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Abstract: Microneedles are micron-sized devices that are used for the transdermal administration of
a wide range of active pharmaceutics substances with minimally invasive pain. In the past decade,
various additive manufacturing technologies have been used for the fabrication of microneedles;
however, they have limitations due to material compatibility and bioavailability and are time-
consuming and expensive processes. Additive manufacturing (AM), which is popularly known as
3D-printing, is an innovative technology that builds three-dimensional solid objects (3D). This article
provides a comprehensive review of the different 3D-printing technologies that have the potential
to revolutionize the manufacturing of microneedles. The application of 3D-printed microneedles
in various fields, such as drug delivery, vaccine delivery, cosmetics, therapy, tissue engineering,
and diagnostics, are presented. This review also enumerates the challenges that are posed by the
3D-printing technologies, including the manufacturing cost, which limits its viability for large-scale
production, the compatibility of the microneedle-based materials with human cells, and concerns
around the efficient administration of large dosages of loaded microneedles. Furthermore, the
optimization of microneedle design parameters and features for the best printing outcomes is of
paramount interest. The Food and Drug Administration (FDA) regulatory guidelines relating to the
safe use of microneedle devices are outlined. Finally, this review delineates the implementation of
futuristic technologies, such as artificial intelligence algorithms, for 3D-printed microneedles and
4D-printing capabilities.
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1. Introduction

Additive manufacturing (AM) is a technology that is evolving very rapidly and currently
has applications in advanced manufacturing and in our day-to-day lives [1-6]. It is also
referred to as three-dimensional (3D)-printing, layered manufacturing, rapid prototyping,
or solid free-form fabrication. This manufacturing approach uses computer-aided design
(CAD) files to build three-dimensional objects for applications in the biomedical, health care,
manufacturing, fashion, food industry, military, automotive, and aerospace sectors. AM was
first developed in the 1980s, when Chuck Hull invented the first form of 3D-printer technology
called stereolithography. He was the first to build an AM method that utilized CAD files in
order to build 3D objects using rapid prototyping systems. AM technologies build objects
from the bottom up by adding material one cross-sectional layer at a time [7,8]. The layers are
built in the X-Y direction and are consolidated in order to generate the third dimension, which
is the z-dimension. AM gives engineers the flexibility to collaborate and design customizable,
complex products from any location in a timely fashion, which in turn breaks the barriers of
localized engineering or manufacturing [4,9-12]. Additive manufacturing mainly consists of
the following five basic steps to build 3D objects:

1. A computerized 3D solid model is developed;
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2. It is converted into a standard AM file format, such as the standard tessellation
language format (STL) [13];

3. The STL file is sent to a 3D printer where it is modified, e.g., changing the position
and orientation of the part or scaling the part;

4. The part is built layer-by-layer on the 3D-printing machine;

5. The cleaning, finishing, and post-processing of the printed parts are conducted.

The advantages and disadvantages of AM processes are illustrated in Table 1. AM processes
build three-dimensional objects in a layer-by-layer fashion, as discussed earlier, and can be
utilized to rapidly develop 3D structures with complicated designs that are based on a computer-
aided design (CAD) model. AM processes are compatible with various types of materials, such
as metals, polymers, biomaterials, ceramics, and composites [14-19]. The capability to utilize
biomaterials in AM processes enables the fabrication of a wide range of 3D structures for clinical
and point-of-care applications, including tissue engineering, stem cell research, wound healing,
organ-on-chip technology, cancer research assays, and cosmetics [20-25].

Table 1. Advantages and disadvantages of additive manufacturing processes.

Advantages Disadvantages

Designs can be easily changed, and a range of simple = High-resolution printers are expensive and require
to complex structures can be manufactured. huge start-up capital.

Printing parts can be easily optimized—lightweight =~ Build speeds can be slow and high-volume
and heavy objects can be fabricated. production is limited.

Additional costs might be incurred for the
Compared to machining, less wastage is generated. post-processing of finished products for high-quality
surface finish.

Parts can be manufactured end-to-end without the 3D printers are materials-specific, and this can limit
need for specialized tools. versatility.

Complex geometrical structures can be fabricated
without any restrictions.

AM manufacturing processes enable the fabrication of macro- and micro-scale 3D
structures for patients with special requirements and materials. AM is a promising tech-
nique that can be used for the fabrication of customizable, complex, and cost-effective
microneedle arrays. AM techniques such as stereolithography (SLA), selective laser sinter-
ing (SLS), digital light processing (DLP), fused deposition modeling (FDM), two-photon
polymerization (2PP), and continuous liquid interface production (CLIP) can manufacture
microneedle arrays [26-29]. Generally, the microelectromechanical fabrication techniques
such as molding, chemical wet etching, dry etching, direct laser micromachining, ultravio-
let (UV) lithography, and micro milling are used for the fabrication of microneedle-based
devices. The limitations of the traditional manufacturing techniques include advanced
manufacturing facilities, time-consuming processes, expensive specialized equipment,
limited customizability, and a lack of flexibility over specific parameters, such as array
size, height, and aspect ratio [30]. These above-mentioned limitations can be addressed
with the AM processes. Each AM process has a particular set of tradeoffs in terms of
biocompatibility, design structure, resolution, cost-effectiveness, material type, and par-
ticular application. Other 3D-printing technologies include direct-write inkjet methods
that use a combination of different materials and inks [31-38]. The emerging applications
of 3D-printed microneedles include healthcare systems, tissue engineering, biomedical
engineering, and healthcare systems. These applications specifically include drug and
vaccine delivery, cosmetics, therapy, diagnosis, sample extraction, and stem cell research.

There are numerous review papers that have been published in various peer-reviewed
journals about microneedles, but to our knowledge, there are no review articles that mainly
focus on the additive manufacturing of microneedles for drug delivery applications with
detailed FDA guidelines. This review article describes the progression of and the most
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recent breakthroughs in 3D-printed microneedles in the last decade. The classification of
microneedles based on the application type is discussed. A comprehensive understanding
of the various 3D-printing processes that are used for the fabrication of microneedles is also
mentioned, along with the challenges and the applications. The emerging applications of
3D-printed microneedles in healthcare systems and biomedical engineering are reviewed.
Detailed Food and Drug Administration (FDA) guidelines for the fabrication of micronee-
dles are presented. Finally, the future prospects of 3D-printed microneedles are delineated
in order to advance their application in various fields.

1.1. Microneedles

Microneedles (MNs) are minimally invasive, tiny needle devices that can be fabri-
cated from a variety of materials, such as biomaterials, metals, polymers, ceramics, and
composites [39-41], which are designed to penetrate the skin’s stratum corneum layer for
various applications. The aim of microneedles is the delivery of bioactive materials, vac-
cines, and pharmaceutical agents, and the collection of bio-signals and substances from the
body with minimal invasiveness. The administration of drugs through the gastrointestinal
passage has not been the most efficient due to the poor absorption of orally ingested drugs
and the pharmacokinetic activities of the body, which leaves only a fraction of the drug
to achieve its intended therapeutic effect. Patients’ compliance with the conventional use
of hypodermic needles has dropped significantly over the years due to the pain, anxiety,
and discomfort that accompany their usage. A more appealing approach that offers the
possibility of controlled release at the expense of the time of administration is transdermal
drug delivery (TDD) using a microneedle patch. However, TDD is severely limited by
the inability of most single drug particles to cross the skin at therapeutic rates due to the
great barrier that is imposed by the skin’s stratum corneum layer [42]. In order to increase
the skin’s permeability, different approaches have been investigated, including, but not
limited to, chemical lipid enhancers, electric field employing iontophoresis, and electropo-
ration to pressure waves that are generated by ultrasound or photoacoustic effects [43]. An
alternative approach involves creating a pathway of micron-scale needles that serves to
create microscopic holes on the outermost layer, called the stratum corneum, by inserting
microneedles that are made of silicon, metal, or polymeric material. Microneedle arrays are
promising devices in transdermal drug delivery applications.

Microneedles are designed to be able to create an easier passage to the rich blood supply
in the lower dermal layers, allowing an easy, pain-free delivery of a wide range of medicines
across the skin [44]. The advantages of microneedles include painless administration, faster
healing, ease of administration, and more control over the rate of drug delivery. Microneedle
patches are categorized into five types, as shown in Figure 1, which include the following:
solid microneedles, coated microneedles, dissolvable microneedles, hollow microneedles, and
hydrogel-based microneedles. Each microneedle type has particular fabrication procedures
and application areas. The first report of the term “microneedle” dates back to 1921 (Chambers,
1921), as a means of the micro-dissection of echinoderm eggs [45].
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Figure 1. A schematic diagram of microneedle-based drug delivery approaches with a cross-section
of the upper layer of the skin. The approaches are (a) solid microneedles, (b) coated microneedles,
(c) hollow microneedles, (d) dissolving microneedles, and (e) hydrogel-forming microneedles. The
step-by-step process of each delivery approach is numbered from 1 to 3 [46].

The microneedle concept started with using large needles, until it evolved over the
years to the current micro-sized needles. In 1905, a German dermatologist used a motor-
powered dental brush to treat skin ailments [47]. In the 1970s, Gerstel et al. introduced the
microneedle concept, however, this concept was not demonstrated experimentally until
the 1990s [48]. In 1998, Henry et al. were the first to propose a microneedle to be used for
transdermal drug delivery [49]. The microneedle array in this study was fabricated using
silicon as the material, with etching and photolithography as the manufacturing techniques.
Initially, the purpose of the microneedle was to increase the skin’s permeability by using a
solid microneedle. Another purpose was to fabricate hollow microneedles with advanced
functionality compared to the ordinary hypodermic needles [50]. Eventually, this concept
was extended to different applications, such as drug delivery, vaccine delivery, therapeutics,
diagnostics, and cosmetic applications. A variety of materials, such as silicon, stainless
steel, sugar, and polymers, have been used in order to fabricate solid microneedles, coated
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microneedles, hollow microneedles, or dissolvable microneedles [51]. Silicon was the first
proposed material for fabricating a solid microneedle [49]; however, many other materials
were studied in order to manufacture microneedles, such as stainless steel [52], ceramic [53],
glass [54], and polymer [55]. Various types of manufacturing methods and techniques
have been utilized over the years to fabricate specific and customized microneedle arrays.
These manufacturing methods include, but are not limited to, lithography [56,57], micro
milling, mold-based techniques, injection molding [58], laser ablation [59,60], an elasto-
capillarity-driven self-assembly mechanism, and additive manufacturing [27,61]. Many
of these conventional fabrication methods have some limitations, such as cost-efficiency,
requiring manual steps, requiring sophisticated equipment, and being labor-intensive.
Hence, accessible and cost-efficient technologies, such as additive manufacturing, are
needed in order to produce microneedles. A summary of the fabrication techniques for the
different types of microneedles is illustrated in Table 2.

Table 2. Source: “Microneedles: A smart approach and increasing potential for transdermal drug delivery
system” [62].

S/N MICRONEEDLE TYPE Fabrication Techniques
1. Solid Microneedles

Wet etching
Electroplating
Laser cutting

Metal microneedles

3D Laser ablation
Silicon dry etching
Isotropic etching/anisotropic wet etching

Silicon microneedles

Polymer microneedles e  Photolithography

Sintering lithography
Ceramic microneedles e Micro-molding

Microfabrication

Deep X-ray lithography

Wet chemical etching

Deep reactive ion-etching of silicon
Laser micromachining

2. Hollow microneedles

° Dipping or spraying microneedles with an
aqueous solution of increased viscosity to
retain formulations during drying
Layer-by-layer coating techniques
Dipping the microneedles into a coating
solution, which is a microwell containing
the drug solution

3. Coated microneedles

4. Dissolvable microneedles ® Micro-molding

) e  Micro-molding
5, Hydrogel-formmg e  Drawing lithography
microneedles e  Injection molding
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1.2. Classification of Microneedles

As mentioned earlier, microneedles are classified into five types, as shown in Figure 2,
which include solid microneedles, hollow microneedles, coated microneedles, hydrogel-
forming microneedles, and dissolving microneedles. The details about the material compo-
sition of microneedles and their benefits were summarized in Table 3.

Figure 2. (A)—Solid microneedles; (B)—Hollow microneedles; (C)—Coated microneedles; (D)—Dissolving
microneedles; (E)—Hydrogel-forming microneedles [40].

1.2.1. Solid Microneedles

Solid microneedles can be used to create microscopic holes in the skin through which
molecules and therapeutic agents can be easily transported. This type of microneedle
structure is designed to penetrate the stratum corneum in order to enhance the drug
delivery to the dermis in order to improve the bioavailability and the kinetic transport
across the skin [51]. The first microneedle arrays that were reported in the literature
were etched into a silicon wafer and were developed for intracellular delivery in vitro by
Hashmi et al. [63]. In comparison with hollow microneedles, solid microneedles have
better mechanical properties [64,65], and the sharper tips are easier to manufacture. Solid
microneedles are mostly used for pre-treating the skin by forming pores [66-68]. The
pointed tips of the needles penetrate the skin, creating channels of micron size through
which the drug directly enters the skin layers via the application of a drug patch, thus
increasing the permeation [62].
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Table 3. An overview of the different types of microneedle material characteristics and benefits [51].

S/N Microneedle Type Characteristics Advantages Disadvantages Applications Material
Creates holes in the skin .
for easy delivery of Can be easil Drug deliver Silicon
1 Solid or easy cetvery o an be easily Prone to infection ug denvery Polymer
drugs to the lower fabricated and Cosmetics
. Metal
layers of the skin
Leakage and clogging
The drug is filled into Able to handle a could occur, and the Diagnosis of
2 Hollow the empty space for large volume of needle design and d% Silicon
controlled delivery drug solution insertion methods could sease
pose a challenge
Based on its design, it . . .
3 Coated carries a lower amount gulck delivery ‘Of Susceptible to infections Drug an.d Vaccine Silicon
rugs to the skin Delivery
of drugs
Car} k?e easily Takes some time to .
. administered to . . Drug delivery
. . Rapid release of . ) dissolve, and requires . X .
4 Dissolving patients with a . Vaccine delivery Silicon
macromolecules expertise to .
one-set Cosmetics
Lo manufacture
application
Absorbs fluids (dueto ~ Can be applied to
its hydrophilic na’fure) the skm leaving Potential for localized ISF extraction
. and swells, creating no residues, and . Transdermal
5 Hydrogel-forming . tissue damage, and has . Polymer
channels for the has no clogging, ) lline rat drug delivery
delivery of drug unlike hollow asiow swelling rate Disease treatment
molecules microneedles

1.2.2. Hollow Microneedles

Hollow microneedles can accommodate a large dose of the drug dispersion or solution,
as higher amounts can fill up the empty space inside of the needle. They are mostly used
for high molecular weight compounds, such as proteins and vaccines [69]. Unlike solid
microneedles, hollow microneedles are active drug delivery systems that form a channel
for the efficient diffusion of drugs into the dermal layer based on a non-pressurized drug
reservoir [51]. Hollow microneedles can be designed to allow for the modulation of
the flow, the pressure, and the drug release rate [51,70]. The microneedle aspect ratio
can be controlled for a rapid release, a slow infusion, or a time-varying delivery rate [71].
Mishra et al. developed hollow microneedles that were aligned on the silicon substrate with
a length of 500-600 um and a 100 pm outer diameter that achieved a flow rate of 0.93 uL s!
at a pressure differential of 2 KPa [72,73]. Hollow microneedles have the disadvantage of
clogging and leakage during the injection procedure. They are also relatively weaker and
require intensive care in terms of the needle design and the insertion methods [74].

