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Abstract

The microneedles have attracted great interests for a wide range of transdermal biomedical applications, such as biosensing
and drug delivery, due to the advantages of being painless, semi-invasive, and sustainable. The ongoing challenges are the
materials and fabrication methods of the microneedles in order to obtain a specific shape, configuration and function of
the microneedles to achieve a target biomedical application. Here, this review would introduce the types of materials of the
microneedles firstly. The hardness, Young's modulus, geometric structure, processability, biocompatibility and degradabil-
ity of the microneedles are explored as well. Then, the fabrication methods for the solid and hollow microneedles in recent
years are reviewed in detail, and the advantages and disadvantages of each process are analyzed and compared. Finally, the
biomedical applications of the microneedles are reviewed, including biosensing, drug delivery, body fluid extraction, and
nerve stimulation. It is expected that this work provides the fundamental knowledge for developing new microneedle devices,

as well as the applications in a variety of biomedical fields.
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1 Introduction

Microneedles have attracted increasing interest in recent
years in biomedical areas, such as drug delivery, biosens-
ing, and fluid extraction (Chen et al. 2017). The tips of the
microneedles can penetrate the epidermis layer of skin to
arrive at the top layer of the dermis that is above the blood
capillaries. Thus, the microneedles would not touch the
nerve endings to further avoid bleeding and pain (Arai et al.
2015). The microchannels can be formed on the skin by the
microneedles where the molecules can pass through, or the
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microneedles can bring the devices, such as the electrodes
to get the biomedical signals (Kalluri and Banga 2009).
For drug administration, the microneedle approach has the
advantages of avoiding the effect of the gastrointestinal
digestion, accelerating the drug absorption, prolonging the
effective time, and patient self-administered without needing
doctors (Prausnitz and Langer 2008). For biosensing, the
microneedle approach provides possible continuous moni-
toring of the biomarkers in interstitial fluid (Liu et al. 2004).

A microneedle usually has a microscale height and width,
in the shape of a cone or a pyramid, and usually, a patch
of microneedle arrays sticks to the skin. The concept of
transdermal delivery by using microneedles was first pro-
posed by Zhao et al. in 2020, but due to the limitations of
micromachining technology, it was not until the 1990s that
microneedles were mass produced. The earliest use of hol-
low needles was by Mcallister et al., 150 pm micron needles
made of silicon in the 1980s (Chen et al. 2017).

Several types of microneedles have been fabricated,
including solid microneedles, coated microneedles, soluble
microneedles, and hollow microneedles. The microneedle
materials can be silicon (Park et al. 2005), metals, bioma-
terials, and polymers (Lee et al. 2016a; van der Maaden
et al. 2012). A variety of fabrication methods have been
explored, including photolithography with selective etch-
ing, machining with chemical etching, machining with

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10544-023-00658-y&domain=pdf

20 Page2of29

Biomedical Microdevices (2023) 25:20

micro-milling, laser cutter, 3d printing, soft lithography,
micro-injection molding, hot embossing, electrohydro-
dynamic atomization, laser machining, electric-discharge
machining with laser machining, soft lithography, drawing
lithography, centrifugal lithography, and droplet-borne air
blowing (Jung and Jin 2021).

This review would focus particularly on the recent pro-
gress of the materials, fabrication methods, and biomedical
applications of microneedles. The study would introduce the
types of materials for constructing the microneedles, their
fabrication, and related biomedical applications in drug
delivery, biosensing, and body fluid extraction. Most of the
published reviews on microneedles mainly reviewed the
application of microneedles in drug delivery (Ita 2015; Yang
et al. 2019, 2021). In recent years, the potential of micronee-
dles in the field of biosensors has attracted great attention
because of its painless and slightly invasive, such as the
sensor based on microneedles for biomarkers of human tis-
sue fluid. This paper also summarizes other applications on
body fluid extraction and nerves. In addition, due to the high
precision of the structure of the microneedle, there are great
difficulties in the preparation of the microneedle. At pre-
sent, other reviews lacked discussion about the fabrication
methods of the microneedle (Yang et al. 2019; Ma and Wu
2017). This study summarized almost all the existing pro-
cessing technologies of the microneedle that can serve as the
fundamentals for future study of the microneedle devices.

2 Materials for microneedles

FDA has strict regulatory requirements for the safety and
effectiveness of medical devices and products. When select-
ing microneedle materials, it is necessary to ensure that
their biocompatibility, safety, and stability meet the clinical
requirements of the FDA. Therefore, the following describes
the microneedle materials that meet FDA requirements.

2.1 Inorganic non-metallic materials
2.1.1 Silicon

Silicon and silicon-based materials have a excellent mechani-
cal strength and chemical and thermal stability. The process-
ing technologies of the silicon and silicon-based materials
have been very mature, such as laser technology, etching
technology, and laser cutting (Jung and Jin 2021) (Howells
et al. 2022). These technologies have expanded the prepara-
tion of complex silicon structures for medical device applica-
tions, such as joint implants, the infusion tube materials, the
microfluidic systems, and the contact lenses (Khanna et al.
2011; Abla et al. 2013). The silicon and silicon-based mate-
rials are also widely used in the microneedle drug delivery
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systems, which are mainly prepared by a combination of
isotropic and anisotropic corrosion processes (Vinayakumar
et al. 2014; Khanna et al. 2010).

However, when being punctured into the skin, the frac-
tures easily occur on the silicon microneedle, and the frag-
mented needle stays in the body and the biocompatibility of
silicon is poor, which leads to the adverse reactions such as
inflammation in the human body. Therefore, improving the
mechanical strength of silicon is one of the research direc-
tions of the silicon microneedles (Yan et al. 2011). Narayanan
et al. coated a layer of gold on the silicon material by metal
sputtering to improve the mechanical strength and biocom-
patibility of the microneedle array. The calculated mechani-
cal strength is 37.27 GPa, which is higher than the skin's
resistance (Narayanan and Raghavan 2019).

Another way to improve the hardness of silicon is to opti-
mize its etching process. S. Raghavan et al. optimized the
etching factor of tetramethylammonium hydroxide to make
slender silicon tapered microneedles, and the microhard-
ness of the manufactured Si microneedles was 44.4 (HRC),
which was 52.2 times the ultimate tensile strength of the
skin. This would make the microneedles safer through the
skin and easier to be inserted without breaking. In addition,
optimizing the structure and size of silicon microneedles is
also a very important way to improve their hardness. The
general length of silicon microneedles is 150~1700 pm and
the needle pitch is 260~2000 um (Pradeep Narayanan and
Raghavan 2017).

In addition to silicon, inorganic materials that can be used
for microneedles include glass, glassy carbon (Mishra et al.
2018a), and ceramics (Bystrova and Luttge 201 1; Hartmann
et al. 2015; Verhoeven et al. 2012; Gholami et al. 2019), as
shown in Fig. 1.

