine (Bagheri and Jin,
2019). However, the addition may sometimes be incompatible with the
commercially available resins and can also cause unwanted effects
decreasing the efficiency of the 3D printing and the 3D-print. Further-
more, the methacrylate modification of natural polymers like hyaluronic
acid and chitosan can be used for bio-fabrication aiding in tissue repair

and regeneration (Raman and Bashir, 2015). This polymerization tech-
nique permits the production of a wide variety of bio-degradable
hydrogels using synthetic and natural polymers. The resulting hydro-
gel mostly possesses tunable mechanistic properties, which can further
be functionalized with various moieties based on the needs like cell
adhesiveness and biodegradability (Pereira and Bartolo, 2015).

The thiol-ene system works by the reaction of thiols with the car-
bon-carbon double bonds (enes) (Kade et al., 2010). They have the edge
over acrylate-based systems in terms of low shrinkage, high biocom-
patibility, and resistance to oxygen inhibition. Therefore, these systems
are highly suitable for fabrication into biocompatible, biodegradable
3D-printed structures (Bagheri and Jin, 2019). The most used thiol
monomers are trimethylolpropane tris(3-mercaptopropionate)
(TMPMP), pentaerythritol tetrakis (3-mercaptopropionate) (PE-1), and
pentaerythritol tetra(3-mercaptopropionate) (PETMP) (Li et al., 2019).
Also, due to the ability of these systems to form thioether linkages which
in turn form homogenous networks, it is used in building soft materials.
Despite these advantages, their application is hindered by a few disad-
vantages like bad odor and poor shelf-life (Bagheri and Jin, 2019).

Epoxy resins use a cationic photopolymerization mechanism. The
commercially available epoxy resins are 3,4 (epoxycyclohexane) methyl
3,4 epoxycyclohexylcarboxylate (EPOX), Bis[2-(3,4-epoxycyclohexyl)
ethyl] octamethyltetrasiloxane (BEPOXOMTS) and bisphenol A digly-
cidyl ether (DGEBA) (Balakrishnan et al., 2020; Huang et al., 2020b;
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Sangermano et al., 2010). Besides, 1,4-cyclohexane dimethanol divinyl
ether, (CDVE) a vinyl ether, uses a cationic photopolymerization
mechanism and is commonly used in SLA (Lapin et al., 1994). These
monomers offer lower shrinkage rates than those observed in free-
radical polymerization. However, they undergo photopolymerization
intensively with a high number of cross-linkable points, increasing the
bristliness of the final structure. This can be overcome by decreasing the
density of cross-linkable points by adding low concentrations (5-20% w/
w) of chain transfer agents like polyester and polyether diols (Bagheri
and Jin, 2019). Despite various advantages, cationic polymerization is
not preferred for biomedical applications for various reasons. Firstly,
protonic acid species are produced during photopolymerization, which
causes negative effects on cells (Tomal and Ortyl, 2020). Secondly, it is
susceptible to moisture (Upul Ranaweera et al., 2015). Nevertheless,
combining different reactive monomers or a hybrid of acrylate and
epoxy monomers can help regulate the photopolymerization and tuning
of the properties of 3D-printed objects (Lee et al., 2017).

4.2. Photoinitiators

The reactive species are necessary for the initiation of monomer/
oligomer photopolymerization. However, since the monomers/oligo-
mers cannot produce the necessary reactive species, photoinitiators that
can do so are needed. The selection of photoinitiators, usually low-
molecular-weight organic compounds, is a key requirement for effec-
tive photopolymerization. The photoinitiators are categorized based on
the type of reactive species produced after the absorption of UV light.
The free radical photoinitiators are used for monomers of methacrylate,
acrylate, and thiol. These photoinitiators produce free radical reactive
species that react with the monomers giving rise to polymerization. The
commonly used free-radical photoinitiators are the derivatives of
benzoin, acetophenone, hydroxyalkylphenones, and acylphosphine
oxide as shown in Fig. 2. Irgacure 2959 (1-[4-(2-hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propane-1-one) is one of the widely used
free-radical photoinitiators due to its low cytotoxicity but has a limita-
tion of low initiation efficiency. Therefore, the free-radical photo-
initiators with better initiation efficiency and biocompatibility were
developed, named 2,2'-azobis[2-methyl-N-(2-hydroxyethyl) propiona-
mide] (VA-086) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate
(LAP). Alongside, the research has been carried out using a variety of
free-radical photoinitiators (Fig. 2) like riboflavin, Eosin-Y, diphenyl
(2,4,6-trimethylbenzoyl) phosphine oxide (TPO) and phenyl-bis (2,4,6-
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trimethylbenzoyl) phosphine oxide (BAPO), etc. (Karakurt et al., 2020;
Pereira and Bartolo, 2015; Robles-Martinez et al., 2019). On the other
hand, cationic photoinitiators produce acids that react readily with
epoxy resins causing photopolymerization. Some examples of cationic
photoinitiators are aryl iodonium salts and sulfonium photoinitiators
(Bagheri and Jin, 2019). The production of protonic acids by these ini-
tiators hinders their biomedical applications (Pereira and Bartolo,
2015). During polymerization, the reactive species decompose the
functional groups of monomers producing reactive C—=C, which readily
react with carbon atoms on other monomers forming a dimer and the
chain reaction continues forming a polymer. During this process, the
weak van der Waals interactions get replaced by strong covalent bonds
causing the liquid resin to transform into a solid structure (Zakeri et al.,
2020).