1.2.3. Coated Microneedles

A coated microneedle comprises a sharp, solid-core microneedle structure on which
a solid film containing the active compound and water-soluble inactive excipients are
coated [75]. A coated microneedle can deliver proteins and DNA in a minimally invasive
manner [76]. An advantage of a coated microneedle is the rapid delivery of the drug to the
skin; however, the remnant drug at the tip of the needle might infect other patients [76]. In
contrast to the dissolvable microneedle, whose mechanical properties can change when the
encapsulated drug fraction is altered or when a different drug is dispersed in its matrix,
the mechanical properties of a solid microneedle are not impacted when a different drug is
coated on its surface [75].

1.2.4. Dissolving Microneedles

Dissolving microneedles are made from biodegradable polymers [77,78]. They are
designed to encapsulate the drug agents and to control their release upon the degradation
and dissolution of the polymers into the skin. This type of microneedle differs from the
others in that it does not have to be removed after its insertion. The bio-acceptability
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and the dissolution of the polymer inside the skin make it one of the best choices for
long-term therapy, with improved patient compliance [79]. Water-soluble materials are the
most suitable for manufacturing dissolvable microneedles. In addition, the micro-molding
method is one of the most appropriate techniques for producing dissolvable microneedles.
The micro-molding procedure involves filling the microneedle mold with a concentrated
polymer solution and drying or filling it with melted polymer and allowing it to solidify.
One of the biggest challenges of using dissolvable microneedles is that there can be a delay
in the dissolution and complete insertion is impracticable [62].

1.2.5. Hydrogel-Forming Microneedles

Hydrogel-forming microneedles are usually made up of swelling materials or aqueous
polymer gels. This type of microneedle works by absorbing the interstitial fluid when it is
applied to the skin and swells, resulting in the formation of channels between the capillary
circulation and the drug patch. Upon the application and the swelling of these microneedles,
they behave as a rate-controlling membrane. Hydrogel-forming microneedles can be
easily sterilized and removed from the skin where they are applied [79-81]. Hydrogel-
forming microneedles can also be fabricated using cross-linked polymers. Hydrogel-
forming microneedles help to improve the permeation and bioavailability when they are
used in transdermal drug delivery [50,82].

2. Additive Manufacturing Techniques

Additive manufacturing is popularly known as 3D-printing. The different types of
3D-printing processes (Figure 3) that can be utilized for the fabrication of microneedles
include stereolithography (SLA), selective laser sintering (SLS), digital light processing
(DLP), fused deposition modeling (FDM), continuous liquid interface production (CLIP),
and two-photon polymerization (2PP).

2.1. Stereolithography (SLA)

The first breakthrough in stereolithography happened in the 1970s [83,84]. In this
method, three-dimensional objects are built layer-by-layer by curing photosensitive materi-
als with ultraviolet radiation. Over the years, different approaches have been developed
for stereolithography systems, which are classified into four generations [85]. The first
generation involved scanning a laser beam over a liquid material, as developed by Hull;
this method produced three-dimensional structures with a low efficiency. In order to
overcome this challenge of low efficiency, the second generation of stereolithography
(called projection stereolithography) was developed, which had the ability to cure each
layer concurrently using photomasks. The third generation of stereolithography was de-
veloped in 2015, which was able to print the parts much faster than the earlier versions
could. A volumetric stereolithography system has also been reported in the literature
by Shusteff, M. et al. [86]. This method can produce 3D objects with a unit of complex
aperiodic 3D volumes within seconds. The other types of stereolithographic systems that
are available are thermal and color stereolithography [87]. The stereolithography process is
fast and can produce almost any design, however, it can be very expensive.

2.2. Selective Laser Sintering (SLS)

SLS is the first commercialized form of the powder bed fusion AM technique that was
developed by four scientists at the University of Texas, Austin (Gong H, Rafi K, Gu H, and
Starr B) [88,89]. This method was first developed for plastic samples, using pointwise laser
scanning technology, although it has now been extended for use with metal and ceramics,
with the incorporation of additional thermal sources. The powder material (which is made
of polymer or ceramics) is fed through the feed cartridges into the powder bed. The powder
material is preheated using infra-red heaters, which serve to maintain the temperatures of the
parts that are to be formed and to reduce the requirement of the C0; laser. The roller on the
build platform spreads the powder material, having a thickness of fewer than 100 microns
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across the built area, and the laser beam binds the material together. This process is repeated
in a layer-by-layer fashion from the bottom up, until the whole part is built.

2.3. Digital Light Processing (DLP)

In this method, the 3D-printed objects are formed using projection light to polymerize
the materials in order to obtain the desired shape and configuration. The technology has
significant advantages in the printing resolution, efficiency, and working conditions over
the conventional three-dimensional printing methods, such as the extrusion-based and
ink-jet-based 3D-printing methods [90]. The DLP method, as shown in Figure 3c, uses a
digital micromirror device that is made of micro-scale mirrors that rotate continuously to
control the light path and the light rays onto the photosensitive resins during the operation.
There are up to two million mirrors on the ordinary rays of light. The printing resolution
of the DLP printers is relatively high and is usually at the micron-scale level [90]. Unlike
laser-printing technology, the DLP printer focuses the light on a spot, thereby ensuring that
the entire layer is printed at once and the printing is carried out in a swift manner.

2.4. Fused Deposition Modeling (FDM)

FDM is an extrusion-based technology that was developed in the late 1980s. In this
AM technique, the feedstock filament is fed from a reel into the printer nozzle head and its
extrusion is controlled by a motor. In this process, the modeling and the support materials
are used for producing the finished three-dimensional objects and as a temporary support,
respectively [91]. The materials that are used in this process are made from ABS, PLA, PS,
PC, PEI, and nylon. The FDM method is one of the most economical additive manufacturing
techniques, however, it has limitations such as speed and layer thickness accuracy [91].

2.5. Continuous Liquid Interface Production (CLIP)

Continuous liquid interface production is a type of photopolymerization that can
achieve build speeds that are much faster than the conventional layer-by-layer stereolithog-
raphy process. Tumbleston et al. [92] devised this process in order to effectively produce
three-dimensional structures out of a liquid bath. In this method, continuous layer-less
parts are produced, and relatively faster prints are realizable. Structures with resolutions
below 100 microns can also be produced. Additionally, because CLIP is a continuous
process, the refresh rate of the projected images does not affect the print speed, thus making
the production of smooth 3D objects possible (without any need for model slicing). In CLIP,
a continuous sequence of UV images that are generated by a DLP unit is projected through
an oxygen-permeable window below a liquid resin bath. The oxygen-inhibited dead zone
that is created above this window maintains a liquid interface below the advancing part,
while the curing part is drawn out of the resin bath [93]. Haiyang He et al. [94] postulated
that a proper continuous elevation speed is key to the success of any continuous printing
process and can be very challenging. When the speed is too high, it could result in the
newly cured materials not bonding properly to the part. In addition, a very slow speed
could result in adhesion between the part and the oxygen-permeable window. Figure 3e
illustrates the CLIP process.

2.6. Two-Photon Polymerization (2PP)

The development of ultrashort laser systems is creating prospects for very accurate
localization of laser energy in time and space [95]. Two-photon polymerization is an
additive manufacturing method that uses laser technology to polymerize materials in order
to grow the three-dimensional features [96-99]. When the laser pulses are focused on the
photoresist, two-photon absorption is initiated, causing the polymerization to occur. The
desired structures are formed inside of the photoresist material, and the regions that are not
illuminated are washed away. Two-photon polymerization has better structural resolution
and quality than the other stereolithography methods because the laser pulse energy and
the number of pulses that are applied can be tuned beyond the diffraction limits [100].
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The high-resolution capability of the two-photon polymerization can be harnessed when
it is used with an accurate positioning system, such as the piezoelectric stages and/or
scanners [100]. Two-photon polymerization has applications in tissue engineering, medical
implants, and drug delivery [101,102]. The near IR-laser radiation from this process does
not pose any risks to the cells, and it can be used in cell encapsulation and manipulation.
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3. Additive Manufacturing Processes for Microneedle Manufacturing

The first photopolymerization technique that was used in the fabrication of microneedles
was the two-photon polymerization (2PP) process, which employs two-photon absorption
in order to initiate polymerization. This stereolithography technique has the capability of
printing microneedle arrays with a good printing quality, an excellent resolution, and a high
accuracy. In recent studies, 2PP has been adopted in the direct and indirect manufacturing
microneedle arrays (through masters or templates). Cordeiro et al. demonstrated how the
three-dimensional structures were fabricated using the 2PP technique by manufacturing tem-
plates (of different shapes and sizes) and subsequently producing dissolvable and hydrogel-
forming microneedles through another microfabrication process called micro-molding [106].
This approach, which was proposed by Cordeiro et al., allows for flexibility in the design
of microneedles of different types in an efficient and cost-effective manner. Using the 2PP
technique, solid and hollow microneedles were directly printed by Aksit et al. and were subse-
quently used in the in vitro perforation of a round window membrane. These 2PP-fabricated
microneedles showed relatively good quality and sharpness [107]. In a similar manner, the
solid and hollow microneedles that were fabricated by Szeto et al. were adopted in the
informative sampling of perilymph from guinea pigs [108]. In the works of K. Moussi et al.,
biocompatible hollow microneedles were directly fabricated using two-photon polymeriza-
tion; the microstructures that were manufactured using this approach displayed an excellent
skin penetrating ability and showed prospects for applications in implantation, transdermal
drug delivery, and diagnosis [109]. Faraji Rad et al. also adopted two-photon polymerization
in the microfabrication of hollow microneedles. These microneedles were subsequently used
in order to generate molds and replicas with very similar structures [110].

Other forms of photopolymerization methods exist for the 3D-printing of micronee-
dles. Instead of the two-photon absorption for the polymerization of materials, laser
or light-emission technologies can be adopted in order to achieve the same purpose of
polymerization, such as DLP (digital light processing), CLIP (continuous liquid interface
production), and laser stereolithography. Amer et al. demonstrated how the micro-molding
of biodegradable microneedles can be enhanced by directly printing the molds using
the laser stereolithography technique. The anti-cellulite herbal product that was coated
in polymeric microneedles was further studied, characterized, and pharmacologically
evaluated [111]. Using a similar approach, Krieger et al. 3D-printed microneedle masters
that were manufactured and further reproduced into molds using inexpensive and rapid
production techniques. These researchers were able to manufacture microneedle molds
that were reproducible and customizable [27]. The direct one-step fabrication of 3D-printed
cone-shaped microneedles was carried out by Kundu et al. who, through fracture tests, also
established that the fracture strength of the fabricated microneedles quadrupled the force of
insertion [112]. Microfluidic-enabled hollow microneedles that allow for a heterogeneous
mixing and transport of fluids were fabricated by Yeung et al. This study paved the way
for the application of hollow microneedles in the delivery of different drug compositions
through transdermal routes using one-step laser stereolithography [113]. Additionally,
Xenikakis et al. demonstrated the transdermal delivery of model dyes via microchannels
that were created on human skin using microneedle patches that were fabricated using an
SLA 3D printer. Studies have revealed that human skin that is treated with microneedles
has relatively better permeability [114].

Microneedles are micrometer-sized needles with a height in the range of 25 to 2000 um.
All of the 3D-printing technologies have the capability to fabricate the microneedles in the
above-mentioned range in a reproducible manner with a high resolution and quality. Based
on the material and the application type, a particular 3D-printing technology can be utilized.
As discussed earlier, microneedles are classified into solid, hollow, coated, dissolvable, and
hydrogel-forming microneedles. Table 4 illustrates the different types of 3D-printing technolo-
gies based on the microneedle type, the minimum layer resolution, and the application type.
The ideal characteristics of the 3D-printed microneedle include the optimum size, the proper
mechanical stability, efficient drug delivery, and the ability to remain leak-proof [115,116].
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Scanning electron microscopy (SEM) images of the microneedles that were fabricated with the
different types of 3D-printing technologies are illustrated in Figure 4.

Table 4. Different 3D-printing technologies used for the fabrication of microneedles based on the
microneedle type and application [115-117].

Minimum Layer

Technology Material Microneedle Type Resolution Power Source Application
Stereolithography i . . Drug and anti-cancer
(SLA) Liquid Polymers Solid, Hollow, Coated 50-100 pm UV Light agent delivery
Selective Laser Metals, Polymers, Solid, Biocompatible, Drug delivery and
. . Ceramics, and 80 um Laser Beam .
Sintering (SLS) . Hollow disease treatment
Thermoplastics
.. . . Skin treatment,
Dlgltfal Light Epoxides, Acrylates .SOhd’ Hollow, Coated, 25-150 pm UV Light wound healing, and
Processing (DLP) Biodegradable, Hydrogel d .
rug delivery
Fused Deposition Thermoplastic Transdermal drug
Modelling (FDM) Polymelé,l ;\;Isetal, and Solid, Biodegradable 10-100 pm Heat delivery and insulin
Continuous Liquid UV-Curable resins Solid, Coated, Hydrogel Drug delivery and
Interface Production - ! ’ 50-100 pm UV Light . .
and acrylates Biodegradable diagnostics
(CLIP)
Drug delivery,
qu—Phpton UV_ijable’ acrylz?tes, Solid, Hollow 100 nm-5 pm UV Light sample, and blood
Polymerization (2PP)  ceramics, and resins. extraction

Figure 4. Scanning electron microscopy (SEM) images of microneedles (MNs): (a) Stereolithography
(SLA) technique MNss [117], (b) Selective laser sintering (SLS) technique MNs [115], (c) Digital
light processing (DLP) technique MNs [117], (d) Fused deposition modelling (FDM) technique
MN:s [118], (e) Continuous liquid interface production (CLIP) technique MNs [119], (f) Two-photon
polymerization (2PP) technique MNs [117].
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Some researchers have also made significant efforts towards 3D-print microneedles
using the digital light processing (DLP) technique. This technique has an advantage over
laser stereolithography printers in that it uses a projected light source to cure all of the
sections of each printing layer at once, thereby shortening the time required for printing.
Fang et al. presented the manufacturing of 3D-printed dissolvable microneedle patches that
were loaded with mesoporous iron oxide nanoraspberry for the treatment of androgenetic
alopecia [120]. Johnson and Procopio demonstrated the viability of this technology for
the printing of microneedle masters and how the printing outcomes can be improved
and optimized by tuning the printing parameters [61]. In another study by Yao et al.,
customizable resins were used in order to manufacture hydrogel-forming microneedles,
with promising results for transdermal applications [121]. Donghyeok Shin and Jinho Hyun
studied the 3D-structuring of protein-based microneedles using riboflavin as an enzymatic
photo-initiator. The SF microneedles that were manufactured were able to withstand
compression forces of up to 300 mN, and they were further applied for the delivery of
fluorescent dye molecules into pig skin [122]. The printing quality and the mechanical
strength of hollow microneedles were studied using digital light processing (DLP) by
Essyrose Mathew et al. The printing quality was optimized by investigating the relationship
between the printing angles and the different needle geometries. In addition, it was
established that the curing time affects the mechanical strength of the microneedles [123].
CLIP uses the same printing principle as DLP; however, it differs slightly in that it uses an
oxygen-permeable membrane that inhibits photopolymerization and creates a dead zone
of liquid resin between the advancing structure and the window [117]. Unlike the other
stereolithography techniques, the redistribution of the resins at the beginning of a new
layer of print is not required, thus ensuring relatively faster and fine printing in CLIP [92].
Table 5 illustrates the prior research work conducted by numerous researchers in the past
decade using various additive manufacturing technologies.

Table 5. Additive manufacturing of microneedles in the past decade.