2.1.2 Ceramics

The biocompatible ceramics have higher mechanical strength
and high temperature and moisture stability than most pol-
ymers. At the same time, the surface of the ceramics can
also interact with biomolecules electrostatically to enhance
molecular penetration. The preparation of ceramic micronee-
dles generally uses dual-replicated PDMS production molds
and ceramic micro-molding technology, while ceramic
micro-molding technology includes uniform filling of the
mold and drying steps, during which the solvent evaporates
and forms a raw tape, resulting in microstructure defects.
Bystrova et al. produced alumina ceramic microneedle
arrays through micro-forming and ceramic sintering. In
order to degas to prevent the formation of raw tape, they
inserted a PDMS mold filled with slurry into a petri dish
and sealed it with paraffin film, and then placed it under
ultrasound for 30 min. The prepared ceramic microneedles
were tested at the micro-indentation station and there was
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Fig.1 The SEM and stereo
micrographs of a Silicon
(Khanna et al. 2011), b Glass
(Gupta et al. 2011), ¢ Ormocer
(Ovsianikov et al. 2007), d
Glassy carbon (Mishra et al.
2018a), e steel (Ullah et al.
2018), f PVP (Liu et al. 2018),
g PLA (Lietal. 2017), h PVA
(Yun et al. 2020), i CS (Chen
et al. 2020)

®

no damage (Bystrova and Luttge 2011). Since alumina is
sintered at a higher temperature, it has thermal instability,
the hybridization of ceramics and polymers can introduce
strong covalent bonds, and the cross-linking of organic
and inorganic components forms a three-dimensional net-
work, thereby improving the chemical and thermal stability.
Currently commonly used microneedle ceramic materials
mainly include alumina and zirconia.

2.2 Metal

The metal materials have several advantages for being con-
structed as the structural materials for the microneedles, such
as the excellent mechanical and physical properties, being
not easy to break, low cost, and excellent biocompatibility.
The metal microneedles can be used for the hollow
microneedles, coated microneedles, solid-state micronee-
dles, etc. The metal microneedles include stainless steel
(Cahill et al. 2018), titanium (Skoog et al. 2015), aluminum,
and Ni (Chen et al. 2019). However, the disadvantages of
the metal microneedles are non-degradable and inflexible.

2.2.1 Stainless steel

Stainless steel is a kind of special steel material with an
excellent biocompatibility, mechanical property, and cor-
rosion resistance. It is the most commonly used surgical
implant material, especially AISI316L and AISI317L
ultra-low carbon stainless steel. Therefore, stainless
steel become the most widely used material in the metal
microneedles. Stainless steel microneedles can be prepared
by excimer and infrared laser Processing, femtosecond

laser processing, electric-discharge machining and elec-
tro-hydraulic atomization. Cabhill et al. used an electrolytic
polishing process to produce the stainless steel micronee-
dles that maintain a mechanical integrity and have a high
specific surface area and associated porosity. These can
greatly improve the drug-loading capacity of the stainless
steel microneedles (Cahill et al. 2018). Ullah et al. covered
the surface of the stainless steel microneedles with a porous
polymer to increase its drug delivery rate. For lidocaine
drug delivery, the drug release of porous coating MNs was
25 times that of uncoated MNs (Ullah et al. 2018).

2.2.2 Titanium

Titanium, as a silver-white transition metal is widely used
for medical applications. It has many excellent properties,
such as lightweight, high strength, stable chemical proper-
ties, excellent temperature resistance, strong resistances to
acid and alkaline, and low density. Li, JY introduced a tita-
nium porous microneedle array prepared by an improved
metal injection molding (MIM) technology, which guar-
antees the biocompatibility of microneedles and can easily
penetrate human forearm skin without fractures (Li et al.
2017). Khandan et al. used a titanium deep reactive ion
etching technology to prepare the Ti microneedles with
the complex through holes and applied them to the ocular
drug delivery devices (Khandan et al. 2016).

2.2.3 Aluminum

Aluminum, as a silver-white light metal, is the most economical
and applicable medical material with the outstanding features
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such as ductility, lightweight, and corrosion resistance. Chen
et al. proposed a combination of micromachining, electrolyte
polishing, and anodizing methods to prepare an aluminum
microneedle array with the nanochannels on the surface, which
had hundreds of times the specific surface area of a traditional
template. By incorporating a dense network of needle-like
nanotube thin film channels, which cover a large surface area,
the drug-carrying capacity of aluminum microneedles can
be increased while simultaneously improving their mechani-
cal properties (Chen et al. 2013). Le Thanh et al. prepared a
microneedle of aluminum sample processed by computer
numerical control. The process was characterized by low cost
and scalability for a mass production (Hoa Le et al. 2015).

2.3 Polymers

Due to the polymer's easy formability, short processing
cycle, low cost, rich material variety, it is easy to achieve a
large-scale production, and the needle has a good toughness.
At the same time, the polymer material can be biocompatible
and biodegradable, and the polymer material molding pro-
cess has become important research in the field of medical
microneedle preparation. Table 1 summarizes the typical
polymers for constructing the microneedles.

2.3.1 Polycarbonate (PC)

PC is a high molecular polymer containing carbonate groups
in the molecular chain. It is a tough thermoplastic resin,
resistant to weak acids and alkalis, with high strength and
elasticity, excellent electrical properties, dimensional sta-
bility, and fatigue resistance. Due to the thermodynamic
properties of polycarbonate (PC), the PC microneedles
can be prepared with a hot embossing. McConville et al.
used the palladium nanopowders in PC adhesive to prepare
microneedles with a high mechanical strength (McConville
and Davis 2016). Nair et al. used a plasma technology and
a micro-injection molding to prepare the surface-modified
PC microneedles, which improved the surface energy and
roughness of the PC materials (Nair et al. 2015).

2.3.2 Polyvinylpyrrolidone (PVP)

PVP is a thermoplastic resin made by polymerization of
ethylene. It has the advantages of non-toxicity, resistance
to most acids and alkalis, and a high electrical insulation.
Liu's work was to prepare soluble PVP microneedles loaded
with insulin by a two-step centrifugation and molding pro-
cess. Compared with pure PVP microneedles, CaCO; doped
PVP microneedles show a high mechanical strength (Liu
et al. 2018). In addition, its mechanical stability can also be
enhanced by changing its geometry.
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2.3.3 Polylactide (PLA)

PLA, a polymer obtained by polymerization of lactic acid, is
made from starch raw materials proposed (e.g. corn). It has a
good thermal stability, biocompatibility, good degradability,
good gloss and transparency, and the best tensile strength
and ductility.

Kim, MJ, et al. obtained the sharp PLA microneedles by an
oxygen plasma etching, and the mechanical tests showed that
the microneedles with an obelisk-shape were mechanically
stronger than those with a pyramid-shape (Kim et al. 2018).