5. Applications of SLA in pharmaceuticals and medical devices

A wide variety of novel and innovative products have been devel-
oped using SLA. These products can be developed either by incorpo-
rating the drug in the polymer solution or directly into the printed
product, as shown in Fig. 3. The release process is by diffusion and
erosion, respectively. Some of the applications include the development
of tablets, microneedles, bio-medical scaffolds, dental prosthetics,
medical devices, etc. Various types of pharmaceutical products devel-
oped using SLA are mentioned in Table 1.

5.1. Oral solid dosage forms — tablets

The tablets are one of the most convenient dosage forms due to their
patient compliance. In recent times, conventional tablet manufacturing
is encountering advancements inclined towards developing patient-
centric/personalized medication based on the patient’s pharmacolog-
ical profile, age, and gender. Therefore, there is a rising demand for
personalized, immediate, and modified-release tablets. The release
profiles of the conventionally produced tablets are usually dependent on
the polymer and its concentration. In comparison, the 3D printing
technology provides the opportunity to modify the drug release by
controlling the geometrics of tablets like in-fill density and surface area
to volume ratio (Thakkar et al., 2020; Windolf et al., 2021). There are
several immediate and modified release tablets that have been produced
using SLA. For example, Karakurt et al. (2020) used SLA 3D printing
(Anycubic Photon 3D) to fabricate ascorbic acid-loaded solid dosage

Drug loaded on the
surface s

------ =
Drug release
Drug entrapped in
the polymer matrix
~ Drug
¢ .  Photopolymer
3 Photoinitiator

Fig. 3. SLA fabricated 3D-drug delivery systems.
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Table 1
Examples of drug delivery systems fabricated using SLA.
Drug Dosage Form Excipients Dimensions Reference
Monomer Photoinitiator
i . Torus shape tablets, 11 mm
Paracetamol & 4-aminosali- oral modified- diphenyl(2,4,6- diameter x 4 mm height (Wang et al.,

1
eylic acid release dosage

polyethylene glycoldiacrylate (PEGDA)

trimethylbenzoyl) and The central hole of 3 2016)

form phosphine oxide mm diameter
hiaas e 0 ndemes g
P - polypills polyethylene glycoldiacrylate (PEGDA) trimethylbenzoyl) . 8 &— Martinez et al.,
chloramphenicol, : . mm diameter and 6 mm
. . phosphine oxide . 2019)
prednisolone, and aspirin, height
. diphenyl(2,4,6- .
. . Nano-composite . K Height- 5 mm (Choudhury
Berberine chloride pills polyethylene glycoldiacrylate (PEGDA) trlmeth-ylbenz-oyl) Diameter — 7.5 mm et al., 2021)
phosphine oxide
Hollow MNs per ?rray- 49 (7‘"7)‘
. .. . . Each cubical reservoir with (Yadav et al.,
Rifampicin microneedles Dental SG resin X .
(HMN) arra dimensions 13.0 mm x 2021)
v 13.0 mm x 3.5 mm
The I f mi 1
drug-loaded . diphenyl(2,4,6- . e length o mlc%'onee'd N
. . poly(propylene fumarate): diethyl fumarate . is 700 pm and conical tipof ~ (Lu et al,,
Dacarbazine microneedle trimethylbenzoyl) .
arravs (50:50) hosphine oxide 300 pm. While apex 2015)
4 phosp diameter is 20 pm.
Solid Device — 130 mm
length and 3 mm diameter
Lidocaine hydrochloride Urinary bladder . . Hallow device — 130 mm (Xu et al.,
. Elastic Resin i
monohydrate insert length, 3 mm outer 2021c)
diameter, 0.5 mm shell
thickness
Quaternary ammonium methacrylate prepared
Antimicrobial by incorporating quaternary ammonium groups . . . Different models with (Yue et al.,
dental implants into diurethanedimethacrylate/glycerol Bisacrylphosphine oxide various dimentions 2015)

