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SUMMARY

Conventional needle technologies can be advanced with emerging nano- and
micro-fabrication methods to fabricate microneedles. Nano-/micro-fabricated
microneedles seek to mitigate penetration pain and tissue damage, as well as
providing accurately controlled robust channels for administrating bioagents
and collecting body fluids. Here, design and 3D printing strategies of microneedles
are discussed with emerging applications in biomedical devices and healthcare tech-
nologies. 3D printing offers customization, cost-efficiency, a rapid turnaround time
between design iterations, and enhanced accessibility. Increasing the printing reso-
lution, the accuracy of the features, and the accessibility of low-cost raw printing
materials have empowered 3D printing to be utilized for the fabrication of micro-
needle platforms. The development of 3D-printed microneedles has enabled the
evolution of pain-free controlled release drug delivery systems, devices for extract-
ing fluids from the cutaneous tissue, biosignal acquisition, and point-of-care diag-
nostic devices in personalized medicine.

INTRODUCTION

Microneedles (MNs) are devices composed of various materials such as polymers, ceramics, and metals,
designed with the purpose of epidermal and intradermal delivery of vaccines, bioactive molecules, or rec-
reational agents and also collecting substances and bio-signals from the body (Chang et al., 2017; Ren
etal., 2017) while decreasing insertion pain and minimizing tissue damage. The first report of the term "mi-
croneedle” dates back to 1921 (Chambers, 1921), as a means of micro-dissection of echinoderm eggs. The
concept of MNs for drug delivery was reported in 1971, including both solid and hollow MNs (Gerstel and
Place, 1976). Subsequently, the first drug-coated MN was patented in 1975 (Pistor, 1975). In 1998, the first
use of MN for in vivo studies was reported (Henry et al., 1998), followed by genetic material delivery (2001)
(Bevers, 2001), vaccine delivery by MNs (2002) (Mikszta et al., 2002), MN-assisted delivery of nano-particles
(2003) (McAllister et al., 2003), dissolvable MNs (2005) (Miyano et al., 2005), hollow MNs for sample extrac-
tion (2005) (Mukerjee et al., 2004; Wang et al., 2005), cosmetic application of MNs (2005) (Fernandes, 2005),
and MNs in diagnostic applications (2005) (Bhatnagar et al., 2017).

MNs are an emerging subset of devices to exploit the physiology of skin tissue, the human body’s largest
organ with an area around 1.5-2.0 m? on an adult (Gallo, 2017). Figure 1 depicts the inner structure and
different layers of human skin. In terms of anatomical and histological structure, cutaneous tissue is a water-
proof external barrier to prevent the entrance of different biomolecules into the body, whereas this natural
structure is helpful for in situ and systemic delivery of therapeutic agents (Yang et al., 2019). Cutaneous tis-
sue consists of three layers: epidermis, dermis, and hypodermis (Figure 1B). The epidermis is the outermost
of the three layers composed of tightly packed epithelial cells with a continuous sheet. Histologically, the
epidermis is made up of two distinct layers: stratum corneum and viable epidermis. Stratum corneum,
which consists of dead keratinized epithelial cells, has a thickness of 10-40 um. The hydrophobic nature
of stratum corneum prohibits the entry of biomolecules and exogenous components. The epidermis layer
has multilayer epithelial cell sheets of 100-200 pm thickness. The dermis is a dense connective tissue that
harbors blood vessels, nerves, hair follicles, and sebaceous and sweat glands (Russell et al., 2008). The hy-
podermis (subcutaneous layer) lies beneath the dermis and is composed of loosely fatty and connective
tissues (Ni et al., 2020). Therefore, MNs with proper design and size can pierce the outermost layer of
skin and reach underneath layers to either deliver drugs and reagents or to acquire signals or samples.
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Figure 1. The main purpose of the microneedles (MNs) patch application is to deliver the active biomolecules to
the close or remote sites inside the body

(A) A cutaneous tissue consists of three layers: epidermis, dermis, and hypodermis.

(B) The outermost layer, the epidermis, is a keratinized stratified squamous epithelium with closely packed epithelial cells.
The dermis layer lies beneath the epidermis and is composed of connective tissue with vessels and nerves ending. The
innermost layer of the skin is so-called hypodermis, which is characterized by the loose connective tissue and the
existence of adipocytes.

Fabrication strategies for MNs include micromilling (wet and/or dry cutting) (Garcia-Lépez et al., 2018); wet
and dry etching (Li et al., 2019); photolithography, which can also be combined with thermal- and photo-
polymerization (Kathuria et al., 2020; Knowlton et al., 2017b); molding-based techniques (Chen et al,,
2019a); cleanroom-free molding (Nejad et al., 2018); injection molding (Li et al., 2017); laser patterning
(Donnelly et al., 2011); drawing lithography (Chen et al., 2018); and photolithography with an elastocapil-
larity-driven self-assembly mechanism (Lim et al., 2018). Many of these conventional fabrication methods
have some limitations in cost-efficiency, requiring manual steps and being labor-intensive. Hence, acces-
sible, and cost-efficient technologies are needed for the production of MNs.

3D printing is an additive manufacturing process that creates structures, prototypes, and architectures in a
layer-by-layer fashion via the translation of a 3D computer-aided design (CAD) model input to a physical
object. The process of 3D printing can be categorized as vat polymerization, material extrusion, material
as well as binder jetting, and powder bed fusion (Ligon et al., 2017). Each 3D printing method has a unique
set of tradeoffs in resolution, cost-efficiency, biocompatibility, and output volume, enabling the use of 3D
printing in a wide range of applications (Bakhshinejad and D'souza, 2015; Park et al., 2015). The ability to
use biomaterials in 3D printing processes (Chia and Wu, 2015), along with microscale and nanoscale 3D
printing (You et al., 2018), can enable the fabrication of a wide range of laboratory instruments for clinical
and point-of-care applications (Aimar et al., 2019; Amin et al., 2016b; Douroumis, 2019; Knowlton et al.,
2015¢; Yenilmez et al., 2016a), including organ-on-a-chip devices (Jain et al., 2020; Knowlton and Tasoglu,
2016; Knowlton et al., 2016b, 2016¢), tissue engineering (Knowlton et al., 2018; Sears et al., 2016; Zhang
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Figure 2. An illustration of the different types of microneedles (MNs) and delivery means

(A) The most common types of MNs are solid, coated, dissolving, and hollow.

(B) MNs pass drugs through the outermost layers of skin to deliver desired cargo to the dermis layer, with different
approaches (Kim et al., 2012). Adapted with permission from (Kim et al., 2012). Copyright 2013, Elsevier.

et al., 2019), wound healing (Joseph et al., 2019; Tabriz et al., 2020), fertility and embryology research (Ka-
nakasabapathy et al., 2019; Knowlton et al., 2015d; Potluri et al., 2018), cancer research (Knowlton et al.,
20153, 2016a), stem cell research (Javaid and Haleem, 2020; Tasoglu and Demirci, 2013), and circulating
tumor cell isolation (Chen et al., 2020).