2.3.4 Acrylate

Acrylic polymers have a series of common characteristics,
such as transparency, low toxicity, easy preparation, wide
adhesion, water resistance, and durability. Therefore, the
acrylic resin can be widely used for medical applications.
Acrylate microneedles can be prepared by melt extrusion
and mold methods. Gittard et al. used the microneedles
made from acrylate-based polymer e-shell 200 and tested
their geometry to study the microneedle mechanical failure
mode and the mechanism of penetrating pigskin (Gittard
et al. 2013). It is verified that the increase in aspect ratio
and the decrease in tip diameter are related to the lower
failure force.

2.3.5 Hydrogels

Hydrogels have good mechanical properties and material
permeabilities. When the hydrogel is in a dry state, it is
very hard to have a sufficient mechanical strength to pen-
etrate the skin. After it penetrates into the skin, it would
quickly absorbs a small amount of tissue fluid, then the
swelling becomes soft, and the internal network structure
opens, becoming a channel for the material transportation.
At the same time, small molecule substances would circu-
late and diffuse freely under the action of an osmotic pres-
sure between tissue fluid and the hydrogel. Therefore, the
inflatable microneedles are mostly made of the crosslinked
hydrogel. Hydrogels microneedles can be prepared by soft
lithography. Kim et al. used the X-linked HA nanoparticles
to prepare the microneedles. The addition of hydrogel ena-
bles the microneedles to have the continuous drug delivery
capabilities and can be used in various applications that
require the sustained release of drugs for several days (Kim
et al. 2020b). Bok et al. studied to enhance the permeability
of hydrogels and drugs by a ultrasonic sound pressure and
an AC iontophoresis with the hyaluronic acid microneedles
(Bok et al. 2020).
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2.3.6 Polyvinylalcohol (PVA)

PVA has excellent thermal degradation characteristics and
can be used as the main material for constructing the dis-
solving microneedles (Yun et al. 2020). PVA microneedles
can be prepared by means of 3D printing (Uddin et al. 2020).
Rongyan et al. developed a PVA microneedle patch for the
point-of-care testing (He et al. 2020). First, interstitial fluid
was extracted from the high pore microstructure of the
hydrogel, and then the PVA was heated and dissolved in the
water bath. The target biomarker was recovered from the
microneedle patch quickly and effectively, and the concen-
tration of the target in the solution was detected.

2.3.7 Polycaprolactone (PCL)

PCL has been widely used in the fields of drug carrier, plas-
ticizer, degradable plastics, nanofiber spinning, and forming
and processing materials because of its good biocompat-
ibility, good organic homopolymer compatibility, and good
biodegradability. PCL microneedles can be prepared by melt
extrusion, mold method, laser cutting method, 3D printing
method, etc.

PCL has excellent thermal ablation changes and a low
melting point. In the soluble microneedles, it can be used
as a material that is triggered by light and heat to release
the model drugs (Andersen et al. 2018; Zhang et al. 2019).
Zhang et al. used lauric acid and PCL as arrows, polyeth-
ylene and PCL as a support base, and Cu7S4 nanoparti-
cles as light-to-heat conversion factors. After inserting the
microneedles into the skin, the support base was dissolved
and the detachable microneedle arrow were embedded in
the skin. Then, under near-infrared light, PCL was triggered
by photothermal to ablate and release the loaded metformin
drug (Zhang et al. 2018).

2.3.8 Carboxymethylcellulose (CMC)

It is a carboxymethylated derivative of cellulose, usually
an anionic polymer compound prepared by reacting natu-
ral cellulose with caustic alkali and monochloroacetic acid.
It is non-toxic, hygroscopic, and easy-to-disperse in water.
CMC can improve the mechanical strength of dissolving
microneedles with the excellent biodegradability and bio-
compatibility (Kamal et al. 2020). The CMC microneedles
can be prepared by mold method. Jeong et al. designed a
soluble microneedle composed of CMC and trehalose, in
which CMC provides a mechanical strength, and trehalose
increases the dissolution rate of the microneedle. Human
growth hormone is administered in the form of embedding
microneedle with a good tolerance (Lee et al. 2011). Pre-
pared CMC with gelatin copolymer hydrogel microneedles
by Nayak et al., and combined with ultrasound for delivery
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of lidocaine. Microneedles application increased permeabil-
ity up to 17 fold at 0.5 h, averaging up to fourfold. The time
required to reach therapeutic levels of lidocaine was reduced
to less than 7 min (Nayak et al. 2014).

2.3.9 Cellulose acetate phthalate (CAP)

CAP, as a modified natural porous polymer, can be acquired
by esterifying the hydroxyl groups in the cellulose acetate
molecule with acetic acid. CAP is selective, water permeable,
and simple-to-process. It is non-toxic, harmless, and non-
allergic to a skin contact for a long time. However, it is easy
to deteriorate in the alkaline solutions and strong oxidants.
CAP is pH sensitive and can be used for the electrochemi-
cal control of the drug release based on a pH sensitivity.
It can swell or dissolve when the local pH changes caused
by an appropriate reduction potential (Seddiqi et al. 2021).
Anderson et al. used nano-particle carbon as a conductive
material, and CAP as a polymer binder, and prepared con-
ductive microneedles by mold method. When electricity was
applied to the microneedle, a hydrogen evolution reaction
occurs, causing the local pH on the electrode to increase. The
increase of pH would cause the swelling of the CAP polymer
that constitutes the needle structure, thereby achieving the
effect of controlling the drug release (Anderson et al. 2019).

3 Fabrication methods of solid microneedles

The structure includes cones, quadrangular pyramids, and
triangular pyramid (Das et al. 2019). The main microneedle
preparation processes include the conventional microma-
chine, the microelectronic integrated manufacturing technol-
ogy (MEMS), and the 3D printing technology. In the manu-
facturing process, the shape, length and width of the needle
tip need to be optimized for an easy insertion into the skin.
Therefore, according to the characteristics of the preparation
material and the requirements of the application, the prepara-
tion process need to be selected and improved accordingly.

3.1 Fabrication without mould

3.1.1 Lithography/machining with selective etching

Photolithography with etching A combination of photolithog-
raphy, metal deposition, and selective etching was used for the
fabrication of the microneedles. The manufacturing process
is by using photolithography to obtain a microsized pattern,
followed by the deposition of metals, such as chromium as a
mask material layer (Henry et al. 1998). A dry etching and/or
wet etching process is used to etch the patterned wafer, which
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can vertically etch the unmasked silicon portion and a slight
lateral under-etched masked portion to obtain a series of sharp
silicon spikes, as shown in Fig. 2a (Held et al. 2010).

X-ray lithography with etching In the manufacture of the
semiconductor devices, the light source used for photolithog-
raphy has been reduced from visible time ultraviolet (UV)
lamps to soft X-rays. Short-wavelength X-rays have been
successfully used and need to leak deeper microneedle gully
structures. Generally, there is a close relationship between
the X-ray dose energy and the microneedle exposure depth,
as well as between dose energy and size transition.