Reference 3D-printing Method Microneedle Type Materials Proposed Study
Hydrogel microneedles were fabricated for the
transdermal delivery of high molecular weight
Vivek Yadav et al. Stereolithography Hollow microneed Biocompatible Class I antibiotics, such as rifampicin
[124] (SLA) Oflow mucroneecies resin (Dental SG) (Mw 822.94 g/mol), which suffers from gastric
chemical instability, low bioavailability,
and severe hepatotoxicity.
Microneedle arrays were fabricated using a
. Sophla N. Stereolithography . Biocompatible Class I blocompa}tlble resin for tr?msdermal insulin
conomidou et al. Coated microneedles . delivery. The 3D-printed arrays
- (SLA) resin, Dental SG Lo .
[125] were subsequently coated with insulin—sugar
films using inkjet printing.
Novel 3D-printed polymeric microneedle
Md Jasim Uddin et al. Stereolithography Cross-microneedles Biocompatible arrays were fabricated for enhanced cisplatin
[126] (SLA) photopolymer resin delivery to A-431 epidermoid skin tumors for
cancer treatment.
A microneedle master mold was fabricated
using a cost-effective 3D-printing technique,
resulting in NPs-loaded dissolving
Nesma El-Sayed et al Mlmgigil?asl E?ﬁ_Res Dissolving Gold/silver m}lacéf; (e\fil;ls aalict)ll:lilf;rglvrz;)g;létét?c;géztir:sOf
: . K nanoclusters-labeled ) . ,
[127] Processing microneedles clatin nanoparticle used for the preparation of the microneedle’s
(DLP) & P matrix. This study provides researchers with

the flexibility to develop and analyze new
designs and biomaterials
for microneedle manufacturing.
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Table 5. Cont.

Reference

3D-printing Method

Microneedle Type

Materials

Proposed Study

Christopher Yeung
etal. [113]

Stereolithography
(SLA)

Hollow
microneedle

Class Ila
biocompatible resin
(Formlabs, Dental LT
Clear)

Hollow microneedles interfaced with
microfluidic structures in a single step using
SLA techniques were fabricated. This
3D-printed device is particularly applicable to
preclinical investigations centered on
combinational drug therapy, where the
in situ combination of multiple drugs and the
tuning of their physicochemical properties lead
to more effective outcomes than single or
premixed agents alone.

Takovos Xenikakis
etal. [128]

Liquid Crystal
Display (LCD) vat
Polymerization
method

Hollow microneedles

The biocompatible
resin
used for dentistry
applications

Hydrogel microneedles were fabricated for
insulin delivery. Different
geometries (hexagon, square pyramid, beveled)
were 3D printed with a constant height and
varying curing time, printing angle,
and layer resolution.

Michael A.
Luzuriaga et al. [26]

Fused deposition
modeling (FDM)

Solid, coated
microneedles

Biodegradable
polymer

A new method that combines FDM with a
post-fabrication etching step to yield ideally
sized and shaped needles that can insert, break
off, and deliver small molecules into the skin
without the need of a master template or a
mold.How the natural degradability can be
exploited to overcome the key challenge of
FDM 3D-printing was reported.

Shaun D. Gittard
etal. [100]

Two-Photon
Polymerization (2PP)

Solid and Hollow

Ormocer® US-54
material

In-plane and out-of-plane hollow microneedle
arrays were fabricated using the 2PP technique.
In addition,
the fabrication of microneedles with
antimicrobial properties was discussed.

Ashley R. Johnson
and Adam T.
Procopio et al. [61]

Digital Light
Processing (DLP)

Solid microneedles

Autodesk’s Standard
Clear PR48 Resin

A commercial desktop 3D printer: Autodesk®
Ember™ was utilized for the fabrication of
microneedle array patches. The study reports
the effect of each type of defect
(“stair-stepping”, “aliasing”, and light effects)
on the resulting microneedle master structure.
The results illustrate that, with the proper use
of correction techniques, Autodesk® Ember™
can produce sharp microneedle arrays in less
than 30 min per patch.

Continuous liquid

Poly-acrylic,

A novel 3D-printing technique: continuous
liquid interface production (CLIP) was utilized
for the rapid manufacturing of sharp
microneedles with tunable geometries (size,
shape, aspect ratio, and spacing). This

Ashley R. Johnson interface production Solid microneedles polycaprolactone, technology allows for mold-independent,
etal. [119] and poly (ethylene
(CLIP) Tycol) one-step manufacturing of microneedle arrays
&Y of virtually any design in less than 10 min per
patch. A wide range of materials can be

utilized within this platform for encapsulating

and controlling the release of therapeutics.

M . Curable A novel 3D-printing technique:
. agnetorheological S . . . 2
Zhipeng Chen et al. drawine li Bio-inspired solid magneto-rheological =~ magnetorheological drawing lithography was
rawing lithography . . 1 A oL
[56] (MRDL) microneedles fluid utilized for the fabrication of a bioinspired
(CMRF) microneedle imitating a honeybee stinger.

One of the most common extrusion-based technologies that is used for microneedle
fabrication is fused deposition modeling (FDM). This technology works by heating up the
filaments (which are made of thermoplastic materials) to a molten form, which are later
extruded through the nozzle in layers in order to produce the final template or object. FDM is
not a popular technique for fabricating microneedles because of the poor fidelity and resolution
of the printing outcomes. This approach is mostly used in combination with other post-
processing techniques in order to improve the quality of the fabricated microneedles. Michael
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A. Luzuriaga et al. employed the FDM technique to manufacture PLA-based microneedles
and improved the quality of the printed microneedles using the chemical etching protocol,
realizing the tip sizes up to one micron. The printed microneedle arrays were found to have a
good mechanical strength, a high penetrating ability, and the potential for the transdermal
delivery of small molecules [26]. Mingxin Wu et al. fabricated microneedles using an extrusion-
based approach and adopted a stretching device in order to finetune the top surface of the
cylindrical arrays that were formed. These microneedles were subsequently applied for the
transdermal delivery of insulin for the treatment of type 1 diabetes [129].

4. Applications of 3D-Printed Microneedles

Microneedles have experienced widespread adoption in areas such as drug and vac-
cine delivery, cosmetics, therapy, diagnosis, tissue engineering, sample extraction, cancer
research, and wound healing (Figure 5).

4.1. Drug and Vaccine Delivery

The numerous limitations posed by traditional drug delivery systems [130-134] have
led to the development of an alternative approach, using microneedles [135]. In 2021,
Cassie Caudill et al. [136] showed that CLIP-fabricated 3D-printed microneedles are a
viable option for the enhanced delivery of coated vaccine components (ovalbumin and
cytosine phosphoguanine-CpG). The 3D-printed microneedles that were presented by the
group were demonstrated to have the potential for enhanced cargo retention in the skin and
improved humoral immune response for non-invasive, self-administered vaccination. An
additional advantage that is offered by the 3D-printed microneedles in vaccine delivery is
that the vaccine-coated microneedles can be transported easily to different locations without
any special handling requirements or environmental conditions. In the near future, vaccina-
tion rates could improve significantly as patients can self-administer the vaccinations with
minimal clinic visits by leveraging the capabilities of 3D-printed microneedles. Limpet-
inspired microneedle arrays with high mechanical strength were fabricated using MF-3DP
(Magnetic-assisted 3D-printing) by Xiangjia et al. [137] and have been recommended for
use in the painless administration of drugs. Sophia N. Economidou et al. [138] developed
a device that employed 3D-printing technology of stereolithography for fabricating hollow
microneedles and integrated microelectromechanical systems (MEMS). The in vivo testing
of the microneedle-based MEMS device showed that it has great potential for personalized
transdermal drug delivery.

4.2. Cosmetics Applications

Microneedles can transport active cosmetic molecules into the skin by creating mi-
crochannels without reaching the nerves [29]. Three-dimensional-printing has been em-
ployed for the development of pharmaceutical products for topical skin applications,
including skin dressing and products for the transdermal delivery of active ingredients
to the skin [139]. Site-based drug delivery can target skin locations such as the stratum
corneum, the epidermis, the dermis, the pilosebaceous unit, the hypodermis, and the
deeper tissues [140].

It has been reported in the literature by Seng Han Lim et al. [141] that personalized
3D-printed microneedle patches that are fabricated using the digital light processing (DLP)
approach can serve as a good alternative for the enhanced delivery of acetyl-hexapeptide
3(AHP-3) for the improvement of skin wrinkles. The resin-based microneedles were
formulated from an optimal proportion of polyethylene glycol and vinyl pyrrolidone. In
similar research, the geometry of a personalized microneedle patch (PMNP) that was
manufactured using the DLP technique was optimized for the delivery of anti-wrinkle
peptides [142]. In the treatment of periorbital wrinkles, PMNP has great potential for the
transdermal delivery of AHP-3 [142].
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4.3. Diagnostics and Sample Extraction

With the advancement in science, several tumor diagnosis methods, such as marker de-
tection, endoscopy, and histopathological analysis, have been developed in order to determine
the type of tumor and to predict the prognosis [143]. However, some of these methods pose
some disadvantages, for example, the procedures that are involved in the marker detection
method can be inconvenient and can cause injuries. In addition, the histopathological method
can be expensive and invasive to patients. Since microneedles have an excellent skin pene-
trating ability [144-146], they can be used to draw interstitial fluids containing biomarkers,
which can be used in order to analyze the patient’s state of health and to potentially detect
diseases and tumors. Metal-coated and dissolving microneedles are potentially useful in gene
delivery. The literature [147-149] has demonstrated how the microneedles can be useful in the
delivery of low- and high-molecular-weight agents, including nucleic acids for gene therapy.
Microneedling has been identified as one of the four major physical methods that have been
developed for the transdermal delivery of therapeutics [119].

4.4. Wound Healing

Three-dimensional-printed microneedles were fabricated using visible light dynamic
mask micro-stereolithography in combination with pulsed laser deposition utilized for
microneedles fabrications using acrylate material with anti-microbial properties. These
acrylate-loaded microneedles showed great potential for the treatment of wounds and the
removal of skin infections [150]. Microneedle arrays that were filled with drug-eluting
hydrogels have been used in the delivery of vascular endothelial growth factor (VEGF),
which helps in promoting the epithelization in wounds, as demonstrated by Lindsay
Barnum et al. [151]. The permeability properties of VEGF can potentially help in the
treatment of non-healing wounds, especially in diabetic patients [152,153]. The mold-free
fabrication techniques, such as 3D-printing, have been intensely studied for providing
technical support in building complex structures with high drug-loading capabilities and
more integrated medical microneedles for wound healing applications.

4.5. Biosensing Applications

Three-dimensional-printed microneedles can be used in POC (point-of-care) biosens-
ing applications where the target molecules and biomarkers are easily detectable using
the samples that are collected by the microneedle arrays. Microneedle arrays have been
described as a good candidate for developing biosensing set-ups [154]. Microneedles are
used for sampling, while the detection of the biomarkers takes place in another instru-
ment. The microneedle-based biosensors can provide a pain-free and convenient sampling
procedure, followed by minimally invasive techniques for detecting the biomarkers. The
microneedle-based biosensor was designed for glucose monitoring, in which the glucose-
binding protein was immobilized on nickel-nitriloacetic acid agarose beads [155]. The
3D-printed microneedles with open groove channels for the extraction of liquid samples
for biosensing applications were manufactured by Fang Leng et al. [156]. Fang Leng et al.
established that the liquid samples containing glucose-based biomarkers can be analyzed
in situ using commercial test instruments.

4.6. Disease Treatment

Three-dimensional-printed microneedles have been used in the delivery of bioactive
agents and therapeutics for the treatment of various forms of disease. Pere et al. fabricated
polymeric microneedles using the stereolithography technique and coated the microneedles
with insulin using an ink-jetting procedure. The integrity and the stability of the insulin
were preserved by the drug carriers, namely trehalose, mannitol, and xylitol [157]. Another
piece of literature has reported that 3D-printed microneedles can be adapted for use in
anti-cancer skin treatments. Uddin et al. showed the enhanced delivery of cisplatin to A-431
epidermoid skin tumors by photopolymerizing the consecutive layers of the biocompatible
resins, followed by the coating of cisplatin formulation on the microneedle surface using
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inkjet dispensing [126]. Franz cell diffusion and histopathological studies show the rapid
rate of cisplatin and the efficacy of cisplatin-loaded microneedles in inhibiting tumor
growth. The enhanced delivery of high molecular weight rifampicin using SLA-printed
hollow microneedles has also been reported by Vivek Yadav et al. [124].
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Figure 5. (a) Application of microneedles in cosmetics [158], a—d—Stereoscopic microscopic images
of dissolving microneedles; e—SEM image of single dissolving microneedles; f—Magnified image of
dissolving microneedle surface; (b) Application of microneedles in diagnostics and tumor therapy [143],
(c) Microneedle application in the treatment of diseases [126], (d) Transdermal delivery of drugs using
3D-printed microneedle array [159], A—3D-printing showing i—fabrication process. ii—and CAD view
of sample MNAs. B—Microscopic images of sample MNAs. C—SEM images of i-front view ii-top view
of single hollow microneedle. D—Printing of microneedle arrays for the creation of rigid needles on a
flexible base. E—The characterization of mechanical properties of microneedle islands. F—Microscopic
view of microneedles array i-before and ii-after penetration into pig skin. G—Characterization of
forces(insertion and withdrawal) of microneedles island applied to pig skin; (e) Biosensing applications
of microneedles [156], (f) Application of microneedles in wound healing [160], a—Ice-formation-inspired
microneedles made from soft materials (e.g., solution and hydrogels). b—Transition from softness to
hardness achieved through freezing.

5. Challenges of Microneedle Fabrication

AM has the potential to fabricate microneedles for multiple applications, as mentioned
above; however, it comes with some challenges, which are currently being investigated by
various research organizations. The challenges that are involved in the AM fabrication of
microneedles include the optimization of its design parameters, biocompatibility, drug loading,
safety, regulatory measures, and fabrication viability as summarized in Figure 6 below.

5.1. Microneedle Design Parameters

Skin characteristics vary from one person to another, and from one part of the body to
another. There are no such microneedle parameters that can be applied or adopted as a
standard for everyone. For this reason, the optimization of the microneedle parameters
is a paramount topic [161-164]. Studies have shown that the geometry, the tip diameter,
the sharpness, the applied force, the velocity, and the length are of vital consideration
when manufacturing microneedles. The geometric structure of the microneedles array
affects the mechanical strength and the penetrating ability of the microneedles [46]. It has
been demonstrated that square- and triangular-shaped microneedles with sharp edges
show a greater capability to penetrate the skin when compared with hexagonal-shaped
microneedles. Additionally, microneedles with tip diameters of less than 15 microns are
more effective in penetrating the skin than those with larger diameters. Studies have also
revealed that the penetration depth of the microneedle arrays varies between 10% and 80%
and increases with the application of force and velocity. When microneedles are too tightly
packed with little interspacing, the bed-of-nails effect might set in [165].
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Figure 6. Factors affecting the development of microneedle-based delivery [46].

5.2. Compatibility

The biocompatibility of microneedles is essential when they are used in the delivery
of drugs [166-168]. Biodegradable materials are usually desired because they degrade and
can be safely removed from the skin. A critical assessment of the behavior of microneedles
under different conditions (such as temperature and humidity) is required, as their stability
could have an impact on the loaded therapeutics. Water can alter the mechanical properties
of microneedles [169]. Therefore, in order to preserve and prolong their shelf-life (especially
the dissolvable microneedles), they must be appropriately stored in a cool and dry place.