3D printing can address the limitations in the fabrication of MNs and microneedle arrays (MNAs). Here, 3D
printing methods are introduced from the perspective of materials and technology. Emerging applications
of 3D-printed MNs in biomedical engineering and healthcare systems are reviewed. These applications
include drugs or bioagents delivery, sample extraction from the human body (Economidou et al., 2019; Lu-
zuriaga et al., 2018; Miller et al., 2018), single-cell analysis (Kavaldzhiev et al., 2017), and biological signal
acquisition (Ren et al., 2017).

FABRICATION OF MNS

Design structures and materials

MN's are classified into coated, solid, hollow, hydrogel-based, porous, and swellable formats, which can feature
complex shapes such as honeybee inspired, angled, and arrow-head MNs (Figure 2) (Camovi¢ et al.,, 2019,
Krieger et al., 2019). Enabling high-throughput fabrication of MNs requires a high uniformity in their structures
(Nejad et al.,, 2018). Several geometrical factors such as MNs' height, width, aspect ratio, and tip thickness
should be considered in the design and fabrication process to reach a final product with optimized mechanical
integrity, desired target capacity of the inserted drug, robust extraction of signals, and the minimized pain by
the patient. For example, a higher aspect ratio of needles can lead to a more convenient insertion, less pain, but
weaker mechanical strength and integrity (Krieger et al., 2019, Mansor et al., 2019).

A diverse range of materials has been reported in the fabrication of MNs. These include polymers, metals,
and inorganic materials (Ali et al., 2020; Bhatnagar et al., 2019; Gholami et al., 2019; Zhu et al., 2020a).
Although the group of inorganics, such as glass, silicon, and ceramics, and a group of metals, including ti-
tanium and aluminum, were initially used for the fabrication of MNs, recently polymers and hydrogels have
been of higher interest because of the need for biodegradable and dissolvable MNs. Polymeric MNs have
become feasible by advances in polymer science and the emergence of new fabrication tools such as 3D
printing (Bhatnagar et al., 2019). Table 1 shows the typical materials used in 3D printing technologies.

Introduction to 3D printing technologies

Stereolithography (SLA), one of the earliest 3D printing technologies (Amin et al., 2016a), works based on
photochemical processes in which, using UV light and a digital micromirror device, a photocurable liquid
polymer is cured in a layer-by-layer process to shape the product (Amin et al., 2016a; Ghaderinezhad et al.,
2020; Quan et al., 2020; Yenilmez et al., 2016b). Digital light processing (DLP) is another 3D printing tech-
nology, similar to SLA, which uses several mirrors along with a lightbulb, instead of UV light, to cure the
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Table 1. Most common additive manufacturing methods, used material, spatial resolution, advantages, and

drawbacks of each

Method Typical materials Resolution Advantages Drawbacks
Stereolithography  Resins with photo- 10 um Fine spatial resolution - Supports limited
(SLA) active monomers (Ngo etal.,  high quality materials - slow
acrylates — epoxides 2018) (Ngo et al., printing - expensive
(Ligon et al., 2017) - 2018) - good (Ngo et al., 2018) -
DC 100 (high accuracy) - surface quality - good poor biocompatibility -
DC 500 - DL 350/360 precision (Ligon limited mechanical
(high flexibility) - AB etal., 2017) properties (Ligon
001 - GM 08 (high etal., 2017)
flexibility) - DM 210 -
DM 220
Digital light Acrylates - epoxides - 25— High printing Limited mechanical
processing (DLP) plas range (High 100 pm accuracy - low properties
(Ligon et al., 2017)  resolution and cost - shorter
chemically resistant) - build time than
superCAST - SLA - less affected
superWAX by oxygen inhibition
compared to SLA -
better surface quality -
low initial vat volume
is needed
Continuous liquid ~ Acrylates - rigid 75 um Higher build Low viscosity resin
interphase printing  polyurethane (RPU) - speed than DLP is needed
(CLIP) (Ligon flexible polyurethane
etal., 2017) (EPU) (impact
resistant) - elastomeric
polyurethane - cyanate
ester (CE) -
prototyping (PR) -
Two/multi-photon  Acrylates 100 High spatial Low build speed -
polymerization nm -5 pum resolution limited material
(TPP/MPP) (Ligon
etal., 2017)
Powder-bed Compact fine 50-250 Fine resolution - high Slow printing -
based methods powder metals - pm (Ligon quality - durable - expensive -
(selective laser alloys and limited etal, 2017)  large surface area, porosity - lower

sintering (SLS) -
selective laser
melting (SLM))

polymers (Ngo
etal., 2018) -
PA12 — PEEK
(Ligon et al.,

2017) titanium
(biocompatible) -
stainless steel -
aluminum - cobalt/
chrome — nickel-

based alloys
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good for scaffolds

of tissue

engineering - good
mechanical properties
(SLM) - less anisotropy
(Ligon et al., 2017)

mechanical
properties due

to the porous
structure (SLS) -
high power supply -
high printing temp -
rough surface -
poor reusability of
unsintered powder
(Ligon et al., 2017)

(Continued on next page)
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Table 1. Continued

Method Typical materials Resolution  Advantages Drawbacks
Fused deposition Continuous filament 50-200 Low cost - high Weak mechanical
modeling (FDM) of thermoplastic pum (Ngo speed — simplicity properties - limited
polymers - etal., 2018) (Ngo et al., 2018) material (thermoplastics) —
continuous fiber- layer-by-layer finish (Ngo
reinforced polymers etal., 2018) - rough
(Ngo et al., 2018) - surface - high
PLA (Ligon et al., temperature during
2017) - ABS - ASA - the extrusion process
Nylon 12 - PC - PPSF/ (incompatible for
PPSU - PEl or ULTEM cells) (Ligon
(Biocompatible) - etal., 2017)
PLA - TPU
3D dispensing Thermoplastics - 100 pm - Wide range Rough surface -
(Ligon et al.,, 2017)  photoresins - Tcm of materials narrow viscosity
composites - process window
hydrogels -
biomaterials
3D printing Stretch - PLA - 100 pm Fast - allow Rough surface -
(Binder jetting) ceramics multi-material AM limited strength
(Ligon et al., 2017) of parts
Inkjet printing A concentrated 5-200 pm Quick printing Weak adhesion
(Ngo et al., 2018) dispersion of between layers
particles in a
liquid (Ink or paste)
PolyJet (Ligon Acrylates - VeroWhite 25 um Fast - allow Low viscosity
etal., 2017) Plus - digital ABS - multimaterial ink is needed
FullCure RGD 720 - AM
Rigur RGD 450 -
biocompatible
material
Direct energy Metals and alloys 250 pm Reduced manufacturing  Low accuracy - low

deposition (DED)
(Ngo et al., 2018)

in the form of time and cost - good surface quality - dense

powder or wire mechanical support structure is

ceramics properties - accurate needed - limitation in

and polymers composition control - printing complex

good for repair and shapes

retrofitting

photopolymer to shape the final structure (Zhang et al., 2020). In addition, curing in the SLA method is in a
point-to-point manner, whereas in DLP each layer is cured at once (Ligon et al., 2017; Zhang et al., 2020).