The positive and negative photoresists for X-ray lithogra-
phy are generally PMMA and SU-8 respectively. UV-LIGA
exposure photoresist is often used to obtain the needle struc-
ture of the microneedle, but it is easy to overreach during
the preparation and etching of the bevel of the needle tip,
resulting in the collapse of the needle tip structure. Bai et al.
adjusted the X ray exposure direction and performed two
exposures. In the second exposure, there was a certain devia-
tion from the vertical direction and finally formed a three-
dimensional microneedle structure with a single beveled
side wall. And using the mobile photolithography process, a
complete three-dimensional PMMA pyramid structure with

o e e e S e ] ) e e e [
| a Type | needles Type Il needles
| Patterning of oxide mask layer

1* isotropic etching

Anisotropic DRIE

2™ isotropic etching

Oxide removal

I'

Deposition and patterning of insulation

M

etallization

Fig.2 Silicon solid microneedles are prepared by the selective etch-
ing method. a A schematic diagram of isotropic etching using the
type I and type II process and the profiles as a function of the process
parameters. b A schematic diagram of the combination of isotropic

(a) (b)

l Casting

C

l Casting
]

l Exposure Exposure
WU HUWHI
Ry e e——

l Develop lDeveIop

LI 1111

"/ PEGDA 256 + DAROCUR 2% v/iv |l Photomask
Silicone vessel
PEN Q83

I silicon
M Quartz

and anisotropic etching using the type II process (Held et al. 2010). ¢
A lithography process sketch (not to scale) for manufacturing micro
needles (MNS) by method 1 and method 2 (Dardano et al. 2015)
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multiple inclined surfaces is prepared, which is more con-
ducive to piercing the skin and reducing pain. However, due
to the expensive X-ray equipment, this process is difficult to
popularize (Bai et al. 2012).

Machining with chemical etching Machining with chemical
etching has been studied as well. For example, the micro-
pillars were fabricated on stainless steel or silicon wafers
using a cutting machine, and a chemical etching or an elec-
trochemical etching was used for adjusting the shape of the
microneedles, as illustrated in Fig. 3a (Lee et al. 2016b; Yan
et al. 2018).

3.1.2 Laser engraving

Laser ablation, as a top-down process for material process-
ing, has been widely used in micro drilling and cutting
applications. The 3D microneedle structure with a cer-
tain height and pitch can be fabricated by laser process-
ing directly, and its height can be adjusted as needed by
adjusting the power and scanning speed of the laser. The
laser process can manufacture the microneedles array in a
variety of materials, including metals, PDMS, and PMMA.

However, the melting point of PDMS is low, a laser
processing would cause the burning and resolidification
problems, and the depth is not uniform. Tu et al. used

a U Stainless sieel
___ Electroplted Au
[ Piblack
@l Paryienc

L (b) Electroplating for Au

(a) Wet chemical etching

L

Fig.3 Fabrication sequences of 3D steel microneedle array by machin-
ing. a a machining with chemical etching and FE-SEM image of the 3D
micro-needle array with Au/Pt black on stainless steel (Lee et al. 2016b).
b a micro-milling method for CAM strategy for the needle geometry
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AISI 316L
cedles

CO, direct writing laser to process the microneedle mold
structure in PMMA and fabricated the PLGA microneedles
ranging from 700 pm to 1100 pm through the secondary
casting PDMS process, but the disadvantage was that the
surface of the prepared PMMA microneedles was rela-
tively rough. Omatsu et al. used a circularly polarized opti-
cal vortex process to prepare the metal solid microneedles.
As the laser-induced plasma rotated along the light inten-
sity curve, a smoother microneedle surface was produced
during the ablation process. They used this method to pre-
pare a metal microneedle array with a uniform height and
needle shape (Omatsu et al. 2010), as shown in Fig. 3c.
Aydin Sadeq introduced a method for manufacturing hol-
low and solid chitosan microneedles a commercial CO,
laser cutting machine (Sadeqi et al. 2018).

3.1.3 Micro-milling

Micro-milling was another method for manufacturing
microneedles. A stainless-steel needle array with a conical
geometry was manufactured by a ball-end micro-end mill-
ing cutter, as shown in Fig. 3b. However, this method would
wear or even break the tool, and the production time is too
long, making it economically unsuitable, and it is difficult
to convert multi-step batch processing to high-throughput
manufacturing scalability (Garcia-Lopez et al. 2018).
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1.06um
1-5mJ 20ns

Objective lens
x10 (f=20mm)

A SPP awp Metal(Ta)

il

f
.f‘
/oo
/

0 8

157/8

0.0um

Annular
twisted
light

Annular

Annular
twisted
Hght

P

twisted
light
g 74 A

Mete! Metal Metal

Laser Needie
induced

plasma;

o N
Repulsive
force

Plasma Nesdle

Ablati Plasma
Mlatior confinement. o Recomb:nation = mp == formation

(left) and experimental setup (right) (Garcia-Lopez et al. 2018). ¢ a laser
ablation for fabricating the microneedles on metal surfaces that uses dis-
torted light to rotate (Omatsu et al. 2010)
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3.1.4 3D printing

3D printing is a rapid approach for constructing microneedles.
Without machining or any molds, the microneedle structure
can be directly generated from computer graphics data, which
shortens the product development cycle significantly, reduces
the material waste, improves the productivity, and reduces the
production costs. In Fig. 4a, the 3D printing for the micronee-
dles is generally divided into several steps. First, a software,
such as SolidWorks, is used to design the microneedle struc-
ture based on a few parameters. Then, from the perspective
of stress, pressure and force, a simulation analysis is used to
design and determine the appropriate parameters and materi-
als processed by a 3D printer (Saroia et al. 2020). Generally,

three types of 3D printing have been studied, including ste-
reolithography (SLA), fused deposition modeling (FDM), and
digital light processing (DLP). The accuracy of FDM printing
technology is affected by several factors, such as temperature
and the size of the release nozzle, and the minimum feature
size for these two methods can be 100 um. The DLP system
has a high printing accuracy and can meet the manufacturing
accuracy of the microneedle. In Fig. 4b, Kevinkrieger et al.
developed a low-cost, simple, and customizable method for
manufacturing microneedle molds through the common, com-
mercial, and reasonably priced SLA 3D printers, which can
print the needles with a good NIB definition, and can quickly
produce microneedle molds with easy to customize needle
parameters (Krieger et al. 2019).

a
15 MN arrays
~40 min
5 M KOH
9 hours
-~ Load Drug | Wash
b 4
pr— P N UL+ % -
(il ) — il r 3
L S Nt o
pestn cA2 s ol P e i e 70N ek