Implants dimethacrylate
I 1 1-
Prosthetic . rgacure 184 ( Inner diameter - 20 pmto 2 (Meyer et al.,
o,w-polytetrahydrofuranether-diacrylate Hydroxycyclohexyl
vascular grafts mm 2012)
phenyl ketone)
Circular discs — 10 mm
Ciprofloxacin Drug eluting diameter * 1 mm height (Vivero-Lopez

Fluocinolone acetonide hearing aids

Kudo 3DSR Flexible resin & Kudo 3DSR ENG hard resin

Rectangular slabs — 10 et al., 2020)

mm*20 mm*1 mm

hydrogels by using a PEGDMA-based polymer system and riboflavin as a
photoinitiator. Different geometries [small (15 mm diameter) and large
(20 mm diameter) tablet, coaxial annulus tablet (15 mm outer diameter,
10 mm inner diameter), 4-circle pattern (20 mm diameter, 4 holes with
4 mm diameter), and honeycomb pattern(20 mm diameter, hexagonal
holes of 4 mm diameter)] with surface area to volume ratios ranging
from 0.6 to 1.83 were printed to study the drug release. By conducting
drug release studies, they found that the honeycomb and coaxial annulus
tablet gels showed higher release rates (Karakurt et al., 2020). In
another study by Wang et al. (2016), a 3D-printed tablet of paracetamol
(5.69%) and 4-aminosalicylic acid (4-ASA) (5.40%) was developed
using SLA (Form 1+ SLA 3D printer). Photopolymer (printing) solution
was prepared using polyethylene glycol diacrylate (monomer) and
diphenyl (2,4,6-trimethylbenzoyl), while phosphine oxide was the
photoinitiator. They fabricated tablets (Shape-torus, 11 mm diameter x
4 mm height, with a central hole of 3 mm diameter) with different
properties achieved by adding polyethylene glycol 300 (PEG 300) to the
printing solution, and the effect of PEG 300 on drug release kinetics was
also evaluated. It was found that the drug dissolution profiles were
modified based on the varying concentrations of cross-linkable poly-
mers. In this study, the dissolution rate was decreased with higher ratios
of PEGDA, whereas drug release was increased with higher ratios of PEG
300 (Wang et al., 2016).

Similarly, Martinez et al. (2018) printed different geometric shapes
(cube, disc, pyramid, sphere, and torus) of tablets containing paraceta-
mol dispersed in PEG using SLA 3D printing (Formlabs 1+ SLA 3D
printer). They performed dissolution tests for different geometric shapes
by keeping either surface area (SA) constant or surface area/volume
ratio (SA/V) constant. Test results showed that the tablets with a

constant SA/V ratio had the same rate of drug release, whereas constant
surface area had different rates of drug release. Tablets with tori shapes
showed an increase in dissolution rate with an increase in the SA/V
ratio. The results from this work implied that the SA/V ratio has the most
significant influence on the drug release kinetics when compared to
other geometric parameters. Thus, SLA 3D printing’s ability to manu-
facture personalized dosage forms by controlling geometric parameters
was demonstrated (Martinez et al., 2018). Martinez et al. (2018)
developed a novel stereolithographic multi-resin 3D printing (Formlabs
1+ SLA 3D printer) method used for fabricating multi-layered constructs
(polypills) with different drug concentrations and shapes. They printed a
tablet with six active ingredients (paracetamol, caffeine, naproxen,
chloramphenicol, prednisolone, and aspirin). Raman microscopy was
used to visualize drug distribution from different layers, to confirm if the
layers were successfully printed. Dissolution tests showed distinct drug
release profiles due to the layer arrangements and drug properties. This
work has demonstrated the production of multi-drug therapy (person-
alized polypills) using SLA 3D printing (Robles-Martinez et al., 2019).
Sharma et al. (2022) developed a nanocomposite drug delivery system
comprising berberine entrapped nanoparticles immobilized in a 3D
printed pill, using SLA (Form 2 SLA printer). The berberine entrapped
nanoparticles were incorporated into photopolymerizable biocompat-
ible resin, which is composed of PEGDA as a photocrosslinkable
monomer. While TPO was used as a photoinitiator, and PEO as a
swelling agent. Electron microscopy revealed successful entrapment of
hydrogel nanoparticles within the pills during the SLA process. Sus-
tained release of berberine from 3D printed pill (Diameter — 7.50 mm
and Thickness — 5.00 mm) was achieved (Sharma et al., 2022). Thus,
these studies demonstrated the potential of SLA 3D printing technology
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in developing oral dosage forms (tablets).