Multiphoton polymerization (MPP) is another method of 3D printing, featuring high resolution for the fabri-
cation of structures in submicron scales. An MPP 3D printer consists of an femtosecond laser (fs) laser and
pairs of laser scanners. By focusing the laser beam to a highly restricted region, the nonlinear absorption of
two or more photons by polymers solidifies the photoresist in the exposed regions (Geng et al., 2019). Two-
photon polymerization (TPP) lithography, also called 3D direct laser printing (Lightman et al., 2017) and
direct laser writing (DLW) (Gissibl et al., 2016; Ligon et al., 2017), employs fs laser pulses and simultaneous
absorption of photons to cure the material. In this method, the laser’s focal point can be directed in all di-
rections unlike the SLA and DLP technologies, in which the curing occurs layer by layer (Lee et al., 2007).

Fused deposition modeling (FDM) 3D printers melt a thermoplastic filament and extrude it through a
nozzle on the build platform to shape a layer of the structure (Knowlton et al., 2015b, 20172). FDM allows
the usage of different filaments in a single process. For instance, the filament of the main structure can vary

iScience 24, 102012, January 22, 2021 5
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from the filament used for the fabrication of the supporting structures, making the post-processing of the
product easier. After cooling down and solidification of the deposited layer, the next layer is fabricated by
repeating the process, leading to the formation of the final product (Dhinakaran et al., 2020).

Co-axial extrusion is another 3D printing technology mainly used for bioprinting and fabrication of cell-
laden structures. Although the process for this method is similar to extrusion-based printers, there are
two material feeders for co-axial extrusion 3D printers, in which one of the materials is printed as a coating
on the other one (Liu et al., 2018).

The principle of selective laser sintering (SLS) 3D printers is based on utilizing a laser beam, as a concen-
trated heating beam, to sinter tightly compact thermoplastic powder in a build tank. Sintering means the
process of heating powder particles so that particles can stick together, without reaching the melting point
of the powder, to form a solid structure (Mazzoli, 2013). After the sintering of each layer, the new powder is
loaded into the build tank and the process is carried out repeatedly to shape the final structure (Lepowsky
and Tasoglu, 2018). Selective laser melting (SLM) uses a similar 3D printing technique to SLS, whereas SLM
needs support structures, and metal powder is usually used. By reiterating laser and dot matrix data pat-
terns, each layer solidifies, leading to the final product. Electron beam melting (EBM) is also used for 3D
printing of metallic materials with a similar method to laser melting, except that the beams of electrons
perform the melting instead of laser light (Amin et al., 2016a).

Material jetting is another 3D printing method that shapes the object and supporting structures by jetting
the material onto the build platform, in a layer-by-layer process, using inkjet print heads to shape the prod-
uct. Photopolymer jetting is also an analogous process in which the layers of liquid photopolymer are jetted
onto the build platform, followed by a UV light curation. Similar to material jetting, inkjet print heads are
used in the binder jetting technique. However, in this method, a liquid adhesive is jetted onto the layers
of powder in the build tank. By feeding new powder, the next layers are created successively, leading to
the final product. Unlike material jetting, no support structures are needed for the fabrication of complex
designs by binder jetting (Amin et al., 2016a). Table 1 illustrates the advantages and disadvantages of each
technology and the printing resolution each method offers.

There are various tradeoffs and limitations of 3D printing techniques that have to be considered in the
design iteration and prototyping stage of MN fabrication. To avoid fracture and perilous leftovers in the
skin during insertion, physiologically relevant mechanical properties such as the compliance of elastic
moduli between skin and MN are desired. Powder-bed-based methods (e.g., SLS and SLM) offer fine me-
chanical properties because metallic alloys (e.g., stainless steel, nickel, aluminum, and titanium) can be
used. However, the biocompatibility of metal alloys or their compliance with biocompatible coatings
should be considered before proceeding with the fabrication method. Moreover, MNs fabricated by pow-
der-based methods possess undesired rough surfaces. In addition, the high temperature of the sintering
process confines the use of biological material (e.g., cells). Overall, taking into account the smallest attain-
able size features, powder-bed-based methods are not practical for the production of MNs. Extrusion-
based methods (e.g., FDM) are simple, cost-effective techniques that can operate with biocompatible ma-
terials. However, the final resolution of this approach is lower than that of vat polymerization methods.
Furthermore, low mechanical properties, layer-by-layer finish of the surface, and high temperature utilized
in the process pose challenges against the implementation of extrusion methods for MN fabrication. Vat
polymerization techniques have attracted more attention for the fabrication of MNs compared with other
3D printing methods. All vat polymerization methods offer a relatively high resolution (Table 1). The selec-
tion of the fabrication method should be based on the proposed application. For instance, MPP has the
highest resolution, whereas the process is quite slow and supports limited materials. Therefore, MPP
may be considered as a suitable method for prototyping and research applications rather than mass pro-
duction. Likewise, DLP is a faster method, which is less affected by oxygen inhibition compared with SLA,
whereas SLA has a higher resolution.

3D printing technologies in fabrication of MNs

SLA, DLP, MPP methods, and photopolymer jetting are of high interest for the fabrication of MNs due to
the higher resolution and wide material choice offered by these methods. SLA, for instance, was used for
the fabrication of poly(propylene fumarate) (PPF) MNs in a dynamic mask projection microstereolithogra-
phy (uSLA) setup. The fabricated MNs had 1,000 um height, 200 um base diameter, and 20 um apex
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diameter (Lu et al., 2015). Also, the SLA 3D printer, with a z axis resolution of 25 pm and x axis resolution of
140 pm, was employed to fabricate biocompatible polymeric MNs and then insulin solutions were depos-
ited on the needles using inkjet printing (Pere et al., 2018). In another case, SLA 3D printing was used for the
fabrication of 1,000 um height cross-shaped polymeric MNs, followed by coating chemotherapy medica-
tion (cisplatin) formulations on the needles, via inkjet printing, for skin cancer treatment (Uddin et al.,
2020). DLP was utilized to produce MNAs on personalized curved surfaces using castable resin, post cured
to cure any remaining uncured resin for 2 h. Using this 3D printing method, with XY resolution as well as a
printing layer height of 50 pm, 300 um base diameter, and 900 um height were obtained for MNAs (Lim
et al., 2017). TPP lithography was utilized to produce cylindrical, pyramidal, and conical biocompatible
magnetic MNs, using drop cast IP-DIP resist, on a single-side polished silicon wafer. MNs fabricated by
TPP had a base diameter of 630 nm, aspect ratio of 1:10, pitch of 12 um, and coated by a 120-nm thickness
iron coating (Kavaldzhiev et al., 2017). Also, TPP lithography 3D printing was employed to fabricate MNs,
with IP-S (Nanoscribe GmbH) photoresist, for performing perforations on the scale of millimeters. MNs had
a shaft diameter of 100 pm, a height of 350 um, and a taper angle of 60° (Chiang et al., 2020). In another
study, the TPP 3D printing method enabled the fabrication of hollow MNs using IP-S photoresist, with
an outer tip diameter of 50 um, an inner diameter of 30 um, tapered angle of 5°, and height of 200 um
(Moussi et al., 2020). In another study, an extrusion-based 3D printer with two nozzles was used to produce
patches of MNs for drug delivery (Wu et al., 2020). One of the nozzles of the printer is used to extrude sub-
strate material, whereas the other nozzle prints the material that contains the drug to form the cylindrical
shape of the MNs. The achieved resolutions reported in this study were 601 um for base diameter, 24 pm for
tip diameter, and 643 pm for height.