5.3. Drug Loading

The drug efficiency of microneedles depends strongly on the passive diffusion of
the biological formulations in the skin. The administration of large doses of drugs using
microneedles is a big challenge, and a larger percentage of drugs could be lost on the
skin’s surface [46]. For example, in the delivery of vaccines, dosage variations occur that
can reduce the bioavailability of the drug and can reduce the immunological responses
of the body. The small surface area of the coated microneedles limits their drug-loading
capacity [170], although, a precise quantity of drugs can be delivered.

5.4. Microneedle Fabrication

Despite the viability of microneedles for clinical use, the economic implication of man-
ufacturing 3D-printed microneedles for different applications is yet to be fully ascertained.
Adhikari, B.B. and Goodson, J.L. et al. [171] gave an estimated cost for the fabrication of
microneedles for vaccine delivery. For a population of one million children, the total cost
of a vaccination program using a microneedle patch was estimated to be USD 1.5 million
compared to USD 2.5 million for the conventional SC injection [171]. Adhikari et al. [171]
reported that the cost-effectiveness of microneedle patches depends on several factors, such
as the approval rate and the viability of the microneedle patches when compared with
the traditional methods. The scalability of microneedle regulatory policies, the clinical
adaptation, and the choice of materials and their compatibility plays a vital role in the
mass-scale adoption of 3D-printed microneedles.
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5.5. Safety

The safety assessment of microneedle products is crucial and is carried out during
the clinical trials [172]. Skin irritation, sensitization, and immune response, among other
metrics, must be evaluated for the safe acceptability and approval for use. One of the
reported side effects of using microneedles is erythema [173,174].

5.6. Regulatory Measures

The current quality control measures for hypodermic needles may not be suitable for
microneedles. A thorough assessment of the risks, stability testing, sterilization testing, and
product validation must be performed through the concerned agencies before approval can
be secured for the safe use of the products. This validation and approval process could take
a long time, which restricts the commercialization of microneedles. According to the FDA
regulation regarding the safe use of microneedles (“Regulatory Considerations for Micro-
needling Devices, 2017”), microneedles are seen as combination products, and concerns
regarding microneedles (as a device) and their therapeutics must be addressed individually.

6. Food and Drug Administration (FDA) Guidelines for Microneedle Manufacturing

The FDA has approved the administration of microneedles for patients who are
aged 22 years and above. Microneedles are generally considered to be “combination
products” [175], therefore, regulatory policies referring to their use consider the micro-
needling devices and the safe delivery of the therapeutics that are used with them. The
first-ever regulatory policy guiding the safe use of micro-needling products was drafted in
2017. These guidelines were created in order to assist industries in understanding when and
when not to classify a microneedle product as a device (in accordance with section 201(h) of
the Federal Food, Drug, and Cosmetic Act (FD&C Act), 21 U.S.C. § 321(h). The document
also illustrates the regulatory pathway to market micro-needling devices for aesthetic use
(“Regulatory Considerations for Microneedling Products-Guidance for Industry and Food
and Drug Administration Staff”). The document addresses certain micro-needling products
as a term that encompasses instruments with common technological features that include
an array of needles, “micro-protrusion” tips, or pins, which can be blunt or sharp, and of
varying lengths.

Before microneedles can be adjudged to meet the device definition, two major factors
that need to be noted include the firms’ claims and the product design/technological
features. Micro-needling products are considered to be a device when they penetrate the
living cells of a body, including the dermis and the epidermis (which implies that they are
applied in a region that is much deeper than the stratum corneum), and affect the structure
or the function of the body. According to the FDA, examples include when microneedles
are used in the treatment of scars, wrinkles and deep facial lines, cellulite and stretch
marks, dermatoses, acne, and alopecia, and when they stimulate the production of collagen
and angiogenesis and promote wound healing. In addition to the firms’ claims and the
statements about microneedle products, a microneedle product is classified as a device
when its design or technology is such that it impacts the structure or the function of the
body. The design characteristics that may be evaluated include the needle length, the
needle sharpness, the degree of control of the product over the movement of the needles,
and the depth of penetration into the skin.

Microneedles that are not intended for use in the treatment of diseases or other health
conditions and do not affect the structure of the body are not considered to be a device
(under section 201(h) of the FD&C Act). Microneedles that do not penetrate the human skin
and perform the following functions are generally not considered to be a device: facilitate
skin exfoliation, improve the skin appearance, give the skin a smoother look and feel, and
give the skin a luminous look. The micro-needling devices for aesthetic use are classified as
class II devices under 21 CFR 878.4430, are subject to premarket notification (510(k)), and
special controls are outlined in the classification regulation.
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Micro-needling devices have the potential to cause harm, which is mostly temporary and
resolves after a short period following their administration. Micro-needling products might
not produce the intended outcomes and could pose risks ranging from skin irritation [176,177],
dryness, redness, itching, burning, bruising, and bleeding to less common ailments, such
as swollen lymph nodes, infections, hyperpigmentation, and reactivation of herpes cold
sores [178] (Micro-needling Devices | FDA).

Below are the FDA recommendations for patients using micro-needling devices [179]
(Micro-needling Devices | FDA):

a. Patients must consult with health care practitioners who are well trained in the
medical procedures that are involved with micro-needling devices;

b.  Patients must be aware of the common risks that are involved and how microneedles
could impact the structure of the body;

C. Patients must be aware that they might require more than one procedure in order to
obtain the desired cosmetic/aesthetic result;

d.  Patients should ask questions about the cleaning procedures that are involved in the
sterilization of the micro-needling device;

e. Patients must be aware that authorized, FDA-approved microneedle products have
patient labels.

Micro-needling products are not recommended for persons suffering from ailments
such as chronic diabetes, bleeding disorders, hepatitis, and HIV. Patients with active skin
infections and those who have (or have had) eczema, psoriasis, vitiligo, actinic keratoses,
keloid scars, warts, or birthmarks are also not encouraged to use these devices. Addition-
ally, the procedure may not be suitable for persons who are breastfeeding or those who
are currently undergoing chemotherapy or radiotherapy. All medical personnel should
carry out a thorough inspection of the micro-needling devices and must confirm that they
are listed in the FDA De Novo database or the 510(K) premarket Notification Database. It
is highly recommended that only experienced and well-trained practitioners are allowed
to carry out or take part in these procedures. Keen attention must also be given to clean-
ing/disinfection procedures—practitioners are advised not to use micro-needling packages
on more than one patient in order to avoid the transfer of infections. All of the medical
staff who are involved in the procedure must be aware of the risks that are associated
with the use of the product and how to handle complications when they occur (patients
should also know about these risks). It is important to report any event of negligence of
use immediately to the Food and Drug Administration (FDA).

7. Future Prospects

Recent trends in microneedle development have resulted in the fabrication of micronee-
dles from hydrogels. Joseph G. Turner et al. reported that hydrogel-forming microneedles
can help in the passive removal of interstitial fluid from the skin, which makes this type of
microneedle a viable option for use in biocompatible monitoring or sensing devices. This type
of microneedle can provide opportunities for use in self-administered health care monitor-
ing and treatment [180,181]. Microneedles have been widely used in different transdermal
applications. Nowadays, dissolvable microneedles are being utilized in the oral delivery of
drugs (and macromolecules) throughout the body [182-184], and especially in oral devices, in
order to target the organs within the gastrointestinal tract. Alex Bramson et al. developed an
ingestible capsule called a luminal unfolding microneedle injector, which allows for the oral
delivery of drugs into the intestinal tissue using a set of unfolding arms [185]. Regenerative
medicine has been evolving at a fast pace, and substantial growth in the investigation of
microneedle application in this field will be something to look out for. It is expected that,
in the near future, significant improvement can be made in the drug-loading capacity of
microneedles and the reproducibility of drug exposure for sustained drug release.

The power of artificial intelligence (AI) (especially machine learning (ML) and deep
learning (DL)) can be harnessed and adopted in optimizing the performance parameters
and the quality features of 3D-printed microneedle arrays. The tuning of 3D-printing
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parameters for optimizing the manufacturing of biomedical devices has been reported as
a promising field that will further advance the integration of the Al-based prediction of
microneedle arrays for the development of advanced healthcare systems, especially in the
areas of quality assurance and defect detection in microneedle array features [186]. Al
models have shown viability in identifying and matching the similarity metrics between
the different microneedle designs in order to predict new and more efficient outcomes for
the fabrication of microneedles [186]. In addition, ML has proven to be a suitable approach
in the modeling of 3D-printing workflow [187-191]. ML algorithms, in combination with
ANN, were able to predict the drug release times of different drug formulations using
available data sets, as reported in the literature by B. Muiiiz Castro et al. [192]. These
ML models can help to develop the field of pharmaceuticals and, more importantly, in
the optimization of microneedle array features. The 4D-printing of microneedles is also
an emerging prospect. D. Han et al. demonstrated how the 4D-printing methodology
was adopted in manufacturing backward-facing barbed microneedles with tips that have
relatively better mechanical strength than the barbless microneedle arrays [193]. The
microneedles that are fabricated using this approach have better tissue adhesion for a
much-improved performance of controlled drug delivery, healing of wounds, biosensing,
and soft tissue applications. The 4D-printed microneedles could be a better alternative to
painful hypodermic needles in times to come. In the painless administration of COVID-19
vaccines, 3D-printed microneedles can prove to be a good candidate [194-196]. In the
field of public health, 3D-printed microneedles that were manufactured through CLIP
(continuous liquid interface production) were found to enhance the surface coating of the
model vaccine components due to the wide surface area that is provided by the CLIP-
manufactured microneedles. Three-dimensional-printed microneedles can provide a useful
platform for a non-invasive and self-applicable vaccination [136].

8. Conclusions

This review article provides a detailed overview of microneedle manufacturing using the
3D-printing technologies by several research groups, including both industry and academia.
The key advantages of the additive manufacturing (AM) of microneedles compared to the
traditional manufacturing techniques include improved efficacy, safety, therapeutic delivery
of drugs, cost-effectiveness, and simplified production. This review provides detailed litera-
ture on the different types of microneedles, such as coated microneedles, solid microneedles,
hollow microneedles, dissolvable microneedles, and hydrogel-forming microneedles based
on the application type. The comprehensive understanding of AM techniques for micronee-
dle fabrication and various application areas, which include cosmetics, drug and vaccine
delivery, wound healing, diagnostics, sample extraction, biosensing, and disease treatments
are elucidated. This paper also presents the critical challenges, such as the optimization
of microneedle design parameters, biocompatibility, drug loading, safety, and regulatory
measures, that need to be addressed for the mass-scale adoption of AM techniques for mi-
croneedle fabrication. We highlight the regulatory policies, as provided by the FDA, for
micro-needling devices with their unique characteristics, including their risks and precaution-
ary measures for their effective implementation. Finally, we discuss recent developments in
artificial intelligence and 4D-printing for microneedle manufacturing that hold great promise
for self-administration of medications.

Author Contributions: M.O., SK.P. and S.D. contributed to conceptualization and thematic content
of the manuscript, which was the basis of this review. M.O. and S.K.P. conducted the literature
review and the initial draft preparation. S.D. contributed to reviewing and editing the draft, the
supervision, and the fund acquisition. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors would like to express their gratitude for funding support from the National
Science Foundation Grant (NSF CMMI Award #1663128, #2100739, #2100850) and the Center of
Excellence in Product Design and Advanced Manufacturing at North Carolina A&T State University.



Pharmaceutics 2022, 14, 2693 23 of 30

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Aldawood, EK.; Desai, S.; Chang, S. Additive Manufacturing of Compensator Devices for Radiation Therapy. In Proceedings of
the 2020 IISE Annual Conference, New Orleans, LA, USA, 30 May-2 June 2020.

2. Parupelli, S.K,; Desai, S. Understanding Hybrid Additive Manufacturing of Functional Devices. Am. |. Eng. Appl. Sci. 2017, 10,
264-271. [CrossRef]

3. Aljohani, A; Desai, S. 3D Printing of Porous Scaffolds for Medical Applications. Am. . Eng. Appl. Sci. 2018, 11, 1076-1085.
[CrossRef]

4. Haeberle, G.; Desai, S. Investigating Rapid Thermoform Tooling Via Additive Manufacturing (3d Printing). Am. J. Appl. Sci. 2019,
16, 238-243. [CrossRef]

5. Desai, S.; Parupelli, S. Additive Manufacturing (3D Printing). In Maynard’s Industrial and Systems Engineering Handbook, 6th ed.;
Springer International Publishing: Berlin/Heidelberg, Germany, 2022; ISBN 1260461564.

6. Adarkwa, E.; Kotoka, R.; Desai, S. 3D printing of polymeric Coatings on AZ31 Mg alloy Substrate for Corrosion Protection of
biomedical implants. Med. Devices Sens. 2021, 4, e10167. [CrossRef]

7. Slotwinski, J.A.; Campbell, T.A. Metrology for Additive Manufacturing—Opportunities in a Rapidly Emerging Technology; NOVA
Science Publishers: Hauppauge, NY, USA, 2013; Volume 7, pp. 153-174.

8.  Ivanova, O.; Williams, C.; Campbell, T. Additive manufacturing (AM) and nanotechnology: Promises and challenges. Rapid
Prototyp. . 2013, 19, 353-364. [CrossRef]

9.  McKenzie, J.; Desai, S. Investigating Sintering Mechanisms for Additive Manufacturing of Conductive Traces. Am. J. Eng. Appl.
Sci. 2018, 11, 652-662. [CrossRef]

10.  Parupelli, S.K,; Desai, S. Hybrid additive manufacturing (3D printing) and characterization of functionally gradient materials via
in situ laser curing. Int. . Adv. Manuf. Technol. 2020, 110, 543-556. [CrossRef]

11. Adarkwa, E.; Roy, A.; Ohodnicki, J.; Lee, B.; Roy, A.; Kumta, P; Desai, S. 3D printing of drug-eluting bioactive multifunctional
coatings for orthopedic applications. Int. J. Bioprinting 2023, 9, 0119.

12.  Aldawood, EK.; Chang, S.X.; Desai, S. Design and Manufacture of a High Precision Personalized Electron Bolus Device for
Radiation Therapy. Med. Devices Sens. 2020, 3, €10077. [CrossRef]

13.  Kumar, V,; Dutta, D. An assessment of data formats for layered manufacturing. Adv. Eng. Softw. 1997, 28, 151-164. [CrossRef]

14. Desai, S.; Bidanda, B.; Bartolo, P. Metallic and ceramic biomaterials: Current and future developments. In Bio-Materials and
Prototyping Applications in Medicine; Springer: Boston, MA, USA, 2008; pp. 1-14. [CrossRef]

15. Desai, S.; Shankar, M.R. Chapter 2 Polymers, Composites and Nano Biomaterials: Current and Future Developments. In
Bio-Materials and Prototyping Applications in Medicine; Springer: Boston, MA, USA, 2008; pp. 15-26.

16. Desai, S.; Harrison, B. Direct-Writing of Biomedia for Drug Delivery and Tissue Regeneration. Printed Biomaterials; Springer: New York,
NY, USA, 2010; pp. 71-89. [CrossRef]

17.  Perkins, J.; Xu, Z.; Smith, C.; Roy, A.; Kumta, PN.; Waterman, J.; Conklin, D.; Desai, S. Direct Writing of Polymeric Coatings on
Magnesium Alloy for Tracheal Stent Applications. Ann. Biomed. Eng. 2015, 43, 1158-1165. [CrossRef] [PubMed]

18. Desai, S.; Bidanda, B.; Bartolo, P.J. Emerging Trends in the Applications of Metallic and Ceramic Biomaterials. Bio-Materials and
Prototyping Applications in Medicine; Springer: Berlin/Heidelberg, Germany, 2021; pp. 1-17. [CrossRef]

19. Desai, S.; Shankar, M.R. Emerging Trends in Polymers, Composites and Nano Biomaterial Applications. Bio-Materials & Prototyping
Applications in Medicine; Springer International Publishing: Berlin/Heidelberg, Germany, 2020; ISBN 978-3-030-35875-4.