100 pm

(vil) Degas in vacuum
followed by heat cure
in oven

(vi) Silicone cast
master MNA

(viii) Demold to obtain
female mold

[Groyrwen] SR

Fig.4 3D printing of microneedles. a Polymer microneedles by SLA laser (Saroia et al. 2020). b The mold manufacturing technology with a
SLA 3D printer. Three-dimensional structure diagram of microneedle mold using micro injection compression molding (Krieger et al. 2019)
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Stereolithography A 3D printer with SLA has been studied
for constructing the microneedles. The process is to irradiate
selected materials with ultraviolet rays, and use polyvinyl
alcohol to cure each layer. Because SLA is a nozzle-less pro-
cess, there will be no material clogging and high resolution.
The printing speed is slow. The quality of the final product
depends on the laser intensity, laser exposure and curing
time, scanning speed, and printing resolution. However,
the photoinitiator required for the SLA printing process is
toxic, the machine is more expensive, and less biocompatible
materials can be printed. The materials can be acrylonitrile-
butadiene styrene (ABS), polyester resin, PLA, PVA, and
biocompatible resin. The microneedles have been used in
several healthcare applications, such as the treatment of can-
cer, human squamous cell carcinoma Zenoraft tumors, and
inhibition and elimination (Uddin et al. 2020). Economidou
used SLA technology to prepare an MN array of pyramids
and spears, and applied a thin layer of insulin sugar to the
surface of MNs uniformly and accurately by inkjet printing,
successfully achieving rapid hypoglycemia in mice. Com-
pared with metal MN, 3D printed polymer MN requires less
force to penetrate pig skin (Economidou et al. 2019).

Fused deposition modeling FDM is another method for the
construction of microneedles. The method has a low cost,
a rapid prototyping, and a simple process. Two nozzles can
be used to print different materials at the same time. The
disadvantage is that the extrusion process of filler particles is
difficult to uniformly disperse. The disadvantage is poor res-
olution. The materials generally are thermoplastic materials,
such as PLA and ABS. To solve the problem of low resolu-
tion, Luzuriaga et al. first used FDM to print the degradable
PLA solid microneedles, and then etched the microneedles
in KOH solution, reducing the thickness and width to 200-
300 pm, and the tip size was Between 1-55 pm, it improves
the feature size resolution of FDM printed materials and has
considerable mechanical strength (Luzuriaga et al. 2018).

Digital light processing The method with DLP is that after
the image signal is digitally processed, the light is projected
and the photosensitive resin is molded. It can project and
aggregate a whole layer during printing, and the printing
speed is fast, which is especially obvious when compared
with SLA technology. The resolution is high, and the mold-
ing accuracy can reach up to 25 microns. Several types of
materials have been studied, such as resin, nylon, ABS,
and PLA. Han et al. used DLP technology to create a bio-
logically heuristic microneedle with the backward curved
barbs. Since the curing light intensity attenuated as the
light propagates through the precursor solution, a cross-
link density gradient was formed, and triangular barbs were
formed after curing. The barb thickness was 100 pm, and the
maximum bending curvature was 0.0033 um~'. The tissue
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adhesion of barbed microneedle was 18 times that of non-
barbed microneedle, and the tissue adhesion of biologically
inspired microneedle had been improved (Han et al. 2020).
Wei Yao et al. proposed the hydrogel MNs based on DLP
3D printing, studied the mechanical properties of MNs in
detail at different exposure times, and performed artificial
skin microneedle puncture simulation, MNs injection, and
extraction drug simulation experiments, and it shows that
the microneedles prepared by DLP have good mechanical
properties (Yao et al. 2019).

3.2 Fabrication with with mould
3.2.1 Soft Lithography

Soft lithography is a widely used method for a pattern trans-
fer. The transfer procedure is normally by pouring polymeric
materials onto a mold, and after hardening and demolding,
the microneedles in the desired material are obtained. The
original structures of microneedles or cavities were fabri-
cated by conventional machining, microfabrication, or 3D
printing. The original mold can be microneedles or their
negative patter, the cavities. For the microneedle structure-
based mold, a two-step transfer was used, the micronee-
dles are transferred into the cavities, and the cavities were
further used to transfer to obtain the microneedles in the
desired material. For the cavity-structure-based mold, the
microneedles are obtained directly with a one-step transfer.
The materials of the obtained microneedles can be PMMA,
SU-8, Si, and PDMS.

3.2.2 Micro-injection molding

Similarly, micro-injection molding and hot embossing are
used for the pattern transfer to obtain the microneedles in the
desired material. For the micro-injection, the solution was
injected into the cavities of the mold with a micro-injector
by a compression process (Sammoura et al. 2007; O'Mahony
et al. 2019; Mirza et al. (2017)). The injection speed, melt
temperature and secondary clamping pressure have a signifi-
cant effect on the quality of microneedles during the injec-
tion process (Zhuang et al. 2018).

3.2.3 Hot Embossing

For hot embossing, the process is to heat the material to the
molding temperature, control the displacement and strength
for embossing isothermal forming, and then keep the force
constant to cool, and finally, the pattern is demolded, as
shown the Fig. 5S¢ (Worgull et al. 2008). The embossing
temperature, pressure and time affected the quality of the
microneedles, as illustrated in Fig. 5a (Abubaker and Zhang
2019), and the coupling of the gradient thermal field and
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the pressure field is the key to the process, as indicated in
Fig. 5b (Li et al. 2019a).

4 Fabrication methods for hollow microneedles

In contrast to solid microneedles, hollow microneedles
can provide continuous administration for drug delivery.
However, the manufacturing process and cost of hollow
microneedles are often complex and high. Several methods
have been studied for the fabrication of hollow microneedles.

4.1 Preparation of hollow microneedles
without mould

4.1.1 Lithography with etching

X-ray lithography The LIGA technology is an important
method for preparing hollow microneedle arrays. Among
them, deep reactive ion etching and other techniques are
used for hollow microneedle formation (Iliescu et al. 2018).
However, LIGA technology requires expensive synchrotron

Fig.5 a A hot embossing

machine and video measure- a
ment system (Abubaker and

Zhang 2019). b The schematic

(left) of the modified hot

embossing setup for the GMPA
microneedle fabrication and its

photo (right) (Li et al. 2019a).

¢ Three-dimensional structure

diagram of microneedle mould

using micro injection compres-

sion molding and optical image

of the polymer microneedle

array (Chen et al. 2020) b
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light sources and special masks, which cannot be prepared
on a large scale. Microneedle molds can be prepared based
on LIGA, and then microneedle arrays can be prepared
in batches by combining injection molding and stamping
molding processes. In LIGA technology, the improvement of
exposure technology can get the ideal microneedle structure.