Additive manufacturing can be used to fabricate MNs by directly 3D printing MNs or by producing female
master molds. Mold-based techniques are suitable for the mass production of MNs with a diversity of ma-
terials such as biocompatible hydrogels (Tejavibulya et al., 2019). Nonetheless, to make any changes in the
dimensions of MNs, the entire process of design and fabrication of mold should be repeated. An SLA-
based two-step “print and fill” method was developed (Krieger et al., 2019) for fabricating customizable
replica molds (Figure 3). Firstly, the MNA master was printed using an SLA 3D printer. Subsequently, a
UV-curable resin was used to obtain the desired MN length. Finally, a silicon female master mold was pro-
duced using the 3D-printed MNA master (Krieger et al., 2019). UV curable resin was used to produce MNs
with different aspectratios (3:1,4:1, and 5:1) and layer heights (25, 50, 100 um) to determine the discrepancy
between the desired and resulted height, needle’s tip angle, and tip ratios (Figure 4). Despite changing
design features, the tip radii of MNs were at the range of 20-40 um. Furthermore, higher printing layer
heights result in faster printing, while yielding lower surface quality (Krieger et al., 2019; Yao et al,
2020). Two-photon polymerization with a 780 nm light wavelength was used to produce soft elastomeric
MN replica molds. Using these molds, MNs with 700 um height and 150 um shaft diameter were fabricated
(Rad et al., 2017). 3D direct laser printing along with micromolding was employed to fabricate undercut
MNs (Balmert et al., 2020). The 3D-printed master MNA was used to generate replicas that were organized
on a 3D-printed photosensitive resin holder. Using this holder, a production mold was fabricated with poly-
dimethylsiloxane, which enabled the fabrication of multiple MNAs at once (Figure 5). Although micromold-
ing is a suitable method for large-scale production, disassembling MN with an undercut is complex and
susceptible to failure. Using micromolding and flexible production molds not only addressed the disas-
sembling problem but also the production molds can be used several times, which reduced the fabrication
cost of MNAs (Balmert et al., 2020). In another study, drawing lithography was used to fabricate MN molds
using UV-curable resin (Lin et al., 2016). This method is faster and less costly compared with photolithog-
raphy and etching techniques. However, the main drawbacks of drawing lithography approach are low con-
trol over the geometry of MNs and incapability to produce different MN profiles (e.g., cylindrical and pyr-
amidical) (Lin et al., 2016).

One of the impediments of achieving desired geometrical factors is the restricted resolution of the em-
ployed fabrication method. Although several studies have been conducted to enhance the resolution of
3D printers by modifying the printer itself (Gong et al., 2020; Johnson and Procopio, 2019; Serex et al.,
2018), integrating 3D printing with other techniques can enhance the resolution of the final MN without
manipulating the printer. To overcome the resolution limit of 3D printers, the SLA 3D printing technique
was integrated with shrinkable hydrogels (Ochoa et al., 2015). MNs with tips down to 9.6 um radius of cur-
vature were fabricated. The resolution of MNs produced with this method was higher than MNs printed
with the same 3D printer without utilizing shrinkable hydrogel.
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Figure 3. Step-by-step illustration of fabricating microneedles (MNs) with stereolithography (SLA) 3D printing
and replica mold method

(A) The design procedure was followed by 3D printing of the designed structure using an SLA printer.

(B) The 3D-printed MNs were washed and then cured with UV light, followed by filling the basin with UV-curable resin to
obtain the desired MN height, resulting in a microneedle arrays (MNA) master. In the next step, using silicone, degassing
by the vacuum chamber, and heat curing in the oven, the final female master mold can be produced (Krieger et al., 2019).

Adapted with permission from (Krieger et al., 2019). Copyright 2019, Springer Nature.

3D printing with programmed shape deformation, also known as 4D printing, is one of the approaches to
produce bioinspired MNs with curved barbs (Han et al., 2020), increasing the adhesion of MNss to the tissue
by 18 times (Morde, 2018). Using uSLA, MNs with a base diameter of 400 um, length of 4 mm, and cone tip
angle of 10° were fabricated. The barbs possess a 200 pm base diameter with 450 um length. Sudan | as a
photoabsorber (PA), poly(ethylene glycol) diacrylate, phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide
as a photoinitiator (Pl), and Mn = 250 (PEGDA 250) as a monomer were used to produce MNs with curved
barbs (Han et al., 2020). One of the issues that adversely affects the surface quality of 3D-printed MNs is the
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1 mm 1 mm 0.25 mm 0.2 mm

Figure 4. Scanning electron microscope (SEM) images of microneedles (MNs), fabricated by stereolithography
(SLA), with different feature sizes

(A) Fabricated MNs via various printing layer heights: 100, 50, and 25 micrometers. Although lower layer heights bring
about better surface quality, the printing process will be slower. Hence, choosing the proper layer height is a trade-off
between surface quality and time.

(B) Tip of fabricated MNs (top:100 pm, bottom: 25 um layer height).

(C) Different aspect ratios. A higher aspect ratio here means a gradual increase of shaft thickness that results in a painless
insertion of MN. However, thinner needles possess low mechanical strength that can result in breaking the needle in the
insertion process.

(D) The discrepancy between the input and output height. Higher aspect ratios suffer more from discrepancy issues
(Krieger et al., 2019). Adapted with permission from (Krieger et al., 2019). Copyright 2019, Springer Nature.

layer-by-layer nature of the 3D printing process. To solve this limitation, continuous liquid interface produc-
tion (CLIP), a single-step, based on vat polymerization, continuous AM method was devised to prototype
MNs rapidly (Caudill et al., 2018; Johnson et al., 2016). Using polyacrylic acid, trimethylolpropane triacry-
late, and photopolymerizable derivatives of polyethylene glycol as well as polycaprolactone, MNs with
1,000 pm height, 333 um base width, and 2.3 um tip radius were produced by CLIP (Johnson et al.,
2016). Furthermore, magnetorheological drawing lithography (MRDL) AM method, which needs no masks
and molds, has been introduced (Chen et al., 2018, 2019¢) for fabricating flexible MNAs (Ren et al., 2017).
To achieve cost-effective rapid mass production, droplets of the polymerized mix of epoxy novolac resin
with iron microparticles on a polyimide substrate were drawn, assisted by a magnetic field, to form liquid
MNAs, which were solidified by applying hot air and vacuuming. MNs with a height of 600 um and a tip
radius of 12 um were produced with this method. Finally, a coating of the Ti-Au film was applied to the
MNAs to ensure compatibility and conductivity (Figure 6).

There have been attempts to fabricate even smaller needles. Nanoneedles (NNs) have been fabricated by
optical vortex pulses, confined laser spinning (CLS), and metal-assisted chemical etching. Each of these
fabrication methods offers pros and cons. Etching, for instance, is not a suitable method for producing
NNs made of hard metals (e.g., gold, silver). In this regard, femtosecond DLW was used to produce
different sizes of NNs by controlling laser pulse energy with a combination of half-wave plates and Brewster
polarizer (Yendeti and Soma, 2020). Because no chemicals were involved in the fabrication process, this
approach was considered an environmentally friendly method. Microscope objectives (20X and 60x
lenses) were examined to focus laser pulses, which resulted in producing NNs with higher packing densities
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Figure 5. Scalable microneedle array (MNA) fabrication in six steps, using 3D direct laser printing and molding
(A) 3D design of size features of the MNA, based on the proposed application.