5.2. Topical and transdermal dosage forms

Topical and transdermal delivery presents an alternative route for
orally degradative drugs and for drugs prone to degrade under the
gastric environment and undergo hepatic metabolism. These dosage
forms are used for delivering the drugs both locally and systematically.
Various types of topical and transdermal delivery systems, like films and
microneedles, have been fabricated using this technology. For instance,
Choudhury et al. (2021) fabricated polymeric film for berberine (BBR)
delivery using SLA 3D printing. The resin solution was prepared using
PEGDMA as the photopolymer, PEG 400 for hydrophilicity and pene-
tration enhancement, and TPO as a photoinitiator. BBR was incorpo-
rated into the resin solution, and topical films (thickness — 1 mm and
sides — 25 mm) were printed using an inverted SLA 3D printer (Form 2
SLA Printer) and studied for a controlled release profile of BBR
(Choudhury et al., 2021). In recent years microneedles are gaining
recognition for their ability to deliver macromolecules like insulin
through the skin. However, manufacturing of these structures is
complicated and time-consuming as the conventional methods use mold
technology.

Although there are various 3D printing technologies, only those that
offer high resolution will be suitable for developing microneedles
(Sharma et al., 2022). SLA is one such technology that fabricates with
great precision. It allows more complex geometries with a size as small
as needle tips, as depicted in Fig. 4. Yadav et al. (2021) printed hollow
microneedles (HMNs) array using class-I biocompatible resin (Dental SG
from Formlabs) as a printing material for the delivery of rifampicin
using SLA 3D printer (Form 2 3D printer). The morphology of HMNs
comprised sub-apical holes, perpendicular to the needle tip’s direction.
The height and diameter of the HMNs were maintained at 1150 pm and
950 pm, respectively. While the reservoir volume of HMNs was 360 pL.
The optical microscopy and electron microscopy were used to ensure
print quality and uniformity across the array. The ex vivo permeation
across the porcine skin revealed efficient permeation of rifampicin and
in vivo studies in SD rats showed efficient penetration and desired
bioavailability (Yadav et al., 2021). Economidou et al. (2019) printed
spear and pyramid-shaped microneedle patches of 15*15*1 mm through
SLA (Form 2 SLA printer) by using biocompatible resin (Dental SG from
Formlabs) as a printing material for intradermal delivery of insulin. The
base dimensions of the printed spear-shaped microneedle were 0.08*1
mm, while for the pyramid-shaped microneedle it was 1*1 mm. The
height of both types of microneedles was 1 mm. The surface of these
microneedles was coated with insulin in sugar alcohol or disaccharide
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carriers using inkjet printing. The coating films firmly adhered to the
microneedle surface even after the penetration, which was observed
through micro-CT analysis. In vivo studies revealed lower levels of
glucose due to rapid insulin action within 60 min when compared to 4 h
by subcutaneous injections (Economidou et al.,, 2019). Uddin et al.
(2020) fabricated 3D printed microneedle arrays for the efficient de-
livery of cisplatin for treating A-431 epidermoid skin tumors, as shown
in Fig. 5. They printed microneedles with 1*1 mm dimensions using SLA
(Form 2 SLA printer) and coated them with cisplatin formulations using
inkjet dispensing. Franz cell diffusion studies showed fast release rates of
cisplatin (80-90%) in 1 h and in vivo testing performed on Balb/c nude
mice revealed sufficient absorbency of cisplatin and showed high anti-
cancer activity and tumor regression (Uddin et al., 2020).

These studies demonstrated the development of a drug-loaded
microneedle array that involves two different steps. The first step is
fabricating the microneedle array alone, followed by the incorporation
of the drug separately. This approach is time-consuming and uneco-
nomical when compared to the microneedles that are fabricated in a
single step by directly incorporating the drug into the photopolymer
resin. Lu et al. (2015) developed dacarbazine microneedles by incor-
porating the API into the PPF and diethyl fumarate solutions. Each
microneedle is comprised of a cylindrical base and a conical tip main-
tained at the height of 700 pm and 300 pm respectively. Whereas the
diameter of the cylindrical base was 200 pm and for the conical tip it was
20 pm. The release characteristics revealed the extended release of API
for five weeks (Lu et al., 2015). Overall, these studies imply the effec-
tiveness of SLA in precisely fabricating microneedles and other topical/
transdermal devices adopting either a single or a multi-step process.