Mobile X-ray lithography The mobile lithography technol-
ogy is to install a phase shifter on each hole on each mask.
As a result of light interference, the interference light inten-
sity between adjacent holes cancels each other out, so that
the light intensity distribution of the pattern boundary is
clear, thus The hole pattern can be distinguished and the
resolution of photolithography can be improved. Wu et. al
used alignment exposure technology, and obtains a simi-
lar pattern of pattern on the LIGA mask by mobile X-ray
lithography, and then uses alignment exposure technology
to achieve the microneedle array hole processing. Then
the exposure energy distribution map of microneedles on
a PMMA lithographic plate and prepared a microneedle for
blood extraction (Wu et al. 2018).
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Double deep X-ray exposure The first reticle is used for the
first lithography. After the lithography is completed, per-
form etching, transfer the pattern on the photoresist to the
hard mask below, and then spin-coat the photoresist to use
the second mask to complete the second photolithography.
This lithography can increase the high aspect ratio. The first
exposure produces a single PMMA part with a sawtooth,
and the second exposure removes the substrate and creates
a hollow channel in Fig. 6a. The work of Perennes was to
produce PMMA through dual deep x-ray lithography, then
combining with the imprint technology, to prepared PMMA
microneedle (Perennes et al. 2006).

Tilting X-ray lithography The silicon wafer has a slight tilt
relative to the exposure lens and the reticle so that the entire
thickness of the anti-reagent has been exposed to multiple
different focal planes, which can achieve the effect of signifi-
cantly enhancing the depth of exposure. Inclined exposure is
based on double-deep X-ray exposure, continuously tilting
deep x-rays during the second exposure to shape the column
array into a hollow microneedle array as shown in the Fig. 6b.
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UV and X-ray lithography The biggest difference between
UV-LIGA and LIGA is that it uses a common mask to
expose on a universal UV exposure machine, while LIGA
requires an expensive synchrotron light source and a
special mask. SU-8 photoresist is a negative photoresist,
and UV photolithography is a commonly used photoli-
thography method in recent years. The combination of
the two can form a high aspect ratio structure. Liao et al.
used ultraviolet light instead of X-rays to obtain a similar
exposure energy distribution as LIGA and prepared a good
quality microneedle array with a drug-loading capacity
(Liao et al. 2012). Jiaming Chen et al. introduced reshap-
ing photoresist technology to form a hollow channel arc
structure by baking sacrificial photoresist before deposit-
ing a gold seed layer. The gold layer serves as a conductive
layer having good biocompatibility. Three-dimensional
arrays of hollow and solid microneedles were prepared
using laser micromachining technology. Lithography can
prepare multiple composite structures at the same time
(Chen et al. 2019).

Fig.6 X-ray processing of microneedles. a Fabrication of a microneedle
array with the successive inclined deep x-ray exposure process (Perennes
et al. 2006). b Fabrication of a microneedle array with a high aspect ratio
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by vertical deep X-ray exposure and the successive inclined deep x-ray
exposure process (Moon and Lee 2005)
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4.1.2 Laser Processing

Excimer and infrared Laser Processing: Excimer (UV) and
infrared (IR) laser processing techniques can be used to pre-
pare metal electrodeposition molds, and they can also be
used to cut solid needles directly from Titanium to produce
hollow microneedles (Chen et al. 2015). Liao et al. devel-
oped a new two-photon polymerizationdirect laser writing
method, which is a non-linear optical process based on two-
photon absorption theory. By programming the laser focus to
move in three-dimensional space, the reliable hollow three-
dimensional microstructures are fabricated with nanometer
resolution, including microneedles for drug delivery, and are
not limited by subtractive processing or etching processes, as
illustrated in Fig. 7a and b (Liao et al. 2019; Rad et al. 2017).

Femtosecond laser processing Vinayakumar, KB and others
used a new technology of femtosecond laser micromachining
to prepare hollow stainless steel microneedle arrays. First,
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EDM was used to create a circular hole and a circular step on
both sides of the stainless steel plate. The aperture and taper
of a hollow microneedle array can be controlled by varying
the diameter of the laser spot (Vinayakumar et al. 2016b).

Laser writing The combination of the SU-8 material and
the laser writing technology has also become an important
way to prepare hollow microneedles. The laser beam from
a laser writer system incident on the resist surface provides
an energy for cross-linking, which can change the structure
of SU-8 to prepare the microneedles (Mishra et al. 2018b).
Mishra's work used a coherent laser beam to fabricate a
hollow SU-8 microneedle array with the flow channels,
and then convert the SU-8 polymer into the glassy carbon
microneedle by pyrolysis (Mishra et al. 2018a). Liao et al.
systematically studied the factors affecting the quality of
the hollow microneedles in TPP technology, including
material composition, laser input, and development pro-
cessing (Liao et al. 2019).

Fig. 7 Laser processing of microneedles. a The schematic diagram of two-photon polymerization direct laser writing (TPP-DLW) system (Liao
et al. 2019). b The fabrication of prototype microneedles with open microfluidic channels by laser stereolithography (Rad et al. 2017)
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4.1.3 Electric-discharge machining

Electric-Discharge Machining (EDM) is an approach for
constructing the complex shapes. The functional principle is
using the electrical discharges (sparks) to remove materials
and erode the hardened steel with small features. Vinaya-
kumar, KB, and others introduced a method of preparing
stainless steel microneedles by a combination of EDM
and focused ion beam technology. First, a planar solid SS
microneedle array was fabricated by the EDM method and
then a focused ion beam was used to make holes Erosion
formed microstructures (Vinayakumar et al. 2016a).

4.1.4 Blowing air

The principle is that the polymer droplets are formed into
microneedles by blowing air, and the polymer droplets are
solidified with a blow to form a microneedle shape. This
method can provide mild temperature and fast manufac-
turing conditions. The specific methods are: 1) dispersing
the polymer droplets on a flat substrate; 2) contacting the
dispensed droplets through the upper plate; 3) control-
ling the length of the microneedles by moving the upper
plate upwards; 4) purging with air Make the droplets thin
and shaped; 5) Separate the two plates so that two rows of
microneedles are formed on both plates (Kim et al. 2013), as
shown in Fig. 8a. Hu et al. used the thermoplastic stretching
of metallic glass to prepare microneedles. The same draw-
ing process can produce solid and hollow microneedles by
changing the thickness of metallic glass. They also used the
prepared hollow microneedles to inject the liquid into the
skin (Hu et al. 2020), as shown in Fig. 8b.

4.1.5 Drawing lithography

The drawing lithography makes use of the tensile and elon-
gating properties of viscous fluids. Micro-needle structures
are formed by contacting and stretching viscous polymer
droplets. The shape cannot be freely controlled and the
mechanical strength is weak as shown in Fig. 8a. The hol-
low glass microneedles prepared by Mahadevan using a
standard glass stretching process have ID tip tips of 5 pm
(Mahadevan et al. 2013). In Fig. 8c, Lee, K, et al. proposed
three drawing techniques of continuous drawing of UHAR
hollow microneedles, step-controlled drawing of dissolving
microneedles and reverse isolation drawing of folded edges
(Lee and Jung 2012).