(B) Direct production of designed MNA using 3D direct laser printing. MNs with a height of 750 um, base diameter of

150 um, arrow base radius of 250 um, and a tip angle of 30° were produced.

(C) Replicating the master MNA mold with high fidelity by a two-step micromolding process.

(D) Arranging multiple MNA master molds on a 3D printed holder.

(E) Production of MNA fabrication molds by polydimethylsiloxane (PDMS).

(F) Loading the desired drug on the tip of the fabricated MNAs by a spin-casting method (Balmert et al., 2020). Adapted
with permission from (Balmert et al., 2020). Copyright 2020, Elsevier.

using 60X lenses. However, NNs fabricated by 60x lens had poor bonding with glass coverslip compared
with that of the 20x lens. In an LDW process to fabricate NNs, carried out by evaporating metal, the laser
focuses on a certain spot where the center of the laser beam that has higher intensity (Gaussian distribution)
increases the temperature above the evaporation temperature of the metal. On the other hand, the edges
of the laser beam with lower intensity raises the temperature above the melting temperature and below the
evaporation temperature of the material. Thus, when the evaporated metal at the center wants to expand
and escape with high pressure, it expels the melted metal at the edges and forms NNs.

EMERGING APPLICATIONS IN BIOMEDICAL ENGINEERING
Drug delivery

MN patches have applications in immunology, cosmetics, diagnostics (Yang et al., 2019), and continuous
and constant release of therapeutic agents through the skin after topical treatment (Kim et al., 2019).
Generally, there are a few facile tailored systems to deliver specific molecules into the body. The presence
of immunologically active cells, namely antigen-presenting cells (APCs), allows the skin to be an active im-
mune organ. Hence, delivering drugs through the skin is more efficient and durable than intramuscular de-
livery owing to the presence of fewer immuno-cells in muscles than skin (Lambert and Laurent, 2008). How-
ever, delivering drugs through the skin has not been developed to its full potential due to the shortage of
minimally invasive, efficacious, user-friendly, and ubiquitous technologies (Kabashima et al., 2019). Drug
delivery through the skin can obviate the need for conventional intramuscular injections. The disadvan-
tages of conventional needles are fear of needles (trypanophobia), complex transport and storing require-
ments, contamination, the possibility of disease transmission, demanding trained personnel to perform
vaccination, chance of injuries, and pain brought about by needles (Norman et al., 2014; Prausnitz, 2004;
Prausnitz and Langer, 2008). MN patches deliver target biomolecules to the local area under the adminis-
tration site or send bioactive compounds to the remote sites through the circulatory system (Figure 1A). In
clinical settings, the local delivery of certain chemicals, factors, and drugs could be achieved via intrader-
mal, subcutaneous, and intramuscular approaches (Yang et al., 2019). The direct injection of target mole-
cules to the muscles and subcutaneous tissue facilitates the passive diffusion of the drug to the systemic
blood system. A major challenge in the application of MNs is to release the target molecules via the cuta-
neous barrier (Indermun et al., 2014). In the delivery of target molecules, the cutaneous tissue is temporarily
disrupted after piercing the stratum corneum to bypass the hydrophobic layer and beneath viable kerati-
nocytes. In most cases, target molecules placed in the epidermis or upper dermis reach systemic circulation
through passive diffusion. Therefore, MN patches are candidates for painless and self-administrated hypo-
dermal and dermal injection (Baek et al., 2017).
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Figure 6. Sequential steps of microneedles (MNs) fabrication by magneto-rheological drawing lithography
(MRDL), an additive manufacturing method

(A) Pillar tips, with a diameter of 700 um, were coated by dipping in curable magnetorheological fluid (CMRF).

(B) Then, the pillars were moved downward, toward a substrate, with a constant speed of 1.5 mm/s to press droplets to the
substrate for 1s.

(C) Pillars moved upward with the speed of 1.5 mm/s and stopped in 12 mm from the substrate, resulting in a necking
effect.

(D and E) When the thinned CMRF lines broke up at room temperature, the MNs were solidified at 100°C for 1 h.

(F) Subsequently, the fabricated MNs were coated by titanium (Ti) and gold (Au) using a magnetron sputtering machine
(Ren et al., 2017). Adapted with permission from (Ren et al., 2017). Copyright 2017, Elsevier.

Polymer MNs were developed by uSLA 3D printing with programmed deformation (4D printing) to study
their adhesive properties in the cutaneous system for application in biosensors and long-term monitoring
and delivery systems (Han et al., 2020). The fabricated MNs included curved barbs to improve adhesion ca-
pacity. By tuning the curving thickness, angle, and material composition, the adhesion of MNs with barbs to
the tissue was increased by 18 times compared with a needle without barbs (Morde, 2018). The fabricated
MNAs were tested to deliver a drug in an ex vivo chicken tissue (Han et al., 2020).

MNs were integrated with microfluidic channels including multiple inlets (Yeung et al., 2019). Using a
biocompatible and transparent resin based on methacrylic acid esters as the building material, SLA 3D
printing allowed rapid cost-efficient fabrication of 12 devices in 2.5 h. The integrated microfluidic chamber
was designed as a hydrodynamic mixer of fluids, which enabled transdermal drug delivery. Different pa-
rameters and geometries were tuned to achieve an optimized performance, including a high aspect ratio
needle tip. The optimal radii of curvature of MNs were as low as 25 pum, in +45° printing orientation, with a
base width of 800 pm and a central bore of 600 pm. The device was tested in an ex vivo porcine skin (Fig-
ure 7). SLA 3D printing has been also utilized to fabricate MNAs with a biocompatible photopolymer, class |
resin, Dental SG, by Formlabs, coated by insulin and drug carriers on the needles using inkjet printing
(Economidou et al., 2019). The 3D printer has a resolution of 25 pm on the z axis and 140 pm on the x
axis, resulting in MNs with a height of T mm and tip size of 100 um. The fabricated MNA was tested on
in vitro porcine cutaneous tissue. The needle was designed in two shapes of a pyramid (1 X 1 X 1 mm)
and a spear (0.08 X 1 x 1 mm), in which the geometry of the pyramid needed a lower force to penetrate
the skin and reach deeper layers. Xylitol had the optimum performance as the drug carrier in the system.
In vivo testing in a diabetic mouse model showed that insulin lowered the glucose level in the blood within
60 min. In another study, the same method, material, and coating technique was used to fabricate cone
shape MNs to study the effect of MN shape on delivery time as well as the required force for insertion
(Pere et al., 2018). The device was tested in vitro porcine skin, in which insulin was released within
30 min. Among the drug carriers used, xylitol showed the optimal result. Although the needle design
did not affect the delivery time, the cone shape needed lower applied force for penetrating the skin as
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Figure 7. The integration of microfluidic devices with microneedles offers better fluid management abilities,
resulting in a more advanced level of controlled drug delivery

(A) An illustration of the proposed device fabricated by stereolithography 3D printing, with three separate microfluidic
inlets and microneedles (MN) as the outlet. The zoomed section shows the MNss.