20. Marquetti, L.D.S. Analyzing Bone Morphogenetic Protein-2 Adsorption Behavior on Hydrophobic Graphite Substrate. In
Proceedings of the Brazilian Graduate Students and Scholars Conference (BRASCON), Columbus, OH, USA, 23-24 June 2018.

21. Haeberle, G.; Desai, S. Additive Manufacturing (3D Printing) of Thermoform Tooling. Int. ]. Mech. Prod. Eng. 2019, 7, 1-4.

22. Perkins, ].; Yi, H,; Ye, S.H.; Wagner, W.; Desai, S. Direct Write Manufacturing of Controlled Release Coatings for Drug Eluting
Cardiovascular Stents. J. Biomed. Res. Part A 2014, 102, 4290-4300.

23. Marquetti, I. Molecular Modeling of Bone Morphogenetic Protein for Tissue Engineering Applications. In Proceedings of the
Industrial Engineers Research Conference, Orlando, FL, USA, 19-22 May 2018; Volume 2, pp. 1108-1113.

24. Marquetti, I.; Desai, S. Adsorption Behavior of Bone Morphogenetic Protein-2 on a Graphite Substrate for Biomedical Applications.
Am. ]. Eng. Appl. Sci. 2018, 11, 1037-1044. [CrossRef]

25. Adarkwa, E.; Desai, S.; Ohodnicki, ].M.; Roy, A.; Lee, B.; Kumta, PN. Amorphous Calcium Phosphate Blended Polymer Coatings

for Biomedical Implants. In Proceedings of the 2014 Industrial and Systems Engineering Research Conference, Montréal, QC,
Canada, 31 May-3 June 2014.


http://doi.org/10.3844/ajeassp.2017.264.271
http://doi.org/10.3844/ajeassp.2018.1076.1085
http://doi.org/10.3844/ajassp.2019.238.243
http://doi.org/10.1002/mds3.10167
http://doi.org/10.1108/RPJ-12-2011-0127
http://doi.org/10.3844/ajeassp.2018.652.662
http://doi.org/10.1007/s00170-020-05884-9
http://doi.org/10.1002/mds3.10077
http://doi.org/10.1016/S0965-9978(96)00050-6
http://doi.org/10.1007/978-0-387-47683-4_1/COVER
http://doi.org/10.1007/978-1-4419-1395-1_5
http://doi.org/10.1007/s10439-014-1169-3
http://www.ncbi.nlm.nih.gov/pubmed/25348845
http://doi.org/10.1007/978-3-030-35876-1_1
http://doi.org/10.3844/ajeassp.2018.1037.1044

Pharmaceutics 2022, 14, 2693 24 of 30

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Luzuriaga, M.A.; Berry, D.R.; Reagan, ].C.; Smaldone, R.A.; Gassensmith, J.J. Biodegradable 3D printed polymer microneedles for
transdermal drug delivery. Lab Chip 2018, 18, 1223-1230. [CrossRef]

Krieger, K.J.; Bertollo, N.; Dangol, M.; Sheridan, J.T.; Lowery, M.M.; O’Cearbhaill, E.D. Simple and customizable method for
fabrication of high-aspect ratio microneedle molds using low-cost 3D printing. Microsyst. Nanoeng. 2019, 5, 42. [CrossRef]
Prasad, LK.; Smyth, H. 3D Printing technologies for drug delivery: A review. Drug Dev. Ind. Pharm. 2015, 42, 1019-1031.
[CrossRef] [PubMed]

Yang, J.; Liu, X.; Fu, Y.; Song, Y. Recent advances of microneedles for biomedical applications: Drug delivery and beyond. Acta
Pharm. Sin. B 2019, 9, 469-483. [CrossRef]

Donnelly, R.F; Singh TR, R.; Morrow, D.I.; Woolfson, A.D. Microneedle-Mediated Transdermal and Intradermal Drug Delivery; John
Wiley and Sons: Hoboken, NJ, USA, 2012.

Desai, S.; Lovell, M. Multiphysics Modeling of a Piezoelectric Bimorph Disc in a Direct Write Fabrication Process. In Proceedings
of the ASME 2005 International Mechanical Engineering Congress and Exposition, Orlando, FL, USA, 5-11 November 2005;
Volume 100, pp. 437—442. [CrossRef]

Adarkwa, E.; Desai, S. Scalable Droplet Based Manufacturing Using In-Flight Laser Evaporation. J. Nanoeng. Nanomanufacturing
2016, 6, 87-92. [CrossRef]

Desai, S.; Lovell, M. Modeling fluid-structure interaction in a direct write manufacturing process. J. Mater. Process. Technol. 2012,
212, 2031-2040. [CrossRef]

Cordeiro, J.; Desai, S. Process Parameter Studies of Molecular Dynamics Models to Control Substrate Wettability. In Proceedings
of the International Manufacturing Science and Engineering Conference, Guangzhou, China, 28-29 November 2015. [CrossRef]
Desai, S.; Lovell, M. CFD Analysis of a Continuous Inkjet Print Head for Direct Write Fabrication. In Proceedings of the ASME
2007 International Mechanical Engineering Congress and Exposition, Seattle, WC, USA, 11-15 November 2007; Volume 13,
pp. 209-213. [CrossRef]

Cordeiro, J.; Desai, S. Exploring Nano Scale Design Space with Molecular Dynamics Simulations. In Proceedings of the 2015
Industrial and Systems Engineering Research Conference, Nashville, TN, USA, 30 May-2 June 2015; p. 856. Available online:
https:/ /www.proquest.com/openview /15b4103286e4d16481a08298800d3854 / 1?pq-origsite=gscholar&cbl=51908 (accessed on
12 October 2022).

Desai, S. Methods and Apparatus for Manufacturing Micro-and/or Nano-Scale Features. U.S. Patent Application 13/959,849,
28 November 2013.

Desai, S.; Lovell, M. Coupled field analysis of a piezoelectric bimorph disc within a CIJ microfabrication process. In Proceedings
of the 2006 IIE Annual Conference and Exhibition, Orlando, FL, USA, 20-24 May 2006.

Erdem, O.; Es, L; Akceoglu, G.A,; Saylan, Y.; Inci, F. Recent Advances in Microneedle-Based Sensors for Sampling, Diagnosis and
Monitoring of Chronic Diseases. Biosensors 2021, 11, 296. [CrossRef] [PubMed]

Sharma, S.; Hatware, K.; Bhadane, P.; Sindhikar, S.; Mishra, D.K. Recent advances in microneedle composites for biomedical
applications: Advanced drug delivery technologies. Mater. Sci. Eng. C 2019, 103, 109717. [CrossRef]

Ali, R;; Mehta, P.; Arshad, M.; Kucuk, I.; Chang, M.W.; Ahmad, Z. Transdermal Microneedles—A Materials Perspective. AAPS
PharmSciTech 2020, 21, 1-14. [CrossRef]

Bronaugh, R.L.; Maibach, H.I. (Eds.) Percutaneous Absorption: Drugs, Cosmetics, Mechanisms, Methods; CRC Press: Boca Raton, FL, USA, 2021.
Prausnitz, M.R. Microneedles for transdermal drug delivery. Adv. Drug Deliv. Rev. 2004, 56, 581-587. [CrossRef] [PubMed]
Escobar-Chavez, J.J.; Bonilla-Martinez, D.; Villegas-Gonzélez, M.A.; Molina-Trinidad, E.; Casas-Alancaster, N.; Revilla-Vazquez,
A.L. Microneedles: A Valuable Physical Enhancer to Increase Transdermal Drug Delivery. J. Clin. Pharmacol. 2011, 51, 964-977.
[CrossRef]

Dabbagh, S.R.; Sarabi, M.R.; Rahbarghazi, R.; Sokullu, E.; Yetisen, A.K; Tasoglu, S. 3D-printed microneedles in biomedical
applications. iScience 2021, 24, 102012. [CrossRef]

Avcil, M;; Celik, A. Microneedles in Drug Delivery: Progress and Challenges. Micromachines 2021, 12, 1321. [CrossRef] [PubMed]
Walsh, L. Microneedling: A versatile and popular treatment option. J. Aesthetic Nurs. 2019, 8, 280-284. [CrossRef]

Gerstel, M.S.; Place, V.A. Drug Delivery Device. U.S. Patent US3964482A, 22 June 1976.

Henry, S.; McAllister, D.V.; Allen, M.G.; Prausnitz, M.R. Microfabricated Microneedles: A Novel Approach to Transdermal Drug
Delivery. |. Pharm. Sci. 1998, 87, 922-925. [CrossRef] [PubMed]

Kim, Y.C; Park, ]. H.; Prausnitz, M.R. Microneedles for drug and vaccine delivery. Adv. Drug Deliv. Rev. 2012, 64, 1547-1568.
[CrossRef] [PubMed]

Aldawood, FK.; Andar, A.; Desai, S. A Comprehensive Review of Microneedles: Types, Materials, Processes, Characterizations
and Applications. Polymers 2021, 13, 2815. [CrossRef]

Verbaan, EJ.; Bal, S.M.; Van den Berg, D.J.; Groenink, WH.H.; Verpoorten, H.; Liittge, R.; Bouwstra, ].A. Assembled microneedle
arrays enhance the transport of compounds varying over a large range of molecular weight across human dermatomed skin.
J. Control. Release 2007, 117, 238-245. [CrossRef]

Ovsianikov, A.; Chichkov, B.; Mente, P.; Monteiro-Riviere, N.A.; Doraiswamy, A.; Narayan, R.J. Two Photon Polymerization of
Polymer—Ceramic Hybrid Materials for Transdermal Drug Delivery. Int. J. Appl. Ceram. Technol. 2007, 4, 22-29. [CrossRef]
Wang, J.; Lu, J.; Ly, S.Y,; Vuki, M.; Tian, B.; Adeniyi, W.K.; Armendariz, R.A. Lab-on-a-Cable for electrochemical monitoring of
phenolic contaminants. Anal. Chem. 2000, 72, 2659-2663. [CrossRef]


http://doi.org/10.1039/C8LC00098K
http://doi.org/10.1038/s41378-019-0088-8
http://doi.org/10.3109/03639045.2015.1120743
http://www.ncbi.nlm.nih.gov/pubmed/26625986
http://doi.org/10.1016/j.apsb.2019.03.007
http://doi.org/10.1115/IMECE2005-82214
http://doi.org/10.1166/jnan.2016.1265
http://doi.org/10.1016/j.jmatprotec.2012.05.006
http://doi.org/10.1115/MSEC2015-9282
http://doi.org/10.1115/IMECE2007-43692
https://www.proquest.com/openview/15b4103286e4d16481a08298800d3854/1?pq-origsite=gscholar&cbl=51908
http://doi.org/10.3390/bios11090296
http://www.ncbi.nlm.nih.gov/pubmed/34562886
http://doi.org/10.1016/j.msec.2019.05.002
http://doi.org/10.1208/s12249-019-1560-3
http://doi.org/10.1016/j.addr.2003.10.023
http://www.ncbi.nlm.nih.gov/pubmed/15019747
http://doi.org/10.1177/0091270010378859
http://doi.org/10.1016/j.isci.2020.102012
http://doi.org/10.3390/mi12111321
http://www.ncbi.nlm.nih.gov/pubmed/34832733
http://doi.org/10.12968/joan.2019.8.6.280
http://doi.org/10.1021/js980042+
http://www.ncbi.nlm.nih.gov/pubmed/9687334
http://doi.org/10.1016/j.addr.2012.04.005
http://www.ncbi.nlm.nih.gov/pubmed/22575858
http://doi.org/10.3390/polym13162815
http://doi.org/10.1016/j.jconrel.2006.11.009
http://doi.org/10.1111/j.1744-7402.2007.02115.x
http://doi.org/10.1021/ac991054y

Pharmaceutics 2022, 14, 2693 25 of 30

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.
66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Park, J.H.; Allen, M.G.; Prausnitz, M.R. Biodegradable polymer microneedles: Fabrication, mechanics and transdermal drug
delivery. J. Control. Release 2005, 104, 51-66. [CrossRef]

Ren, L; Jiang, Q.; Chen, Z.; Chen, K;; Xu, S.; Gao, J.; Jiang, L. Flexible microneedle array electrode using magnetorheological
drawing lithography for bio-signal monitoring. Sens. Actuators A Phys. 2017, 268, 38-45. [CrossRef]

Lee, K.; Lee, H.C.; Lee, D.S,; Jung, H. Drawing Lithography: Three-Dimensional Fabrication of an Ultrahigh-Aspect-Ratio
Microneedle. Adv. Mater. 2010, 22, 483-486. [CrossRef]

Li, J.; Liu, B.; Zhou, Y.; Chen, Z; Jiang, L.; Yuan, W.; Liang, L. Fabrication of a Ti porous microneedle array by metal injection
molding for transdermal drug delivery. PLoS ONE 2017, 12, e0172043. [CrossRef] [PubMed]

Al-Muriesh, M.; Huang, C.Z.; Ye, Z.; Yang, ]J. Dermoscopy and VISIA imager evaluations of non-insulated microneedle ra-
diofrequency versus fractional CO2 laser treatments of striae distensae. J. Eur. Acad. Dermatol. Venereol. 2020, 34, 1859-1866.
[CrossRef]

Tu, K.T.; Chung, C.K. Rapid prototyping of biodegradable microneedle arrays by integrating CO, laser processing and polymer
molding. J. Micromechanics Microengineering 2016, 26, 065015. [CrossRef]

Johnson, A.R.; Procopio, A.T. Low cost additive manufacturing of microneedle masters. 3D Print. Med. 2019, 5, 2. [CrossRef]
Waghule, T.; Singhvi, G.; Dubey, S.K.; Pandey, M.M.; Gupta, G.; Singh, M.; Dua, K. Microneedles: A smart approach and
increasing potential for transdermal drug delivery system. Biomed. Pharmacother. 2019, 109, 1249-1258. [CrossRef]

Hashmi, S.; Hashmi, G.; Gaugler, R. Genetic Transformation of an Entomopathogenic Nematode by Microinjection. J. Invertebr.
Pathol. 1995, 66, 293-296. [CrossRef]

Prausnitz, M.R.; Mikszta, J.A.; Raeder-Devens, ]. Microneedles. In Percutaneous Penetration Enhancers; CRC Press: Boca Raton, FL,
USA, 2005; pp. 253-270.

Cheung, K.; Das, D.B. Microneedles for drug delivery: Trends and progress. Drug Deliv. 2014, 23, 2338-2354. [CrossRef] [PubMed]
Sabri, A.H.; Ogilvie, J.; Abdulhamid, K.; Shpadaruk, V.; McKenna, J.; Segal, ].; Scurr, D.J.; Marlow, M. Expanding the applications
of microneedles in dermatology. Eur. . Pharm. Biopharm. 2019, 140, 121-140. [CrossRef]

Tariq, N.; Ashraf, M.W.; Tayyaba, S. A Review on Solid Microneedles for Biomedical Applications. J. Pharm. Innov. 2021, 1-20.
[CrossRef]

Mishra, P.; Gautam, V.; Sharma, R.K,; Tiwari, A.; Sawarkar, A. Microneedle: A useful tool for drug delivery system. J. Pharm.
Phytochem. 2020, 9, 340-345.