4.1.6 Centrifugal lithography
The principle is smilar to that of droplet-borne air blowing,

and the droplets were elongated by applying a centrifugal
force, as shown in Fig. 8b. The specific methods are: 1)
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the polymer droplets were placed on an inner plate, and an
outer parallel plate is not in contact with the droplets; 2) by
rotating, the effect of a centrifugal force is distributed in
the axial direction of a polymer droplet; 3) with the rota-
tion, the head of the droplet rises and necks until it forms
an hourglass shape in contact with the outer plate, and the
droplet undergoes a centrifugal evaporation and gradually
solidifies; 4) Finally, the solid fracture occurs at the narrow
neck of the hourglass, which becomes a column microneedle
(Yang et al. 2017), as indicated in Fig. 8d.

4.1.7 3D printing

3D printing technology can use CAD software to design
a personalized structure with a unique curved surface to
better fit the human skin for use. Lim et al. used additive
manufacturing (AM) technology to build a rugged micronee-
dle physical model with geometrical complexity up to the
micron level and printed layer by layer until manufacturing
is completed (Lim et al. 2017).

For the manufacture of hollow structures, Nicholas and
others' work is using a hypodermic needle to insert into the
mold to form a hollow tube during 3D printing (Nicholas
et al. 2018). Kundu proposed an inexpensive micromachin-
ing technique that uses micro drills or laser micromachining
to obtain feature subtractive printing for the preparation of
hollow microneedles (Kundu et al. 2018).

4.2 Preparation of hollow microneedles with mould

Several methods have been studied for fabricating the hollow
microneedles by using pattern transfer methods.

4.2.1 Electroplating with etching

A combination of electroplating and etching is used for
the preparation of hollow metal microneedles. Miller, PR
et al. used a combination of laser direct writing (LDW) two-
photon polymerization (2PP), and electroplating to prepare
hollow metal microneedles. First, LDW and 2 pp were used
to prepare solid microneedles with internal bosses, which
were then formed using PDMS. Metal was then electroplated
on the PDMS by pulse deposition to make metal hollow
microneedles (Miller et al. 2019).

4.2.2 Coating and demolding

Aydin Sadeqi et al. carved a cross-line pattern on an acrylic
plate to prepare the 3D microneedles by a CO, laser.(Sadeqi
et al. 2018) The acrylic plate was subjected to a plasma treat-
ment and a silanization, and then a PDMS mold was obtained
by casting the PDMS on the acrylic mold. Finally, through
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Fig.8 a Fabrication of dissolving microneedles via droplet-born air
blowing method (Kim et al. 2013). b Fabrication of the microneedles
with adjustable lengths and tips by controlling the rheology and fracture
of metallic glass (Hu et al. 2020). ¢ Fabrication of the 3D microneedle

casting a chitosan solution on the PDMS mold, chitosan solid
microneedles can be obtained.

The work of Yong-Hun Park et al. was to directly print
out PDMS molds (Lee et al. 2016a). Specifically, when a
laser beam was directed at a PDMS plate using a commer-
cial carbon dioxide laser writer, a series of tapered holes
were created. Adjusting the laser intensity and other param-
eters to obtain tapered holes of different sizes, shapes, and
angles. However, the disadvantage of this method is that
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structures by drawing lithography in a glass transition (Lee and Jung
2012). d Fabrication of the hyaluronic acid dissolving microneedles by a
centrifugal lithography (CL) for (Yang et al. 2017)

laser cauterization will bend PDMS and produce a large
amount of powder, which affects the quality of the mold.

4.2.3 Electro-hydraulic atomization
In the problem of drug coverage of coated microneedles,
Khan et al. used the electro-hydraulic atomization (EHDA)

principle to prepare smart microneedle coatings, coupling
stainless steel MNs with ground electrodes, and through
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coating processes such as changing the flow rate and apply-
ing voltage, controlled deposition of particles (100 nm to
3 pm) and fibers (400 nm to 1 pm) on MNs can be con-
trolled directly (Haj-Ahmad et al. 2015; Khan et al. 2014).
Angkawinitwong et al. used EHDA to coat PLGA nano-
particles coated with ovalbumin on a hydrogel's MN array.
EHDA can form a uniform particle coating on the surface
of MNs with a coating efficiency of 30%, and mechanical
properties and Insertion performance are not much different
from uncoated (Angkawinitwong et al. 2020).

5 Application of microneedles

Microneedles have the advantages of being minimally inva-
sive, low pain, and high accuracy, and are widely used in
medical fields, such as drug delivery, biosensors, and fluid
extraction (Fig. 9). Drug delivery and biosensors, as the two
main aspects, are presented here.

5.1 Biosensing

Microneedle sensing can provide a painless and continuous
detection of biomarkers for certain diseases. The micronee-
dles have been studied for the construction of several types of
biosensors, including glucose, lactate, alcohol, beta-lactam,
and glutamic acid.

5.1.1 Glucose biosensor

Glucose is an important parameter for diabetes, and sev-
eral types of solid and hollow microneedles have been con-
structed for glucose biosensors. Kim et al. used a CO, laser
to cut a PET film into solid needles and then fixed the carbon
and Ag/AgCl electrodes on the top of the needles by screen
printing, using a ferrocene carboxylic acid layer as the elec-
tron transfer media to enhance the sensor sensitivity. Then the
bioengineered mussel adhesion protein (MAP) was used to
stabilize the enzyme on it. In order to solve the errors caused
by the temperature of the microneedle sensor and the time
lag between interstitial and blood glucose, they proposed a
new compensation algorithm to improve the performance of
CGMS and apply it to clinical experiments, and its accuracy
is consistent with a commercial disposable sensors (Kim
et al. 2019). A high-pore solid microneedle Au electrode was
constructed by an electrochemical self-template method, and
glucose dehydrogenase was immobilized by a drip infusion.
A microneedle glucose sensor was prepared and studied in
artificial interstitial fluid. It showed an excellent sensitivity
(50.86 pA cm™2 mM™!), a high stability (20% signal loss
after 30 days), and a short response time (3 s) (Bollella et al.
2019a). Gabriela et al. developed a self-powered micronee-
dle glucose sensor that integrates a carbon paste biological

@ Springer

Coated MNs A\ a4/ lon sensor
* *
Soluble MNs molecular sensor
* *
Hollow MNs . ! Other sensor
Application b

Blood Extraction

ISF Extraction

Fig.9 Application of transdermal microneedles: drug administration,
detection, and body fluid extraction

anode and cathode in a hollow microneedle array to achieve
a continuous, non-invasive monitoring of glucose without
the need for an external power supply (Valdes-Ramirez et al.
2014). As shown in Fig. 10a, our group developed an intel-
ligent closed-loop patch based on hollow biodegradable
microneedles for diabetes management. The patch can not
only monitor interstitial glucose levels but also deliver insulin
in real time and continously for the intelligent management
of diabetes (Luo et al. 2022).