(B) Ex vivo transdermal delivery of three model drugs, from multiple inlets, into a porcine skin (Yeung et al., 2019).
Adapted with permission from (Yeung et al., 2019). Copyright 2019, American Institute of Physics.

compared with the pyramid pattern. In another case, the SLA 3D printing technology was used in the fabri-
cation of MNAs with a polymer resin (Xenikakis et al., 2019). The printed needle height was shorter than the
CAD model because of the solidification shrinkage. The tip radius was set to the best resolution of the SLA
printer, 50 um. Although MN heights of 1,090, 875, 470 um were printed, only the 875 pm MN was suitable
for clinical tests, because 1,090 um MN can cause pain by reaching the nerve system, whereas 470 pm was
not efficient due to its short length. Mechanical property analysis indicated reasonable strength in the fabri-
cated MNAs against fracture in high forces. Employing Finite Element Analysis, the force required for the
needle to penetrate the skin was calculated. This estimation met the experimental amount when the fabri-
cated MNAs were tested on human skin in vitro. Transdermal delivery and permeation of two model dyes
were also tested, demonstrating satisfactory penetration and higher cumulative amount in both cases after
treating with the MNs.

Using 3D laser lithography (also known as DLW) and micromolding, a scalable manufacturing method was
developed for the fabrication of soluble undercut MNAs for drug delivery (Balmert et al., 2020). The MNs
were fabricated by CMC/trehalose hydrogel, prepared by dissolving a mixture of sodium carboxymethyl-
cellulose (CMC) and D-(+)-trehalose dihydrate, at a total solute concentration of 30% w/w in endotoxin-free
water. Soluble MNAs were rigid enough to endure the penetration process in a dry state. Right after inser-
tion, MNs dissolve into the skin rapidly. Undercutting MNAs allow retention of the MNs in the skin as well as
in the non-cutaneous tissues. This device may be utilized for either intradermal or non-cutaneous drug de-
livery (e.g., cardiac and liver tissues). To evaluate the performance of a dissolving MNA, penetration, sol-
ubility, and efficiency of delivery should be considered. Ten minutes of MN insertion into living human skin
explant resulted in 80% drug delivery, where increasing insertion duration to 20 min did not substantially
amplify the delivery rate. MNs had a height of 750 um, an apex angle of 30°, stem width of 150 pm, and
arrow base width of 250 um.

TPP 3D printing technigue, with 780 nm wavelength, was used to fabricate high-quality master templates of
MN arrays using polylactic acid (PLA) and silicone elastomer mix. Two types of MNs were developed in this
study: first, dissolving MNs (DMNs), which were efficacious in the delivery of both hydrophilic and hydro-
phobic drugs; second, hydrogel-forming MNs (HFMNs), which were useful in interstitial fluid extraction
from the body and delivery of drug molecules. Different designs (e.g., conical and pyramidal MNs), needle
sizes, the spacing between needles, and needle density were examined to find the optimum features to
achieve the most optimum mechanical properties as well as drug delivery efficiency. Longer MNs possess
a more efficient drug deposition rate, due to the deeper penetration into skin, with lower mechanical
strength. In addition, by increasing the interspacing of MNs, although, because of the reduced number
of MNs per array, the overall amount of delivered drug decreases, the drug delivery efficiency improves
(Cordeiro et al., 2020). Besides the delivery of the substances to the treatment area, it is important to pene-
trate MN without damaging the surroundings in the sensitive organs. One of the challenging examples is
the safe and precise delivery of therapeutics to the inner area of the ear to treat hearing diseases. MNs have
been employed to delicately perforate the round window membrane, one of the two openings from the
middle ear to the inner ear (Aksit et al., 2018). Using TPP lithography 3D printing, MNs with a tip radius
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Figure 8. MNs with a core-shell structure featuring programmable drug-releasing kinetics with a one-time
insertion mimicking the multi-injection drug or vaccine delivery systems

(A) Schematic view of the three constituent elements of the fabricated MNs: shell, cap, and drug core, demonstrating the
underlying principle of the kinetics of controlled drug delivery.

(B) Optical image of the fabricated MNs. Scale bar: 0.5 cm.

(C) Step-by-step 3D manufacturing process of MNs: (1) a PDMS negative mold of MNs was filled with PLGA; (2) a positive
polylactide (PLA) mold was used to encroach the MNs inside the PDMS mold; (3 and 4) arrays of drug cores were aligned
and loaded into MNs in a high-throughput drug-loading process; (v) PLA supporting patch including the cap layer was
attached to the MNs in a heat-sintering process. (vi) The MNs were ready after peeling off the PDMS mold (Tran et al.,
2020). Adapted with permission from (Tran et al., 2020). Copyright 2020, Springer Nature.

of 500 nm, a height of 200 um, and a shank radius of 50 pm were fabricated using IP-S photoresist. The MN
was used to perforate the round window membrane of a guinea pig ear in vitro. Although the membrane

was not torn, a separation in the fibers of the membrane was reported because of the fiber-to-fiber
decohesion.

One of the challenges of vaccination is the need for the repetition of vaccination with a specific time inter-
val, which imposes further expenses and agitates patients. One-off administration systems are a preferable
replacement for applications that requires multiple injections, such as cancer therapeutics or growth hor-
mones (Tran et al., 2020). MNs, with a core-shell structure, were fabricated using TPP (for silicon wafer
patterning) and photolithography (for the fabrication of molds for the MN caps and the supporting array),
followed by a 3D manufacturing process to assemble the shell and the cap of the MN along with a drug core
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(Figure 8), enabling programmable drug-releasing kinetics with time intervals (Tran et al., 2020). Each MN
had a height of 600 um, a core height of 400 um, a base diameter of 300 um, and a core diameter of 200 um.
Modifying the degradation of the shell, which was made of poly(D,L-lactide-co-glycolide) (PLGA), a biode-
gradable polymer, provided the ability to control the release time of the drug. Using this approach, with
only one-time insertion, vaccine antigens can be controllably released over defined periods of time, which
was tested for Prevnar-13 vaccine on rats (Tran et al., 2020).

An extrusion-based 3D printer with 2 nozzles was used to produce patches of MNs with 643 um height and
24 um tip diameter for insulin delivery (Wu et al., 2020). Following the insertion of insulin-loaded MNs to the
skin of mice with type 1 diabetes, after ~1 h, the blood glucose concentration decreased to the normogly-
cemic range, with no report of hypoglycemia during drug delivery. Moreover, the blood glucose concen-
tration remained in the normoglycemic range up to 40 h after insertion, demonstrating the adequate drug
delivery performance of the proposed MNs.

The treatment of cancers imposes substantial financial burdens on health systems worldwide (Semin et al.,
2020). In cancer biology and therapy, most of the published data have focused on the stimulation of innate
and adaptive immune cells by the introduction of specific antigens, genetic elements, and adjuvants or
direct delivery of anticancer agents (either alone or in combination with nanoparticles) (Figure 9A)
(Wang et al., 2016), and the use of conventional and novel approaches to deliver chemotherapeutic agents
exhibited sub-optimal results in animal models or clinical settings (Jacinto et al., 2020). MN patches have
applications in drug delivery in cancers and metabolic disorder diagnosis (Yang et al., 2019) by opening
new avenues to support fast-acting sophisticated drug delivery with specified doses in a controlled manner
(Queiroz et al., 2020). Moreover, efficient delivery of chemotherapeutic agents to the cancer growth sites
while diminishing leakage to the systemic circulation as well as neighboring tissues and minimizing adverse
side effects are of great importance (Mojeiko et al., 2019). In this regard, MN patch technology can allow
the treatment of metabolic diseases by enabling patients to painlessly self-administer injections (Figure 9B)
(Yang et al.,, 2019). Hence, the integration of advantages of 3D printing with the potency of MNs for
controlled cancer drug delivery can increase the effectiveness of cancer diagnosis methods.