5.3. Implants

An implant is an artificial object or tissue placed in the human body
by surgical procedure or simple insertion. They are either temporary or
permanent devices intended to serve the functions of failed/missing
tissues or organs and can also be used to release the drug. For these
implants to achieve high efficacy, they must cater to the needs of a pa-
tient, i.e., it must be patient specific. For that reason, there is a high
demand for the development of personalized implants. Developing these
personalized implants using conventional manufacturing methods can
be tedious. However, 3D printing technology has the potential to satiate
these requirements. The SLA is highly favorable in fabricating person-
alized implants owing to its short printing times, high resolution, heat-
free printing, and smooth surface finish. In addition, drug-eluting im-
plants are also fabricated to deliver the drug at a controlled rate. Various
3D-printed implants that were fabricated using SLA are presented here.

Fig. 4. Microneedles fabricated using SLA illustrating the printing efficiency in terms of dimensions. Reproduced from (Yadav et al., 2021). Copyright: 2021 In-

ternational Journal of Pharmaceutics.
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Fig. 5. SLA fabricated Microneedles, process, and application. Reproduced from (Uddin et al., 2020). Copyright: 2019 Materials Science and Engineering: C.

Xu et al. (2021c) developed novel bladder devices (hollow and solid) as
depicted in Fig. 6, using SLA 3D printing (Form 2 SLA printer) and elastic
Resin from Formlabs as a printing material. They printed solid (length —
130 mm and diameter — 3 mm) and hollow devices (length — 130 mm,
outer diameter — 3 mm, shell thickness — 0.5 mm, the diameter of pore
openings— 1 mm), where solid devices were prepared by incorporating
the drug directly into the resin, while the hollow devices were first
printed and later filled with API + Gelucire 48/16 formulation. These
bladder devices were incorporated with three different drug loadings of
lidocaine hydrochloride (10% w/w, 30% w/w, and 50% w/w) for a
sustained and localized delivery to the urinary bladder, which is used to
treat interstitial cystitis and bladder pain. The printed devices showed
great flexibility under stretching and retained their original shape after
insertion. Hollow devices released the drug completely within four days,
whereas solid devices took 2 weeks (Xu et al., 2021c). Drug-eluting ear
implants by employing SLA 3D printing technology (Form 2 SLA printer)
were developed by Triacca et al. (2022). These implants were designed

SLA 3D printing

Drug-loaded bladder device

to target local drug delivery to the ear. Various implant geometries were
designed by considering the complexity of the ear anatomy and were 3D
printed using flexible resin as printing material loaded with 0.5% w/v of
Levofloxacin. The in vitro drug diffusion studies were performed in a
phosphate buffer solution and the results demonstrated that the drug
diffusion from the implants was 35 to 50% for 3 weeks (Triacca et al.,
2022). These studies illustrated the utility of SLA in the efficient
development of implants.

5.4. Tissue engineering

3D printing technology, because of its preciseness and structural
control over three dimensions from macro to micro scale, can print
functional organs or tissues from cells to replace the damaged tissue or
to act as a model for drug testing (Dubey et al., 2020; Richards et al.,
2013). SLA has wide applications in the field of fabricating supporting
structures. For instance, Heo et al. (2019), developed a

Slow release of lidocaine
hydrochloride in the bladder
over 7 days

Stretch to enable insertion e o

via catheter

Fig. 6. SLA fabricated urinary bladder device insert. Reproduced from (Xu et al., 2021c). Copyright: 2020 Materials Science and Engineering: C.
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photocrosslinkable conductive hydrogel scaffold using a table-top SLA
3D printer (Solidoodle®) for neural tissue engineering. Different con-
centrations of poly(3,4-ethylenedioxythiophene) (PEDOT): polystyrene
sulfonate (PSS) were incorporated to achieve enhanced electrical con-
ductivity. A solution containing PEGDA and bis(2,4,6-
trimethylbenzoyl)-phenylphosphineoxide (photoinitiator) was used for
photocrosslinking. The 3D-printed scaffolds were well fabricated with
the desired geometries and had minimal cytotoxic effects. This research
showed that 3D-printed conductive hydrogel with electric stimulation
improved the neuronal cell differentiation (Heo et al., 2019). This sug-
gests that SLA 3D printing can be widely employed in bioelectrical
applications.

Guillaume et al. (2020) developed a patient-specific implant (PSI)
using SLA 3D printing (EnvisionTec Perfactory3® SXGA+) and biode-
gradable poly (trimethylene carbonate) (PTMC) incorporated with 40%
wt. of hydroxyapatite (called Osteo-PTMC) as a printing material, for the
orbital floor (OF) repair. This was developed as an alternative to tita-
nium mesh implants. In vivo studies showed that Osteo-PTMC led to fast
neovascularization and bone morphogenesis in OF region (Guillaume
et al., 2020). Alexander et al. (2021) used alumina (Al203) ceramic
paste for printing four different macroporous ceramic bone implants
using SLA 3D printing technology (Ceramaker 900 SLA 3D Printer). The
printed implants were 9.2 mm in length and has a 4 mm diameter,
intended to resemble trabecular bone. Upon application of high loads,
the 3D printed implants exhibited similar compression strength as
trabecular bone, making them a good substitute for bone (Safonov et al.,
2020). These studies demonstrated the utility of SLA’s high resolution
and accuracy in the advancement of tissue engineering.