Suh, H.; Shin, J.; Kim, Y.-C. Microneedle patches for vaccine delivery. Clin. Exp. Vaccine Res. 2013, 3, 42-49. [CrossRef] [PubMed]
Mabhato, R. Chapter 13—Microneedles in Drug Delivery. In Emerging Nanotechnologies for Diagnostics, Drug Delivery and Medical
Devices; Elsevier: Amsterdam, The Netherlands, 2017; pp. 331-353.

Mishra, R.; Maiti, T.K.; Bhattacharyya, T.K. Design and scalable fabrication of hollow SU-8 microneedles for transdermal drug
delivery. IEEE Sens. ]. 2018, 18, 5635-5644. [CrossRef]

van der Maaden, K.; Jiskoot, W.; Bouwstra, J. Microneedle technologies for (trans)dermal drug and vaccine delivery. J. Control.
Release 2012, 161, 645-655. [CrossRef]

Zhang, P; Jullien, G.A. Microneedle arrays for drug delivery and fluid extraction. In Proceedings of the 2005 International
Conference on MEMS, NANO and Smart Systems, ICMENS 2005, Banff, AB, Canada, 24-27 July 2005; pp. 392-395. [CrossRef]
Zhang, P; Dalton, C.; Jullien, G.A. Design and fabrication of MEMS-based microneedle arrays for medical applications. Microsyst.
Technol. 2009, 15, 1073-1082. [CrossRef]

Ingrole, R.S.J; Gill, H.S. Microneedle Coating Methods: A Review with a Perspective. J. Pharmacol. Exp. Ther. 2019, 370, 555-569.
[CrossRef]

Duong, H.T.T.; Yin, Y,; Thambi, T.; Nguyen, T.L.; Phan, VH.G.; Lee, M.S; Lee, ].E.; Kim, J.; Jeong, ].H.; Lee, D.S. Smart vaccine
delivery based on microneedle arrays decorated with ultra-pH-responsive copolymers for cancer immunotherapy. Biomaterials
2018, 185, 13-24. [CrossRef] [PubMed]

Nagarkar, R.; Singh, M.; Nguyen, H.X.; Jonnalagadda, S. A review of recent advances in microneedle technology for transdermal
drug delivery. . Drug. Deliv. Sci. Technol. 2020, 59, 101923. [CrossRef]

Tomono, T. A new way to control the internal structure of microneedles: A case of chitosan lactate. Mater. Today Chem. 2019, 13,
79-87. [CrossRef]

Ita, K. Transdermal Delivery of Drugs with Microneedles—Potential and Challenges. Pharmaceutics 2015, 7, 90-105. [CrossRef]
[PubMed]

Donnelly, R.E; Singh, TR.R.; Garland, M.].; Migalska, K.; Majithiya, R.; McCrudden, C.M.; Kole, P.L.; Mahmood, T.M.T.; McCarthy,
H.O.; Woolfson, A.D. Hydrogel-Forming Microneedle Arrays for Enhanced Transdermal Drug Delivery. Adv. Funct. Mater. 2012,
22,4879-4890. [CrossRef] [PubMed]

Hong, X.; Wu, Z,; Chen, L.; Wu, F,; Wei, L.; Yuan, W. Hydrogel Microneedle Arrays for Transdermal Drug Delivery. Nano-Micro
Lett. 2014, 6, 191-199. [CrossRef]

Migdadi, E.M.; Courtenay, A.J.; Tekko, I.A.; McCrudden, M.T.C.; Kearney, M.-C.; McAlister, E.; McCarthy, H.O.; Donnelly, R.E.
Hydrogel-forming microneedles enhance transdermal delivery of metformin hydrochloride. . Control. Release 2018, 285, 142-151.
[CrossRef]

Martinez, PR.; Basit, A.W.; Gaisford, S. The history, developments and opportunities of stereolithography. AAPS Adv. Pharm. Sci.
Ser. 2018, 31, 55-79. [CrossRef]


http://doi.org/10.1016/j.jconrel.2005.02.002
http://doi.org/10.1016/j.sna.2017.10.042
http://doi.org/10.1002/adma.200902418
http://doi.org/10.1371/journal.pone.0172043
http://www.ncbi.nlm.nih.gov/pubmed/28187179
http://doi.org/10.1111/jdv.16266
http://doi.org/10.1088/0960-1317/26/6/065015
http://doi.org/10.1186/s41205-019-0039-x
http://doi.org/10.1016/j.biopha.2018.10.078
http://doi.org/10.1006/jipa.1995.1103
http://doi.org/10.3109/10717544.2014.986309
http://www.ncbi.nlm.nih.gov/pubmed/25533874
http://doi.org/10.1016/j.ejpb.2019.05.001
http://doi.org/10.1007/s12247-021-09586-x
http://doi.org/10.7774/cevr.2014.3.1.42
http://www.ncbi.nlm.nih.gov/pubmed/24427762
http://doi.org/10.1109/JSEN.2018.2840335
http://doi.org/10.1016/j.jconrel.2012.01.042
http://doi.org/10.1109/ICMENS.2005.71
http://doi.org/10.1007/s00542-009-0883-5
http://doi.org/10.1124/jpet.119.258707
http://doi.org/10.1016/j.biomaterials.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30216806
http://doi.org/10.1016/j.jddst.2020.101923
http://doi.org/10.1016/j.mtchem.2019.04.009
http://doi.org/10.3390/pharmaceutics7030090
http://www.ncbi.nlm.nih.gov/pubmed/26131647
http://doi.org/10.1002/adfm.201200864
http://www.ncbi.nlm.nih.gov/pubmed/23606824
http://doi.org/10.1007/BF03353783
http://doi.org/10.1016/j.jconrel.2018.07.009
http://doi.org/10.1007/978-3-319-90755-0_4/COVER

Pharmaceutics 2022, 14, 2693 26 of 30

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.
94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Bartolo, PJ.; Gibson, I. History of Stereolithographic Processes. Stereolithography 2011, 37-56. [CrossRef]

Huang, J.; Qin, Q.; Wang, ]. A review of stereolithography: Processes and systems. Processes 2020, 8, 1138. [CrossRef]

Shusteff, M. Volumetric Additive Manufacturing of Polymer Structures by Holographically Projected Light Fields. Ph.D. Thesis,
Massachusetts Institute of Technology, Cambridge, MA, USA, 2017.

Kermer, C.; Rasse, M.; Lagogiannis, G.; Undt, G.; Wagner, A.; Millesi, W. Colour stereolithography for planning complex
maxillofacial tumour surgery. J. Cranio-Maxillofac. Surg. 1998, 26, 360-362. [CrossRef]

Gong, H.; Rafi, K.; Gu, H,; Starr, T.; Stucker, B. Analysis of defect generation in Ti-6A1-4V parts made using powder bed fusion
additive manufacturing processes. Addit. Manuf. 2014, 1-4, 87-98. [CrossRef]

Grasso, M.; Colosimo, B.M. Process defects and in situ monitoring methods in metal powder bed fusion: A review. Meas. Sci.
Technol. 2017, 28, 044005. [CrossRef]

Zhang, J.; Hu, Q.; Wang, S.; Tao, J.; Gou, M. Digital Light Processing Based Three-dimensional Printing for Medical Applications.
Int. J. Bioprint. 2020, 6, 12-27. [CrossRef]

Parupelli, S.K.; Desai, S. A Comprehensive Review of Additive Manufacturing (3D Printing): Processes, Applications and Future
Potential. Am. J. Appl. Sci. 2019, 16, 244-272. [CrossRef]

Tumbleston, J.R.; Shirvanyants, D.; Ermoshkin, N.; Janusziewicz, R.; Johnson, A.R.; Kelly, D.; Chen, K.; Pinschmidt, R,;
Rolland, J.P.; Ermoshkin, A.; et al. Continuous liquid interface production of 3D objects. Science 2015, 347, 1349-1352. [CrossRef]
Vladi¢, G.; Banjanin, B.; Kasikovi¢, N.; Pavlovig, 7. Vat photopolymerization. Polym. 3D Print. 2022, 65-74. [CrossRef]

He, H,; Yang, Y.; Pan, Y. Machine learning for continuous liquid interface production: Printing speed modelling. ]. Manuf. Syst.
2019, 50, 236-246. [CrossRef]

Ostendorf, A.; Chichkov, B.; Hannover, L. Two-photon polymerization: A new approach to micromachining. Photonics Spectra
2006, 40, 72.

Hu, Q.; Rance, G.A,; Trindade, G.F; Pervan, D.; Jiang, L.; Foerster, A.; Turyanska, L.; Tuck, C.; Irvine, D.J.; Hague, R; et al. The
influence of printing parameters on multi-material two-photon polymerisation based micro additive manufacturing. Addit.
Manuf. 2022, 51, 102575. [CrossRef]

Saha, S.K.; Wang, D.; Nguyen, V.H.; Chang, Y.; Oakdale, ].S.; Chen, S.C. Scalable submicrometer additive manufacturing. Science
2019, 366, 105-109. [CrossRef] [PubMed]

Zhang, S.; Li, S.; Wan, X,; Ma, J.; Li, N.; Li, J.; Yin, Q. Ultrafast, high-resolution and large-size three-dimensional structure
manufacturing through high-efficiency two-photon polymerization initiators. Addit. Manuf. 2021, 47, 102358. [CrossRef]
LaFratta, C.N.; Baldacchini, T. Two-Photon Polymerization Metrology: Characterization Methods of Mechanisms and Microstruc-
tures. Micromachines 2017, 8, 101. [CrossRef]

Gittard, S.D.; Ovsianikov, A.; Chichkov, B.N.; Doraiswamy, A.; Narayan, R.]. Two-photon polymerization of microneedles for
transdermal drug delivery. Expert Opin. Drug Deliv. 2010, 7, 513-533. [CrossRef]

Raimondi, M.T.; Eaton, S.M.; Nava, M.M.; Lagana, M.; Cerullo, G.; Osellame, R. Two-Photon Laser Polymerization: From
Fundamentals to Biomedical Application in Tissue Engineering and Regenerative Medicine. |. Appl. Biomater. Funct. Mater. 2012,
10, 56—66. [CrossRef]

Song, J.; Michas, C.; Chen, C.S.; White, A.E.; Grinstaff, M.W. From Simple to Architecturally Complex Hydrogel Scaffolds for
Cell and Tissue Engineering Applications: Opportunities Presented by Two-Photon Polymerization. Adv. Healthc. Mater. 2020, 9,
€1901217. [CrossRef]

Munir, K.S; Li, Y.; Wen, C. Metallic scaffolds manufactured by selective laser melting for biomedical applications. Met. Foam.
Bone Process. Modif. Charact. Prop. 2017, 1-23. [CrossRef]

Gebisa, AW.; Lemu, H.G. Investigating Effects of Fused-Deposition Modeling (FDM) Processing Parameters on Flexural
Properties of ULTEM 9085 using Designed Experiment. Materials 2018, 11, 500. [CrossRef]

Paz, V.F; Emons, M.; Obata, K.; Ovsianikov, A.; Peterhdnsel, S.; Frenner, K.; Reinhardt, C.; Chichkov, B.; Morgner, U.; Osten, W.
Development of functional sub-100 nm structures with 3D two-photon polymerization technique and optical methods for
characterization. . Laser Appl. 2012, 24, 042004. [CrossRef]

Cordeiro, A.S.; Tekko, L.A.; Jomaa, M.H.; Vora, L.; McAlister, E.; Volpe-Zanutto, F.; Nethery, M.; Baine, P.T.; Mitchell, N;
McNeill, D.W.; et al. Two-Photon Polymerisation 3D Printing of Microneedle Array Templates with Versatile Designs: Application
in the Development of Polymeric Drug Delivery Systems. Pharm. Res. 2020, 37, 1-15. [CrossRef] [PubMed]

Aksit, A.; Arteaga, D.N.; Arriaga, M.; Wang, X.; Watanabe, H.; Kasza, K.E.; Lalwani, A K,; Kysar, ].W. In-vitro perforation of the
round window membrane via direct 3-D printed microneedles. Biomed. Microdevices 2018, 20, 1-12. [CrossRef] [PubMed]

Szeto, B.; Aksit, A.; Valentini, C.; Yu, M.; Werth, E.G.; Goeta, S.; Tang, C.; Brown, L.M.; Olson, E.S.; Kysar, ] W.; et al. Novel
3D-printed hollow microneedles facilitate safe, reliable, and informative sampling of perilymph from guinea pigs. Hear. Res.
2021, 400, 108141. [CrossRef]

Moussi, K.; Aldajani, M.; Kosel, ]. Miniaturized drug delivery system for biomedical applications. In Proceedings of the 14th
Annual IEEE International Conference on Nano/Micro Engineered and Molecular Systems, NEMS 2019, Bangkok, Thailand,
11-14 April 2019; pp. 97-100. [CrossRef]

Rad, Z.E; Prewett, P.D.; Davies, G.J. High-resolution two-photon polymerization: The most versatile technique for the fabrication
of microneedle arrays. Microsyst. Nanoeng. 2021, 7, 71. [CrossRef]


http://doi.org/10.1007/978-0-387-92904-0_2
http://doi.org/10.3390/pr8091138
http://doi.org/10.1016/S1010-5182(98)80068-1
http://doi.org/10.1016/j.addma.2014.08.002
http://doi.org/10.1088/1361-6501/aa5c4f
http://doi.org/10.18063/ijb.v6i1.242
http://doi.org/10.3844/ajassp.2019.244.272
http://doi.org/10.1126/science.aaa2397
http://doi.org/10.1016/B978-0-12-818311-3.00018-5
http://doi.org/10.1016/j.jmsy.2019.01.004
http://doi.org/10.1016/j.addma.2021.102575
http://doi.org/10.1126/science.aax8760
http://www.ncbi.nlm.nih.gov/pubmed/31604310
http://doi.org/10.1016/j.addma.2021.102358
http://doi.org/10.3390/mi8040101
http://doi.org/10.1517/17425241003628171
http://doi.org/10.5301/JABFM.2012.9278
http://doi.org/10.1002/adhm.201901217
http://doi.org/10.1016/B978-0-08-101289-5.00001-9
http://doi.org/10.3390/ma11040500
http://doi.org/10.2351/1.4712151
http://doi.org/10.1007/s11095-020-02887-9
http://www.ncbi.nlm.nih.gov/pubmed/32856172
http://doi.org/10.1007/s10544-018-0287-3
http://www.ncbi.nlm.nih.gov/pubmed/29884927
http://doi.org/10.1016/j.heares.2020.108141
http://doi.org/10.1109/NEMS.2019.8915621
http://doi.org/10.1038/s41378-021-00298-3

Pharmaceutics 2022, 14, 2693 27 of 30

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Amer, R.I; Elosaily, G.; Bakr, R.O.; El Dine, R.S.; Fayez, A. Characterization and Pharmacological Evaluation of Anti-Cellulite
Herbal Product(s) Encapsulated in 3D-Fabricated Polymeric Microneedles. Sci. Rep. 2020, 10, 6316. [CrossRef]

Kundu, A.; Ausaf, T.; Rajaraman, S. 3D Printing, Ink Casting and Micromachined Lamination (3D PICLuM): A Makerspace
Approach to the Fabrication of Biological Microdevices. Micromachines 2018, 9, 85. [CrossRef]

Yeung, C.; Chen, S.; King, B.; Lin, H.; King, K.; Akhtar, F; Diaz, G.; Wang, B.; Zhu, J.; Sun, W,; et al. A 3D-printed microfluidic-
enabled hollow microneedle architecture for transdermal drug delivery. Biomicrofluidics 2019, 13, 064125. [CrossRef] [PubMed]
Xenikakis, I.; Tzimtzimis, M.; Tsongas, K.; Andreadis, D.; Demiri, E.; Tzetzis, D.; Fatouros, D.G. Fabrication and finite element
analysis of stereolithographic 3D printed microneedles for transdermal delivery of model dyes across human skin in vitro. Eur. J.
Pharm. Sci. 2019, 137, 104976. [CrossRef]