Sample extraction

Other applications of MNAs are in extracting and obtaining samples from patients for bioassays and moni-
toring setups (Zhu et al., 2020b). Self-monitoring of blood glucose (SMBG) is a simple way to control blood
glucose by the patients to prevent adverse ramifications of prolonged hyperglycemia. However, the extrac-
tion of blood with conventional needles is painful, which causes reluctance in patients to collect blood sam-
ples regularly. MNAs as a minimally invasive and painless method can facilitate the development of point-
of-care (POC) blood collection (Farhan et al., 2017; Vincze et al., 2004).

A hollow MNA was developed along with a paper-based colorimetric detection method to detect glucose
concentrations ranging from 4 to 7 mM L-1 by eye (Nicholas et al., 2018). Using SLA 3D printing, an initial
master mold was prepared to build a negative mold, which was used to fabricate 400-um long hollow MNA.
This device could absorb samples in 5 s for POC applications. MNs should be able to withstand 0.028 to
0.030 N during insertion-axial load applied by the user to penetrate into the skin (Olatunji et al., 2013).
Therefore, the mechanical properties of MNs should be studied to avoid fracture. The strength of the
MNA was evaluated using a 50 N load cell that pushed toward the MN at a rate of 0.01 mm s-1. The re-
ported MN was stiff enough for application in POC diagnostics (Nicholas et al., 2018).

Based on the DLP 3D printing technology, a new setup was built with high precision to printin micro-scale,
being utilized for fabrication of MNs with a photosensitive hydrogel, which was cured with different blue
light (Yao et al., 2020). Alginate hydrogel (5 wt%), which is similar to human skin in terms of mechanical
properties, was used as an artificial skin to study drug injection, extraction, and detection by the fabricated
MNs. MNs were soaked in deionized (DI) water for 1 day, whereas the artificial skin was soaked in an RhB
solution for the same duration, subsequently, MNs were inserted inside the skin. The integrated density of
RhB inside the MNs reached more than 20 mg L™" in 25 min, enabling the successful detection of drugs in
the skin.

Using a 3D-printed master mold, porous polydimethylsiloxane (PDMS) MNs with 1,000 pm height were
fabricated to extract PBS from an agarose gel-based skin phantom (Takeuchi et al., 2019). In another study,
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Figure 9. Application of the microneedle (MN) patches in cancer therapy

(A) The integration of antibodies, adjuvants, peptides, and genetic elements is done to stimulate immune cells and
increase tumoricidal outcome along with chemotherapy.

(B) Intelligent needle structures are used to control the systemic levels of endocrine hormones upon the onset of
metabolic diseases.

drawing lithography, an additive manufacturing method, was used to fabricate a hollow metallic MN for
blood sample extraction (Li et al., 2013). Following an examination of various size features and resist thick-
nesses, a 1,800-um height MN with a bevel angle of 15°, an inner diameter of 60 um, and an outer diameter
of 120 um was the most efficient MN for blood extraction (Li et al., 2013).

To study the extraction of interstitial fluid from the skin, MN holders were prepared, using photopolymer

jetting 3D printing technology, with flat, concave, convex, and bevel profile geometries in order to test the
influence of MN holder on fluid extraction efficiency (Taylor et al., 2020). Ultra-fine needles were attached to
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Figure 10. Microneedle arrays (MNAs) comprised of 3D-printed holder arrays and ultra-fine needles for dermal
interstitial fluid extraction

(A) 3D-printed MN holder with attached needles, coated with a silicone lubricant to lessen the insertion pain (scale bar:
1cm). MN holders not only do affect the extraction rate by applying pressure on the surroundings of the insertion site but
they also protect the fragile MN during the insertion process by an unskilled patient.

(B) The fabricated MNA being used for dermal interstitial fluid extraction in a human subject. The extracted fluid was
collected in the glass capillary tubes (scale bar: 1 cm) (Miller et al., 2018). Adapted with permission from (Miller et al.,
2018). Copyright 2018, Springer Nature.

these holders to form the MNAs. Because the MNs are susceptible to fracture during the insertion process,
owing to their microscale thickness, the first benefit of using MN holders is protecting the MN, and thus,
decreasing the chance of cracking MN during the injection by untrained patients, eliminating the need
for the direct supervision of medical clinicians for insertion. Also, the holder applies pressure on the sur-
roundings of the insertion site, enhancing the extraction rate in some cases. The concave geometry showed
the best efficiency among the designed profiles with an extraction rate of 0.85 + 0.64 uL min~" when it was
inserted as deep as 1.5 mm. Also, the length of the needles showed no major differences in the amount of
extraction (Taylor et al., 2020). In another similar study, ultra-fine needles, lubricated with a silicone lubri-
cant to lessen the pain while insertion, were attached to photopolymer jetting 3D-printed holder arrays to
shape the MNAs (Miller et al., 2018). The fabricated MNs were used to extract dermal interstitial fluid from
humans and rats. Fluid amounts of up to 20 pL and 60 uL were extracted from human subjects and rats,
respectively (Figure 10). The MN with a length of 1.5 mm had the best extraction success percentage,
with 31%, compared with 1 mm and 2 mm MNs, with 14% and 16%, respectively.

Signal acquisition

MNs have applications in bio-signal detection such as providing continual point-of-care tests. Early detec-
tion of diseases not only can alleviate the number of deaths or disabilities caused by cardiac or metabolic
disorders but also reduces healthcare costs for treatments of patients. Electrocardiography (ECG), electro-
myography (EMG), and electroencephalography (EEG) are vital bio-signals that could be monitored
continually. Results acquired from these tests can help cardiovascular, muscular dystrophy, and epilepsy
patients, respectively (Ren et al., 2017).

Multiple methods have been proposed for recording bio-signals. Wet electrodes as a conventional method
require a time-consuming process of skin preparation and gel usage. Using gel hinders the long-term use
of wet electrodes in point-of-care applications. Dry electrodes, on the other hand, as a possible solution for
the drawbacks of wet electrodes, suffer from being on rigid substrates, which confine electrodes’ flexibility
and compatibility with skin. Moreover, large impedance values have been reported for dry flexible elec-
trodes (Wang et al., 2017). The principle of conventional dry electrodes is based on capacitive detection,
in which converter amplifiers inherently cause high impedances. This approach requires large equipment
as well as auxiliary power sources that make this method a high-cost laboratory method. Understanding the
principle of electrode-skin-electrode impedance (ESEI) can solve this limitation. Human skin is encom-
passed of two distinct layers, the outermost layer, stratum corneum that are dead cells and stratum germi-
nativum (SG) that are active cells. Conventional methods that use wet or dry electrodes on the skin are in
touch with the outer layer of skin, SC. Therefore, this type of connection causes background noise and an
imprecise signal-to-noise ratio. To surmount this problem, reducing SC thickness by shaving hair and
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Figure 11. Different layers constituting the skin and circuit model corresponding to different bio-signal recording
techniques