5.5. Dental applications

SLA has been widely explored for dental applications, especially in
the fabrication of prosthetics. In 2015, FDA approved the first light-
cured resin called Dentca™ Denture Base II, which was intended to be
used in the fabrication and restoration of dentures and baseplates (Xu
et al., 2021d). Followed by this, in 2017 the FDA approved class II 3D
printing resin called NextDent™ Denture for producing denture bases
(Chen et al., 2021). Ever since, the market has witnessed widespread
biocompatible resins owing to several applications in the manufacturing
of drilling templates, dental models, temporary crowns, and bridges.
Though various 3D printing technologies, SLA has been profoundly
utilized for dental applications because of its high resolution and accu-
racy. This has been proven by Liang et al. (2018), who developed and
compared mouthguards produced through FDM 3D printing with SLA
technology. The ones produced through SLA showed higher printing
resolution, efficient fitting, and more patient comfort (Liang et al.,
2018). Apart from the approved resins, various resins and combinations
are being studied for their potential use in dental applications. For
instance, Piedra-Cascon et al. (2021) fabricated an occlusal device by
incorporating 2 different photosensitive resins using the vat-
photopolymerization SLA technique. Flexible resin material comprised
the occlusal device’s engraved surface, whereas hard resin material
comprised the outer surface of the device. This unique design has many
advantages, including increased patient compliance, good occlusal dis-
tribution forces, and decreased adjustments on engraved surfaces to
achieve a better fit (Piedra-Cascon et al., 2021). Similarly, Yue et al.
(2015) demonstrated the applications of antimicrobial resins composed
of diurethanedimethacrylate, glycerol dimethacrylate, and quaternary
ammonium methacrylate in developing dental and orthopedics devices
using SLA 3D printing technology (Yue et al., 2015).

5.6. Miscellaneous
In addition to the dosage forms, there are several other innovative

drug delivery systems that were fabricated using SLA. Some of those are
nasal devices, hearing aids, etc. Because of the superior fabrication
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properties of SLA 3D printing, developing patient-specific devices and
implants can be achieved in a short span. Especially, hearing aids
fabricated using SLA are persuasive. EnvisionTEC is a leading company
that develops personalized hearing aids and ear prosthetics and has
biomedically approved printing materials (Hollister and Bergman,
2004). Apart from the commercially available resins, several other novel
biocompatible materials have been investigated for their potential to be
used in the SLA.

6. Drawbacks
6.1. Safety concerns associated with the materials used in SLA

Despite numerous advantages, the safety concern of SLA-printed
pharmaceuticals is a significant drawback since most of the polymers
used for SLA are not approved by FDA. (Deshmane et al., 2021). The
toxicity of some of the materials used in SLA 3D printing is shown in
Table 2. As mentioned above, acrylate-based monomers are an excellent
choice in photopolymerization for the development of various phar-
maceutical and biomedical products. However, the unreacted mono-
mers present in the final product tend to undergo various chemical
reactions under physiological conditions such as hydrolysis (forms
acrylic acid and decreases the local pH) and Michael addition reaction
(amino or thiol groups of biologically active biomacromolecules)
causing irritation and cytotoxicity. In addition, the degradation of
polymerized methacrylate leads to the formation of polymethacrylic
acid causing inflammation (Husar et al., 2014). Further, the unreacted
monomers present in the final dosage form can trigger allergic reactions.
The in vivo studies on zebrafish embryos revealed the increased survival
rates of embryos after eliminating the unreacted monomers (Mostafavi
et al., 2021). Therefore, the traces of unreacted monomers must be
prevented.