Detamornrat, U.; McAlister, E.; Hutton, A.RJ.; Larrafeta, E.; Donnelly, R.E. The Role of 3D Printing Technology in Microengineer-
ing of Microneedles. Small 2022, 18, 2106392. [CrossRef]

Sirbubalo, M.; Tucak, A.; Muhamedagic, K.; Hindija, L.; Rahi¢, O.; HadZiabdi¢, J.; Cekic, A.; Begic-Hajdarevic, D.; Husic, M.C,;
Dervisevi¢, A.; et al. 3D Printing—A “Touch-Button” Approach to Manufacture Microneedles for Transdermal Drug Delivery.
Pharmaceutics 2021, 13, 924. [CrossRef] [PubMed]

Economidou, S.N.; Douroumis, D. 3D printing as a transformative tool for microneedle systems: Recent advances, manufacturing
considerations and market potential. Adv. Drug Deliv. Rev. 2021, 173, 60-69. [CrossRef] [PubMed]

Antonara, L.; Dallas, P.P.; Rekkas, D.M. A novel 3D printing enabled method for fast and reliable construction of polymeric
microneedles using experimental design. J. Drug Deliv. Sci. Technol. 2021, 68, 102888. [CrossRef]

Johnson, A.R.; Caudill, C.L.; Tumbleston, J.R.; Bloomquist, C.J.; Moga, K.A.; Ermoshkin, A.; Shirvanyants, D.; Mecham, S.J.;
Luft, ].C.; DeSimone, J.M. Single-Step Fabrication of Computationally Designed Microneedles by Continuous Liquid Interface
Production. PLoS ONE 2016, 11, €0162518. [CrossRef] [PubMed]

Fang, J.-H.; Liu, C.-H.; Hsu, R.-S,; Chen, Y.-Y.; Chiang, W.-H.; Wang, H.-M.D.; Hu, S.-H. Transdermal Composite Microneedle
Composed of Mesoporous Iron Oxide Nanoraspberry and PVA for Androgenetic Alopecia Treatment. Polymers 2020, 12, 1392.
[CrossRef] [PubMed]

Yao, W.; Li, D.; Zhao, Y.; Zhan, Z; Jin, G.; Liang, H.; Yang, R. 3D Printed Multi-Functional Hydrogel Microneedles Based on
High-Precision Digital Light Processing. Micromachines 2019, 11, 17. [CrossRef]

Shin, D.; Hyun, J. Silk fibroin microneedles fabricated by digital light processing 3D printing. |. Ind. Eng. Chem. 2021, 95, 126-133.
[CrossRef]

Mathew, E.; Pitzanti, G.; dos Santos, A.L.G.; Lamprou, D.A. Optimization of Printing Parameters for Digital Light Processing 3D
Printing of Hollow Microneedle Arrays. Pharmaceutics 2021, 13, 1837. [CrossRef]

Yadav, V.; Sharma, PX.; Murty, U.S.; Mohan, N.H.; Thomas, R.; Dwivedy, S.K.; Banerjee, S. 3D printed hollow microneedles array
using stereolithography for efficient transdermal delivery of rifampicin. Int. |. Pharm. 2021, 605, 120815. [CrossRef]
Economidou, S.N.; Pere, C.P.P; Reid, A.; Uddin, J.; Windmill, J.E; Lamprou, D.A.; Douroumis, D. 3D printed microneedle patches
using stereolithography (SLA) for intradermal insulin delivery. Mater. Sci. Eng. C 2019, 102, 743-755. [CrossRef]

Uddin, J.; Scoutaris, N.; Economidou, S.N.; Giraud, C.; Chowdhry, B.Z.; Donnelly, R.F.; Douroumis, D. 3D printed microneedles
for anticancer therapy of skin tumours. Mater. Sci. Eng. C 2019, 107, 110248. [CrossRef] [PubMed]

El-Sayed, N.; Vaut, L.; Schneider, M. Customized fast-separable microneedles prepared with the aid of 3D printing for nanoparticle
delivery. Eur. ]. Pharm. Biopharm. 2020, 154, 166-174. [CrossRef] [PubMed]

Xenikakis, I.; Tsongas, K.; Tzimtzimis, E.K.; Tzetzis, D.; Fatouros, D. Additive manufacturing of hollow microneedles for insulin
delivery. Int. J. Mod. Manuf. Technol. 2021, 13, 185-190. [CrossRef]

Wu, M,; Zhang, Y,; Huang, H.; Li, J.; Liu, H.; Guo, Z.; Xue, L.; Liu, S.; Lei, Y. Assisted 3D printing of microneedle patches for
minimally invasive glucose control in diabetes. Mater. Sci. Eng. C 2020, 117, 111299. [CrossRef] [PubMed]

Perkins, J.L.; Harrison, B.; Desai, S.; Sankar, J. Understanding Release Kinetics of Calcium Alginate Microcapsules Using Drop on
Demand Inkjet Printing. In Proceedings of the ASME International Mechanical Engineering Congress and Exposition, Vancouver,
BC, Canada, 12-18 November 2010; Volume 14, pp. 77-82. [CrossRef]

Desai, S.; Moore, A.; Harrison, B.; Sankar, J. Understanding Microdroplet Formations for Biomedical Applications. In Proceedings
of the ASME International Mechanical Engineering Congress and Exposition, Lake Buena Vista, FL, USA, 13-19 November 2009;
Volume 15, pp. 119-123. [CrossRef]

Desai, S.; Perkins, J.; Harrison, B.S.; Sankar, ]. Understanding release kinetics of biopolymer drug delivery microcapsules for
biomedical applications. Mater. Sci. Eng. B 2010, 168, 127-131. [CrossRef]

Desai, S.; Sankar, J.; Moore, A.; Harrison, B. Biomanufacturing of microcapsules for drug delivery and tissue engineering
applications. In IIE Annual Conference. Proceedings; Institute of Industrial and Systems Engineers (IISE): Vancouver, BC, Canada,
2008; p. 507.

Aljohani, A.; Desai, S.; Parupelli, S. Direct jet printing and characterization of calcium alginate microcapsules for biomedical
applications. In Proceedings of the Industrial Engineers Research Conference, Orlando, FL, USA, 18-21 May 2019; Volume 2,
pp. 1359-1364.

Gratieri, T.; Alberti, I.; Lapteva, M.; Kalia, Y.N. Next generation intra- and transdermal therapeutic systems: Using non- and
minimally-invasive technologies to increase drug delivery into and across the skin. Eur. J. Pharm. Sci. 2013, 50, 609-622. [CrossRef]


http://doi.org/10.1038/s41598-020-63271-6
http://doi.org/10.3390/mi9020085
http://doi.org/10.1063/1.5127778
http://www.ncbi.nlm.nih.gov/pubmed/31832123
http://doi.org/10.1016/j.ejps.2019.104976
http://doi.org/10.1002/smll.202106392
http://doi.org/10.3390/pharmaceutics13070924
http://www.ncbi.nlm.nih.gov/pubmed/34206285
http://doi.org/10.1016/j.addr.2021.03.007
http://www.ncbi.nlm.nih.gov/pubmed/33775705
http://doi.org/10.1016/j.jddst.2021.102888
http://doi.org/10.1371/journal.pone.0162518
http://www.ncbi.nlm.nih.gov/pubmed/27607247
http://doi.org/10.3390/polym12061392
http://www.ncbi.nlm.nih.gov/pubmed/32580298
http://doi.org/10.3390/mi11010017
http://doi.org/10.1016/j.jiec.2020.12.011
http://doi.org/10.3390/pharmaceutics13111837
http://doi.org/10.1016/j.ijpharm.2021.120815
http://doi.org/10.1016/j.msec.2019.04.063
http://doi.org/10.1016/j.msec.2019.110248
http://www.ncbi.nlm.nih.gov/pubmed/31761175
http://doi.org/10.1016/j.ejpb.2020.07.005
http://www.ncbi.nlm.nih.gov/pubmed/32659323
http://doi.org/10.54684/ijmmt.2021.13.3.185
http://doi.org/10.1016/j.msec.2020.111299
http://www.ncbi.nlm.nih.gov/pubmed/32919660
http://doi.org/10.1115/IMECE2009-12819
http://doi.org/10.1115/IMECE2008-69223
http://doi.org/10.1016/j.mseb.2009.11.006
http://doi.org/10.1016/j.ejps.2013.03.019

Pharmaceutics 2022, 14, 2693 28 of 30

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

Caudill, C.; Perry, J.L.; Iliadis, K.; Tessema, A.T.; Lee, B.].; Mecham, B.S,; Tian, S.; DeSimone, ].M. Transdermal vaccination via
3D-printed microneedles induces potent humoral and cellular immunity. Proc. Natl. Acad. Sci. USA 2021, 118, e2102595118.
[CrossRef]

Li, X.; Shan, W,; Yang, Y.; Joralmon, D.; Zhu, Y.; Chen, Y.; Yuan, Y.; Xu, H.; Rong, ].; Dai, R.; et al. Limpet Tooth-Inspired Painless
Microneedles Fabricated by Magnetic Field-Assisted 3D Printing. Adv. Funct. Mater. 2020, 31, 2003725. [CrossRef]

Economidou, S.N.; Uddin, J.; Marques, M.]J.; Douroumis, D.; Sow, W.T,; Li, H.; Reid, A.; Windmill, ].E,; Podoleanu, A. A novel 3D
printed hollow microneedle microelectromechanical system for controlled, personalized transdermal drug delivery. Addit. Manuf.
2020, 38, 101815. [CrossRef]

de Oliveira, R.S.; Fantaus, S.S.; Guillot, A.].; Melero, A.; Beck, R.C.R. 3D-Printed Products for Topical Skin Applications: From
Personalized Dressings to Drug Delivery. Pharmaceutics 2021, 13, 1946. [CrossRef]

Chen, Y.; Feng, X.; Meng, S. Site-specific drug delivery in the skin for the localized treatment of skin diseases. Expert Opin. Drug
Deliv. 2019, 16, 847-867. [CrossRef] [PubMed]

Lim, S.H.; Kathuria, H.; Bin Amir, M.H.; Zhang, X.; Duong, H.T.; Ho, P.C.-L.; Kang, L. High resolution photopolymer for 3D
printing of personalised microneedle for transdermal delivery of anti-wrinkle small peptide. J. Control. Release 2021, 329, 907-918.
[CrossRef] [PubMed]

Lim, S.H.; Tiew, WJ.; Zhang, J.; Ho, P.C.-L.; Kachouie, N.N.; Kang, L. Geometrical optimisation of a personalised microneedle eye
patch for transdermal delivery of anti-wrinkle small peptide. Biofabrication 2020, 12, 035003. [CrossRef] [PubMed]

Lin, S.; Cao, Y.; Chen, J; Tian, Z.; Zhu, Y. Recent advances in microneedles for tumor therapy and diagnosis. Appl. Mater. Today
2021, 23, 101036. [CrossRef]

Dong, L.; Li, Y,; Li, Z.; Xu, N,; Liu, P; Du, H.; Zhang, Y,; Huang, Y.; Zhu, J.; Ren, G.; et al. Au Nanocage-Strengthened Dissolving
Microneedles for Chemo-Photothermal Combined Therapy of Superficial Skin Tumors. ACS Appl. Mater. Interfaces 2018, 10,
9247-9256. [CrossRef] [PubMed]

Lin, S.; Lin, H.; Yang, M.; Ge, M.; Chen, Y.; Zhu, Y. A two-dimensional MXene potentiates a therapeutic microneedle patch for
photonic implantable medicine in the second NIR biowindow. Nanoscale 2020, 12, 10265-10276. [CrossRef]

Zhi, D.; Yang, T.; Zhang, T.; Yang, M.; Zhang, S.; Donnelly, R.F. Microneedles for gene and drug delivery in skin cancer therapy.
J. Control. Release 2021, 335, 158-177. [CrossRef]

Chen, W,; Li, H.; Shi, D.; Liu, Z.; Yuan, W. Microneedles As a Delivery System for Gene Therapy. Front. Pharmacol. 2016, 7, 137.
[CrossRef]

Ita, K. Dissolving microneedles for transdermal drug delivery: Advances and challenges. Biomed. Pharmacother. 2017, 93,
1116-1127. [CrossRef]

Mdanda, S.; Ubanako, P.; Kondiah, P.; Kumar, P.; Choonara, Y. Recent Advances in Microneedle Platforms for Transdermal Drug
Delivery Technologies. Polymers 2021, 13, 2405. [CrossRef]

Gittard, S.D.; Miller, PR,; Jin, C.; Martin, T.N.; Boehm, R.D.; Chisholm, B.J.; Stafslien, S.J.; Daniels, ].W.; Cilz, N.; Monteiro-Riviere, N.A.; et al.
Deposition of antimicrobial coatings on microstereolithography-fabricated microneedles. JOM 2011, 63, 59-68. [CrossRef]

Barnum, L.; Samandari, M.; Schmidt, T.A.; Tamayol, A. Microneedle arrays for the treatment of chronic wounds. Expert Opin.
Drug Deliv. 2020, 17, 1767-1780. [CrossRef] [PubMed]

Crafts, T.D.; Jensen, A.R.; Blocher-Smith, E.C.; Markel, T.A. Vascular endothelial growth factor: Therapeutic possibilities and
challenges for the treatment of ischemia. Cytokine 2015, 71, 385-393. [CrossRef] [PubMed]

Veith, A.P; Henderson, K.; Spencer, A.; Sligar, A.D.; Baker, A.B. Therapeutic strategies for enhancing angiogenesis in wound
healing. Adv. Drug Deliv. Rev. 2019, 146, 97-125. [CrossRef] [PubMed]

Sarabi, M.R.; Nakhjavani, S.A.; Tasoglu, S. 3D-Printed Microneedles for Point-of-Care Biosensing Applications. Micromachines
2022, 13, 1099. [CrossRef]

Tiangco, C.; Fon, D.; Sardesai, N.; Kostov, Y.; Sevilla, F.; Rao, G.; Tolosa, L. Fiber optic biosensor for transdermal glucose based on
the glucose binding protein. Sensors Actuators B Chem. 2017, 242, 569-576. [CrossRef]

Leng, E; Zheng, M.; Xu, C. 3D-printed microneedles with open groove channels for liquid extraction. Exploration 2021, 1, 20210109.
[CrossRef]

Pere, C.P.P; Economidou, S.N.; Lall, G.; Ziraud, C.; Boateng, ].S.; Alexander, B.D.; Lamprou, D.A.; Douroumis, D. 3D printed
microneedles for insulin skin delivery. Int. . Pharm. 2018, 544, 425-432. [CrossRef]

Kim, M.; Yang, H.; Kim, H.; Jung, H.; Jung, H. Novel cosmetic patches for wrinkle improvement: Retinyl retinoate- and ascorbic
acid-loaded dissolving microneedles. Int. J. Cosmet. Sci. 2014, 36, 207-212. [CrossRef]

Derakhshandeh, H.; Aghabaglou, F; McCarthy, A.; Mostafavi, A.; Wiseman, C.; Bonick, Z.; Ghanavati, I.; Harris, S,;
Kreikemeier-Bower, C.; Basri, S.M.M.; et al. A Wirelessly Controlled Smart Bandage with 3D-Printed Miniaturized Needle
Arrays. Adv. Funct. Mater. 2020, 30, 1905544. [CrossRef]