Whereas utilizing conventional wet electrodes (e.g., Ag/AgCl probes) require the use of gel, causing allergenic reactions
in a number of patients, flexible dry electrode (FDE) probes require skin preparation step (e.g., shaving body hairs), prior
to signal acquisition, bringing about unwillingness in patients for the test. However, microneedle arrays (MNA) not only
do not need any gel usage or skin preparation, but MNs also do not suffer from background noise and high signal-to-

noise rate owing to penetrating layers beneath the outermost layer of skin (Ren et al., 2017). Adapted with permission

from (Ren et al., 2017). Copyright 2017, Elsevier.

removing the outmost layer of skin is suggested. These solutions will cause inconvenience for patients.
Another possible solution is employing electrolytic gels to penetrate into the SC layer and reach SG to
reduce the impedance. However, these gels may cause allergenic reactions and inconvenience to patients
in long-term use. Using MNs, on the other hand, eliminates these predicaments (Yu et al., 2009). Because
the thickness of the SC layer is 50-100 pm (Wang et al., 2017) and most of the contemporary MNs are longer
than the thickness of SC, MNs can penetrate deep into the SG layer to measure signals directly, with min-
imum impedance. In addition, because MNs penetrate the SC layer, in which there are no blood vessels
and nerve endings, patients feel no pain during the insertion process (Hegde et al., 2011). Figure 11 depicts
the signal measurement process and the electrical circuit simulation of conventional and MN-based
methods (Ren et al., 2017; Yu et al., 2009).

The performance of these methods was compared under stable conditions. A flexible MNA electrode was
fabricated to have 36 needles (36-FMAE) by MRDL method, on a flexible substrate as a wearable sensor. To
ensure the conductivity and biocompatibility of MNAs, a Ti/Au film was coated on them. Three healthy vol-
unteers recorded their bio-signals by 36-FMAE, flexible dry electrode (FDE), and wet electrode methods,
under the same condition. The investigation consisted of four discrete tests (Ren et al., 2017). First, elec-
trode skin interface impedance (Ell) was measured with a two-electrode impedance analyzer. Increasing
the number of MNs on the array considerably decreased the impedance. This could be attributed to the
reduction of multi-parallel impedance as a result of more MNs. Overall, 36-FMAE had the best and lowest
impedance compared with that of FDE and wet-electrodes. The second test was an ECG test. Increasing
the number of MNs on the array could increase the amplitude of the signal, which is favorable. This effect
could be due to the increase in the contact area of needles with the skin because of more MNs. In addition,
different types of waves constituting the ECG signal were distinguishable in 36-FMAE because MNs pierce
into the skin. Thus, recorded signals by 36-FMAE do not suffer from noise and artifacts caused by moving
skin. However, these artifacts are present in FDE and wet electrode signals, which can adversely affect the
accuracy of recorded signals. The third test was an EMG measurement, which was performed by using three
electrodes on the biceps brachia and elbow. 36-FMAE had the largest signal amplitude. In the case of mus-
cle activation, 36-FMAE traced signals with high fidelity. Finally, the unipolar connection method was used
to record EEG signals during an eye-blinking test by an electrode on the earlobe. The shape of the re-
corded signal by 36-FMAE was analogous to that of the FDE and wet-electrode method. Similar to the
other tests, the amplitude of the 36-FMAE signal was larger. Overall, 36-FMAE had an acceptable perfor-
mance for bio-signal recording when compared with conventional methods. 36-FMAE not only could
reduce the motion artifacts and impedance by penetrating the skin but was also cost-effective (Ren
et al., 2017).

In another study, a two-step process, direct-metal-laser-sintering (DMLS) 3D printing and polishing, was

used to print MNs from medical-grade stainless steel, with 657 um height and 250 um base diameter.
MNs post-processed with electropolishing after fabrication led to enhancing surface roughness as well
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as reducing tip radius from 51 um to 19 um. The results of this study corroborated the superiority of MN-
based electrodes over conventional wet/dry electrodes for EMG signal acquisition. Furthermore, the ad-
vantageous effect of increasing the number of MNss, in an array, on reducing the electrode-skin impedance
was emphasized (Krieger et al., 2020).

FUTURE VIEW AND CONCLUSION

Advantages of MNs have recently surged the number of scientific reports regarding diverse types of MNs,
including hollow, solid, coated, and dissolvable, with a range of feature sizes for a variety of biomedical
applications such as drug delivery, biosignal acquisition, and sample extraction. Moreover, a wide range
of MN fabrication methods was proposed: subtractive and additive approaches. This review provides an
overview of the working principles of 3D printing methods, highest attainable resolution, supported mate-
rials, and advantages as a guideline for the selection of proper fabrication method for future MN applica-
tions. Furthermore, the present review provides an overview of the benefits offered by the integration of 3D
printing with MNs, applicable 3D printing techniques for MN fabrication, potential applications of MNs,
and recent advances.

Regular and contentious monitoring of health and large-scale vaccination are required to control and curb
the impact of life-threatening diseases on healthcare systems worldwide. Conventional methods can
partially fulfill the demand for regular tests; however, they are associated with low patient compliance,
high-cost, and limited accessibility. Substituting present methods with mass-producible, accurate, cost-
efficient, point-of-need technologies will substantially reduce healthcare costs and increase life quality
globally. MNs are devices with versatile shapes and types that offer numerous benefits such as being
low-cost, portable, efficient, precise, and readily available for applications in drug delivery, liquid sample
extraction from the body, biosignal acquisition, and point-of-care diagnostics. However, there are some
challenges remaining in this area. For example, there is a need for new research on materials that are
used to fabricate MNs to increase their ability in the absorption of liquids, for enabling more drug load
either in drug delivery applications or in sample extraction (Zhu et al., 2020b). Moreover, the majority of
the reported cases have been studied within mimicking tissues and animals.

Despite the fact that current MN fabrication techniques could yield an acceptable resolution, cost-effec-
tiveness, requiring manual steps, demanding high proficiency in the micromanufacturing for proper imple-
mentation, and being labor-intensive are existing limitations of conventional methods. 3D printing is a
promising approach for MN fabrication because proposed MNs with desired size features can be de-
signed, modified, and fabricated directly, truncating the design and prototyping process by eliminating
the need for third-party manufacturing companies. However, slow printing, resolution confinements,
limited material choice, and biocompatibility are serious challenges of 3D printing (Chen et al., 2019b; Li-
gon et al.,, 2017). Although the terms “3D printing” and “rapid-prototyping” have been used interchange-
ably, the actual 3D printing process is not as fast as conventional industrial approaches, such as inject mold-
ing (Ligon et al., 2017). Moreover, regardless of the substantial attention received by 3D printing, achieving
higher resolution is an existing challenge. SLA, TPP, and DLW can produce MNs with acceptable resolu-
tions (5 um); nevertheless, limited biocompatible materials are supported with these methods, whereas
mechanical properties are not of a satisfactory degree (Chia and Wu, 2015; Ligon et al., 2017; Ngo et al.,
2018; Yao et al., 2020). Therefore, future studies can be focused on developing faster 3D printing methods
without compromising the resolution. By enhancing features of the laser beam, in laser-based methods,
and nuzzle features, in extrusion-based methods, the ultimate resolution of printed MNs can be realized.
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