The post-washing and post-curing methods are used to eliminate the
unreacted monomers in the final product. The post-washing method
uses solvents to remove the unreacted monomers from the final printed
dosage form. The most preferred washing solvent is Isopropyl alcohol
(IPA), which washes out the uncured monomers. The post-washing
process is unsuitable for the drug-loaded 3D structures, as there is a
risk of washing away the drug in unreacted monomers affecting the
therapeutic efficiency (Xu et al., 2021a). After the post-washing, post-
curing is employed, eliminating the unreacted monomers, and providing
a smooth surface finish. But this may lead to increased cross-linking
density affecting the drug release from the formulation (Wang et al.,
2021; Xu et al., 2021a). The monomer conversion rate is not always
100% and can be quantified by using different spectroscopical tech-
niques. In a study conducted by Anastasio et al. (2019), UV-curing
causes a decrease in the aliphatic carbon-carbon double bond at 1637
cm ™! as shown in Fig. 7, simultaneously increasing the aromatic car-
bon-carbon bond at 1610 cm ! (Anastasio et al., 2019). Similarly,
various other analytical techniques like Raman spectroscopy, solid-state
nuclear magnetic resonance, and differential scanning calorimetry can
be used to determine the extent of polymerization. In addition, the traces
of unreacted photoinitiators (0.1-10%) are far more potent compared to
uncured monomers (5-90%) (Detamornrat et al., 2022). No studies
found related to removing these materials from the finished products.
These unreacted photoinitiators are assumed to be removed by the same
post-processing techniques as reported for eliminating monomers.

Besides the toxicity concerns of unreacted monomers, the reaction
between the drug and monomers can affect both the toxicity and drug
release from the fabricated dosage form. This issue arises when the drug
is incorporated directly into the liquid monomers for printing a drug-
loaded structure. In a recent study by Xu et al. (2020), the team
encountered an unexpected reaction (Michael addition reaction) be-
tween amlodipine and PEGDA. The Michael addition reaction occurred
between the primary amine group of amlodipine and the diacrylate
group of photopolymers (PEGDA) (Xu et al., 2020). Therefore, it is of
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Table 2

Toxicological information of photoinitiators, photopolymers, and UV curing
agent-photoinitiator. Adapted from © 2022, Detamornrat et al. Small published
by Wiley-VCH GmbH (Carve and Wlodkowic, 2018; Detamornrat et al., 2022).

Function

Compound or trade name

Concentration
[w/w]

Toxicological
information

Photoinitiator

Photopolymer

Phosphine oxide
compounds (Type II)

Hydroxy-acetophenone
(Type II)

Benzophenone compounds
(Type II) including

benzophenone-3 (BP-3) and

benzophe

1-hydroxy cyclo hexyl
phenyl ketone (Irgacure
184)

Acrylate monomers,
acrylate and urethane
acrylate oligomers

Methyl methacrylate
monomers and oligomers

Tripropylene
glycoldiacrylate

3,4-
Epoxycyclohexylmethyl
3,4-epoxy-
cyclohexanecarboxylate

1,6-bis(2,3-epoxypropoxy)
hexane

Tetraacrylate

0.1-5%

N/A

<10%

N/A

5-60%

5-90%

N/A

25-60%

15-30%

30-60%

LDsg Oral rat -
> 5000 mg
kg™t

LCso (48 h)
Oryzias latipes -
6.53 mg L™!
LDs Oral Rat -
2.240 mg kg !
LCsp (96 h)
Salmo gairdneri
-25mgL7!
LCso (96 h)
Pimephales
promelas - 14.2
mgL!

BP-3 and BP-4:
LCso (48 1)
Daphnia magna
-1.09 and
47.47 mg L}
LCso (96 h)
Danio rerio - 24
mg Lt

LDsq Oral rat -

LCso (96 h)
Cyprinus carpio -
1.2mgL™!
LCso (96 h)
Pimephales
promelas - 34.7
mg Lt

LCso (96 h)
Cyprinodon
variegatus - 1.1
mg Lt

LCso (96 h)
Lepomis
macrochirus -
283 mg L*
LDs oral rat -
7900 mg kg~?
LDs, oral rat -
6800 mg kg !
LCso (96 h)
Leuciscus idus -
> 4.6-10 mg
L—l

LCso (96 h)
Oncorhynchus
mykiss - 24 mg
-1

LCs oral rats -
5000 mg kg !
LCso (96 h)
Leuciscus idus -
30 mgL~!
LDs oral rats -
2190 mg kg~?
LCso (96 h)
Cyprinus carp -
1.2mgL™!
LCso (96 h)
Danio rerio - 7.9
mg Lt
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utmost importance to study the stability of the drug when intending to
mix it with the monomers for printing.

6.2. Unintended raise in temperatures

It is well known that the SLA is suitable for 3D printing thermolabile
drugs (Lloyd et al., 1986). However, the temperature may raise above
the intended levels during printing due to the exothermic nature of the
photopolymerization reaction and may even arise from the light source
(Hori et al., 2019). When measured, the exothermic heat can raise the
temperature to around 55 °C (CDRH, 2022). In addition, the tempera-
tures around the resin tank can also increase. This may be critical if the
thermolabile drugs are incorporated into the monomers for preparing
the dosage form. Nevertheless, no reports support drug degradation or
product-related problems concerning these unintended temperatures
(Xu et al., 2021a).