Zhang, X.; Fu, X,; Chen, G.; Wang, Y.; Zhao, Y. Versatile Ice Microneedles for Transdermal Delivery of Diverse Actives. Adv. Sci.
2021, 8, €2101210. [CrossRef] [PubMed]

Sandrakov, G.V.; Lyashko, S.I; Bondar, E.S.; Lyashko, N.I. Modeling and Optimization of Microneedle Systems. J. Autom. Inf. Sci.
2019, 51, 1-11. [CrossRef]

Lhernould, M.S. Optimizing hollow microneedles arrays aimed at transdermal drug delivery. Microsyst. Technol. 2013, 19, 1-8.
[CrossRef]


http://doi.org/10.1073/pnas.2102595118
http://doi.org/10.1002/adfm.202003725
http://doi.org/10.1016/j.addma.2020.101815
http://doi.org/10.3390/pharmaceutics13111946
http://doi.org/10.1080/17425247.2019.1645119
http://www.ncbi.nlm.nih.gov/pubmed/31311345
http://doi.org/10.1016/j.jconrel.2020.10.021
http://www.ncbi.nlm.nih.gov/pubmed/33068646
http://doi.org/10.1088/1758-5090/ab6d37
http://www.ncbi.nlm.nih.gov/pubmed/31952064
http://doi.org/10.1016/j.apmt.2021.101036
http://doi.org/10.1021/acsami.7b18293
http://www.ncbi.nlm.nih.gov/pubmed/29493217
http://doi.org/10.1039/D0NR01444C
http://doi.org/10.1016/j.jconrel.2021.05.009
http://doi.org/10.3389/fphar.2016.00137
http://doi.org/10.1016/j.biopha.2017.07.019
http://doi.org/10.3390/polym13152405
http://doi.org/10.1007/s11837-011-0093-3
http://doi.org/10.1080/17425247.2020.1819787
http://www.ncbi.nlm.nih.gov/pubmed/32882162
http://doi.org/10.1016/j.cyto.2014.08.005
http://www.ncbi.nlm.nih.gov/pubmed/25240960
http://doi.org/10.1016/j.addr.2018.09.010
http://www.ncbi.nlm.nih.gov/pubmed/30267742
http://doi.org/10.3390/mi13071099
http://doi.org/10.1016/j.snb.2016.11.077
http://doi.org/10.1002/EXP.20210109
http://doi.org/10.1016/j.ijpharm.2018.03.031
http://doi.org/10.1111/ics.12115
http://doi.org/10.1002/adfm.201905544
http://doi.org/10.1002/advs.202101210
http://www.ncbi.nlm.nih.gov/pubmed/34218532
http://doi.org/10.1615/JAutomatInfScien.v51.i6.10
http://doi.org/10.1007/s00542-012-1663-1

Pharmaceutics 2022, 14, 2693 29 of 30

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

van der Maaden, K.; Varypataki, E.M.; Yu, H.; Romeijn, S.; Jiskoot, W.; Bouwstra, ]J. Parameter optimization toward optimal
microneedle-based dermal vaccination. Eur. J. Pharm. Sci. 2014, 64, 18-25. [CrossRef] [PubMed]

Al-Qallaf, B.; Das, D.B. Optimizing Microneedle Arrays to Increase Skin Permeability for Transdermal Drug Delivery. Ann. N. Y.
Acad. Sci. 2009, 1161, 83-94. [CrossRef]

Makvandi, P,; Kirkby, M.; Hutton, A.R.J.; Shabani, M.; Yiu, C.K.Y.; Baghbantaraghdari, Z.; Jamaledin, R.; Carlotti, M.; Mazzolai, B.;
Mattoli, V.; et al. Engineering Microneedle Patches for Improved Penetration: Analysis, Skin Models and Factors Affecting Needle
Insertion. Nano-Micro Lett. 2021, 13, 93. [CrossRef]

Halder, J.; Gupta, S.; Kumari, R.; Das Gupta, G.; Rai, V.K. Microneedle Array: Applications, Recent Advances, and Clinical
Pertinence in Transdermal Drug Delivery. J. Pharm. Innov. 2021, 16, 558-565. [CrossRef]

Wu, Y; Qiu, Y,; Zhang, S.; Qin, G.; Gao, Y. Microneedle-based drug delivery: Studies on delivery parameters and biocompatibility.
Biomed. Microdevices 2008, 10, 601-610. [CrossRef]

Machekposhti, S.A.; Soltani, M.; Najafizadeh, P.; Ebrahimi, S.; Chen, P. Biocompatible polymer microneedle for topical /dermal
delivery of tranexamic acid. J. Control. Release 2017, 261, 87-92. [CrossRef]

Wang, Q.L.; Ren, J.W.; Chen, B.Z; Jin, X.; Zhang, C.Y.; Guo, X.D. Effect of humidity on mechanical properties of dissolving
microneedles for transdermal drug delivery. J. Ind. Eng. Chem. 2018, 59, 251-258. [CrossRef]

Liang, L.; Zhao, Z.Q.; Chen, Y; Ren, G.Y,; Li, ].Y.; Guo, X.D. Some attempts to increase the amount of drug coated onto the
microneedles. J. Drug Deliv. Sci. Technol. 2021, 67, 102986. [CrossRef]

Adbhikari, B.B.; Goodson, J.L.; Chu, S.Y.; Rota, P.A.; Meltzer, M.I. Assessing the Potential Cost-Effectiveness of Microneedle Patches
in Childhood Measles Vaccination Programs: The Case for Further Research and Development. Drugs R&D 2016, 16, 327-338.
[CrossRef]

Zhu, D.D.; Zhang, X.P; Zhang, B.L.; Hao, Y.Y.; Guo, X.D. Safety Assessment of Microneedle Technology for Transdermal Drug
Delivery: A Review. Adv. Ther. 2020, 3, 2000033. [CrossRef]

Jeong, H.R.; Lee, H.S.; Choi, L].; Park, J.H. Considerations in the use of microneedles: Pain, convenience, anxiety and safety.
J. Drug Target. 2016, 25, 29-40. [CrossRef] [PubMed]

Lee, JJW.; Choi, 5.-O.; Felner, E.I; Prausnitz, M.R. Dissolving Microneedle Patch for Transdermal Delivery of Human Growth
Hormone. Small 2011, 7, 531-539. [CrossRef] [PubMed]

Menon, I.; Bagwe, P.; Gomes, K.; Bajaj, L.; Gala, R.; Uddin, M.; D’Souza, M.; Zughaier, S. Microneedles: A New Generation
Vaccine Delivery System. Micromachines 2021, 12, 435. [CrossRef] [PubMed]

Brandon, E.; Cohen, B.S.; Nada Elbuluk, M.D. Microneedling in skin of color: A review of uses and efficacy. . Am. Acad. Dermatol.
2016, 2, 348-355.

Gowda, A.; Healey, B.; Ezaldein, H.; Merati, M. A systematic review examining the potential adverse effects of microneedling.
J. Clin. Aesthetic Dermatol. 2021, 1, 45-54.

Chu, S.; Foulad, D.P; Mesinkovska, N.A. Safety Profile for Microneedling: A Systematic Review. Dermatol. Surg. 2021, 47,
1249-1254. [CrossRef]

Geller, J. Food and Drug Administration Issues Device Classifications, Draft and Final Guidances, and New Product Approvals.
J. Clin. Eng. 2020, 1, 3—6. [CrossRef]

Turner, J.G.; White, L.R,; Estrela, P.; Leese, H.S. Hydrogel-Forming Microneedles: Current Advancements and Future Trends.
Macromol. Biosci. 2021, 21, €2000307. [CrossRef] [PubMed]

Anjani, Q.K.; Permana, A.D.; Carcamo-Martinez, A Dominguez-Robles, J.; Tekko, I.A.; Larrarieta, E.; Vora, L.K.; Ramadon, D.;
Donrelly, R.F. Versatility of hydrogel-forming microneedles in in vitro transdermal delivery of tuberculosis drugs. Eur. J. Pharm.
Biopharm. 2020, 158, 294-312. [CrossRef] [PubMed]

Al-Japairai, K.A.S.; Mahmood, S.; Almurisi, S.H.; Venugopal, ].R.; Hilles, A.R.; Azmana, M.; Raman, S. Current trends in polymer
microneedle for transdermal drug delivery. Int. J. Pharm. 2020, 587, 119673. [CrossRef] [PubMed]

Chen, W.; Wainer, J.; Ryoo, SW.; Qi, X,; Chang, R.; Li, J.; Lee, S.H.; Min, S.; Wentworth, A.; Collins, J.E.; et al. Dynamic
omnidirectional adhesive microneedle system for oral macromolecular drug delivery. Sci. Adv. 2022, 8. [CrossRef]

Rzhevskiy, A.S.; Singh, T.R.R.; Donnelly, R.F.; Anissimov, Y.G. Microneedles as the technique of drug delivery enhancement in
diverse organs and tissues. |. Control. Release 2018, 270, 184-202. [CrossRef]

Abramson, A.; Caffarel-Salvador, E.; Soares, V.; Minahan, D.; Tian, R.Y.; Lu, X.; Dellal, D.; Gao, Y.; Kim, S.; Wainer, J.; et al. A
luminal unfolding microneedle injector for oral delivery of macromolecules. Nat. Med. 2019, 25, 1512-1518. [CrossRef]

Sarabi, M.R.; Alseed, M.M.; Karagoz, A.A.; Tasoglu, S. Machine Learning-Enabled Prediction of 3D-Printed Microneedle Features.
Biosensors 2022, 12, 491. [CrossRef]

Almakaeel, H.; Albalawi, A.; Desai, S. Artificial neural network based framework for cyber nano manufacturing. Manuf. Lett.
2018, 15, 151-154. [CrossRef]

Desai, S.; Dean, C.; Desai, Y. Cyber-enabled concurrent material and process selection in a flexible design for manufacture
paradigm. Int. ]. Adv. Manuf. Technol. 2018, 97, 1719-1731. [CrossRef]

Akter, T.; Desai, S. Developing a predictive model for nanoimprint lithography using artificial neural networks. Mater. Des. 2018,
160, 836-848. [CrossRef]

Elhoone, H.; Zhang, T.; Anwar, M.; Desai, S. Cyber-based design for additive manufacturing using artificial neural networks for
Industry 4.0. Int. |. Prod. Res. 2019, 58, 2841-2861. [CrossRef]


http://doi.org/10.1016/j.ejps.2014.08.004
http://www.ncbi.nlm.nih.gov/pubmed/25151530
http://doi.org/10.1111/j.1749-6632.2009.04083.x
http://doi.org/10.1007/s40820-021-00611-9
http://doi.org/10.1007/s12247-020-09460-2
http://doi.org/10.1007/s10544-008-9171-x
http://doi.org/10.1016/j.jconrel.2017.06.016
http://doi.org/10.1016/j.jiec.2017.10.030
http://doi.org/10.1016/j.jddst.2021.102986
http://doi.org/10.1007/S40268-016-0144-X/FIGURES/6
http://doi.org/10.1002/adtp.202000033
http://doi.org/10.1080/1061186X.2016.1200589
http://www.ncbi.nlm.nih.gov/pubmed/27282644
http://doi.org/10.1002/smll.201001091
http://www.ncbi.nlm.nih.gov/pubmed/21360810
http://doi.org/10.3390/mi12040435
http://www.ncbi.nlm.nih.gov/pubmed/33919925
http://doi.org/10.1097/01.DSS.0000790428.70373.f6
http://doi.org/10.1097/JCE.0000000000000375
http://doi.org/10.1002/mabi.202000307
http://www.ncbi.nlm.nih.gov/pubmed/33241641
http://doi.org/10.1016/j.ejpb.2020.12.003
http://www.ncbi.nlm.nih.gov/pubmed/33309844
http://doi.org/10.1016/j.ijpharm.2020.119673
http://www.ncbi.nlm.nih.gov/pubmed/32739388
http://doi.org/10.1126/sciadv.abk1792
http://doi.org/10.1016/j.jconrel.2017.11.048
http://doi.org/10.1038/s41591-019-0598-9
http://doi.org/10.3390/bios12070491
http://doi.org/10.1016/j.mfglet.2017.12.013
http://doi.org/10.1007/s00170-018-2034-6
http://doi.org/10.1016/j.matdes.2018.10.005
http://doi.org/10.1080/00207543.2019.1671627

Pharmaceutics 2022, 14, 2693 30 of 30

191.

192.

193.

194.

195.

196.

Ogunsanya, M.D.S. Predictive Modeling of Additive Manufacturing Process using Deep Learning Algorithm. In Proceedings of
the Industrial Engineers Research Conference 2022, Seattle, WA, USA, 21-24 May 2022.

Castro, B.M.; Elbadawi, M.; Ong, ].].; Pollard, T.; Song, Z.; Gaisford, S.; Pérez, G.; Basit, A.W.; Cabalar, P.; Goyanes, A. Machine
learning predicts 3D printing performance of over 900 drug delivery systems. J. Control. Release 2021, 337, 530-545. [CrossRef]
[PubMed]

DHan, D.; Morde, R.S.; Mariani, S.; La Mattina, A.A.; Vignali, E.; Yang, C.; Barillaro, G.; Lee, H. 4D Printing of a Bioinspired
Microneedle Array with Backward-Facing Barbs for Enhanced Tissue Adhesion. Adv. Funct. Mater. 2020, 30, 1909197. [CrossRef]
O’Shea, ].; Prausnitz, M.; Rouphael, N. Dissolvable Microneedle Patches to Enable Increased Access to Vaccines against SARS-
CoV-2 and Future Pandemic Outbreaks. Vaccines 2021, 9, 320. [CrossRef] [PubMed]

Vaishya, R.; Javaid, M.; Khan, I.H.; Haleem, A. Artificial Intelligence (Al) applications for COVID-19 pandemic. Diabetes Metab.
Syndr. Clin. Res. Rev. 2020, 14, 337-339. [CrossRef]

Lamprou, D.A. Emerging technologies for diagnostics and drug delivery in the fight against COVID-19 and other pandemics.
Expert Rev. Med. Devices 2020, 17, 1007-1012. [CrossRef]


http://doi.org/10.1016/j.jconrel.2021.07.046
http://www.ncbi.nlm.nih.gov/pubmed/34339755
http://doi.org/10.1002/ADFM.201909197
http://doi.org/10.3390/vaccines9040320
http://www.ncbi.nlm.nih.gov/pubmed/33915696
http://doi.org/10.1016/j.dsx.2020.04.012
http://doi.org/10.1080/17434440.2020.1792287

	Introduction 
	Microneedles 
	Classification of Microneedles 
	Solid Microneedles 
	Hollow Microneedles 
	Coated Microneedles 
	Dissolving Microneedles 
	Hydrogel-Forming Microneedles 


	Additive Manufacturing Techniques 
	Stereolithography (SLA) 
	Selective Laser Sintering (SLS) 
	Digital Light Processing (DLP) 
	Fused Deposition Modeling (FDM) 
	Continuous Liquid Interface Production (CLIP) 
	Two-Photon Polymerization (2PP) 

	Additive Manufacturing Processes for Microneedle Manufacturing 
	Applications of 3D-Printed Microneedles 
	Drug and Vaccine Delivery 
	Cosmetics Applications 
	Diagnostics and Sample Extraction 
	Wound Healing 
	Biosensing Applications 
	Disease Treatment 

	Challenges of Microneedle Fabrication 
	Microneedle Design Parameters 
	Compatibility 
	Drug Loading 
	Microneedle Fabrication 
	Safety 
	Regulatory Measures 

	Food and Drug Administration (FDA) Guidelines for Microneedle Manufacturing 
	Future Prospects 
	Conclusions 
	References