6.3. Regulatory limitations

In 2017, the FDA issued guidelines on the Technical Considerations
for Additive Manufactured Devices. These guidelines focus on the
design, materials, software processing, printing process parameters,
post-processing parameters, and process validation of 3D-printed med-
ical products. It also outlines the quality issues of the printed product,
like description, mechanical properties, dimensions, material chemistry,
and biocompatibility (Rahman et al., 2018). However, no guidance
document was issued regarding 3D-printed pharmaceutical products.
One could expect guidance to be issued in the future potentially with
more stringent regulations than medical devices. Unlike conventional
products, in which FDA did not focus much on the process while
approving the drug product, the regulations for 3D printed pharma-
ceuticals are expected to include in-process controls. These issues would
keep pharmaceutical companies interested in implementing 3D printer
technology on hard turf. Further, the lack of concordance between
different regulatory bodies adds more burden to manufacturers to satisfy
the different sets of guidelines associated with different regulatory
agencies. Therefore, it is necessary to bridge the gap between regulatory
bodies to ease the process for manufacturers and bring this technology
into clinical practice benefiting both manufacturers and consumers
(Rahman et al., 2018; Xu et al., 2021a).

Regarding SLA printing, various photopolymerizable resins used in
dental prosthetics have been approved by the FDA, but none have been
approved for pharmaceutical use. It is predicted that the approval of
photopolymerizable resins for pharmaceuticals would be more stringent
and independent of a specific product.

7. Conclusion and future prospects

It has been around three decades since the inception of 3D printing
technology, and ever since, the industrial world has witnessed signifi-
cant transformations. It is prevalent in various industries ranging from
aerospace, animation, dental, and fashion to jewelry making. Its intro-
duction to the healthcare sector is still in its infancy due to several
unanswered concerns associated with this technology. However, several
pieces of research prove its high potential in the healthcare system.
Therefore, introducing this technology to clinical practice can bring
about a digital transformation, restructuring the design of medicines and
manufacturing ~ systems. ~ Among  several  superior  vat-
photopolymerization technologies, SLA is the oldest and is widely
used owing to its affordability (economical), ease of operation, good
feature resolution, smooth surface finish, and ability to fabricate com-
plex structures making it highly suitable for developing novel and
advanced dosage forms, drug-eluting systems, medical devices, and
tissue scaffolds. However, at present, SLA is only confined to fabricating
dental prosthetics, which soon can extend its applications to clinical
pharmaceutical development.
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Fig. 7. Evolution of the C=C stretch peak at 1637 cm-1 during UV-curing of the methacrylate resin: absorbance spectra acquired in ATR mode (a) and second
derivative of the absorbance (b) as a function of wavenumber. Reproduced from © 2019 American Chemical Society (Anastasio et al., 2019).

SLA can be combined with 3D scanning technology to fabricate
patient-specific prosthetics or drug-eluting devices. The 3D scanning
technology allows scanning of the topography of the organ or tissue
which converts to a digital file that is compatible with being printed
using SLA. Scanning-based 3D fabrication is currently employed in
developing patient-specific dental prosthetics. For this reason, the effi-
cacy of treatment at the specific site and patient adherence can be
achieved. This technology could further be integrated with several smart
materials to achieve time-specific drug release and shape memory (4D
printing) functionalities. This system can also be utilized in various
stages of drug development, from pre-clinical to clinical practice. For
instance, its ability to print various sizes and shapes enables it to pro-
duce doses suitable for various animal testing models. Similarly, in
clinical trials, it can be used to produce placebos and dosage forms with
the same structural parameters intended for blindfolded studies. In
addition, using this technology in pre-clinical and clinical trials can
substantially reduce production costs.

Although mass production of 3D-printed medicines is not feasible, its
potential in fabricating novel pharmaceuticals should not be ignored.
This technology must be widely explored and deeply investigated to
make the 3D printing of pharmaceutical dosage forms a reality. The
significant challenges stopping SLA from healthcare applications is the
availability of photocurable biomaterials and toxicity concerns associ-
ated with them. However, this can be overcome by extensively exploring
various photocurable novel materials with biocompatibility and biode-
gradability. Moreover, as commercial 3D printers do not abide by Good
Manufacturing Practice (GMP) requirements, it poses great difficulty to
meet the standards of medical agencies. In conclusion, the full potential
of SLA 3D printing in pharmaceuticals can be seen only after the suc-
cessful unraveling of all these challenges, which can make it to clinical
practice. Addressing these issues would one day transform health care,
where a physician, pharmacist, or dentist could fabricate personalized
dosage forms or devices that cater to a patient’s needs, at the conve-
nience of their own clinics.
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