5.1.2 Lactate biosensor

The lactate accumulation can cause soreness and fatigue ini-
tially. If without any treatment, it would further result in an
acidification of the body and may lead to serious diseases.
Miller et al. prepared a hollow microneedle sensor using a
dynamic light micro-stereolithography. To improve the sta-
bility of the lactic acid sensor in interstitial fluid with an
anti-interference capability, Paolo et al. functionalized the
microneedles, including electrodeposited Au multi-walled
carbon nanometers, and electropolymerized mediators such
as methylene blue. The sensor showed the excellent per-
formances in artificial interstitial fluid and human serum
(Bollella et al. 2019b).

5.1.3 Alcohol biosensor

Alcohol can cause a variety of liver, brain, heart, pan-
creas and cancer diseases. VinuMohan et al. prepared a
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Fig. 10 The wearable Microneedle-Based biosensor. a A diabetes sensor
patch based on hollow biodegradable microneedles (Luo et al. 2022).
b A bioimpedance sensor based on microneedle for precision farming
(Bukhamsin et al. 2021). ¢ A extended gate transistor based on wear-

microneedle-based subcutaneous alcohol sensing device con-
sisting of three hollow microneedles. Two platinum and one
silver wires were placed inside each hollow as the electrodes,
and alcohol oxidase was immobilized on a platinum wire that
can detect the alcohol concentration in artificial interstitial
fluid and mouse isolated skin models (Mohan et al. 2017).

5.1.4 Beta-lactam biosensor

Beta-lactam has a strong bactericidal activity, a low tox-
icity, a wide indication, and an excellent clinical efficacy.
Timothy et al. prepared a beta-lactam microneedle sensor by
electrodepositing iridium oxide on the microneedle platinum
surface and then immobilized p-lactamase with a hydrogel.
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able microneedles for real-time detection of sodium in interstitial fluids
(Zheng et al. 2022). d A wearable patch using ion electrophoresis dou-
ble extraction for rapid capture and detection of Epstein Barr virus cell-
free DNA (Yang et al. 2020)

The Hill potential equation and logarithmic plot were used
for open circuit potential and data analysis to obtain the con-
centration of beta-lactam (Rawson et al. 2017).

5.1.5 Other biosensor

Windmiller et al. introduced a glutamic acid microneedle sensor
for monitoring glutamic acid, using poly-o-phenylenediamine
(PPD) film to electropolymerized glutamate oxidase to elimi-
nate the influence of interfering substances, The detection
limit of the sensor for glutamate in serum reached 10 pM
(Windmiller et al. 2011). Yang et al. studied a wearable epi-
dermis sensor with a reverse iontophoresis for the rapid detec-
tion of Epstein Barr virus cell-free DNA. The DNA target

@ Springer



20 Page 180f29

Biomedical Microdevices (2023) 25:20

was successfully extracted from interstitial fluid within 10
min, and the maximum capture efficiency was 95.4% (Yang
et al. 2020), as shown in Fig. 10d. Also, the microneedle sen-
sors had been applied to agriculture, for example, Abdullah
bukhamsin's group used the impedance sensor of the
microneedle to pierce the wax outside of plants, and obtained
the impedance spectrum in the open air environment as a non-
destructive monitoring method for crops (Bukhamsin et al.
2021), as illustrated in Fig. 10b. Sodium is a potentially impo-
ratant biomarker for assessing the health condition. As shown
in Fig. 10c, Zheng's group reported a microneedle biosensor
that was stretchable, stable, and biocompatible for detecting
sodium to determin the health status continuously and in real-
time (Zheng et al. 2022).

5.1.6 Clinical applications of microneedle sensing

Microneedle products need to undergo a series of laboratory
tests, animal trials, and clinical trials before being marketed
to prove their safety and effectiveness.

Recently UCSD aimed to develop a minimally inva-
sive microneedle sensor to monitor levodopa levels in real
time. The project began in November 2022 and tested the
accuracy, tolerability, and safety of the device in patients
with Parkinson's disease (Goud et al. 2019). Gowers et al.
proposed a potential microneedle-based biosensor to detect
local pH changes due to f-lactamase hydrolysis through a
pH-sensitive iridium oxide layer. The ability of these bio-
sensors to track penicillin concentrations in the body in real
time has been demonstrated in trials with healthy volunteers
(Gowers et al. 2019).

Ribet et al. implemented an integrated glucose sensor,
which consists of a small sensing probe containing an intact
three-electrode electrochemical cell inserted into the lumen
of a hollow silicon microneedle. The system relies on capil-
laries to fill the microneedle cavity to extract tissue fluid.
The transdermal portion of the device is 50 times smaller
than commercial products, and amperometric tests on the
human forearm have shown satisfactory sensitivity and
measurement latency consistent with physiological expec-
tations (Ribet et al. 2018). Tehrani et al. reported a fully
integrated wearable microneedle technology for wireless and
continuous real-time sensing of two metabolites (alcohol and
glucose) in volunteer tissue fluids and validated by paral-
lel measurements using standard reference methods. This
technique addressed the practicality of wearable devices for
epidermal sweat measurement (Tehrani et al. 2022). Arvind
et al. presented the results of a preliminary clinical study of a
novel prototype microneedle-based continuous glucose mon-
itor in patients with diabetes. The overall mean absolute rela-
tive difference (MARD) of sensing blood glucose was 15%,
with 98.4% of paired points located in the A + B region of
the Clark error grid. What's more, the calibration of fingertip
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glucose measurement only needs to be performed 1 time per
day, which is less frequent compared to most commercially
available devices (Jina et al. 2014).

Current clinical applications of microneedle sensors pre-
sent a number of challenges, such as biological contamina-
tion and foreign body reactions that affect the long-term
operation of the sensor in humans, among other limiting
issues, and microneedle sensors require ultra-sensitive
responses to monitor trace levels of many important target
molecules and accurately quantify analyte concentrations
(Teymourian et al. 2021).

5.2 Transdermal administration of drugs

Although some small-molecule drugs can pass through
human skin, the efficiency is low. The microneedle adminis-
tration can enhance the penetration efficiency of small mol-
ecule drugs (Gui et al. 2017; Wu et al. 2016; Cao et al. 2016;
Moreira et al. 2020; Gao et al. 2019; Ahmed et al. 2019).
Both the solid microneedles and the hollow microneedles
have been widely studied for the administration of drugs.

Generally speaking, solid microneedles can enhance the
permeability of human skin, and genes, proteins, and drugs
can be penetrated and released into the human body. As
shown in Fig. 11, solid microneedles can be divided into
drug-free microneedles and drug-loaded microneedles. Hol-
low microneedles can store trace drugs, genes, proteins, and
vaccines in or outside the microneedle cavity, and the drug
is injected into the tissue through a pinhole.

5.2.1 Solid microneedles

The principle of the drug-free solid microneedles for deliv-
ering drugs is that after the microneedles penetrate the skin,
they can break the barrier function of the stratum corneum
and establish a large number of skin microchannels, then
apply a patch on the skin with the existing pores, and the
drug enters the skin through the pores so that the transder-
mal volume of the drug increases significantly. Drug-loaded
solid microneedles are divided into coated microneedles and
soluble microneedles.

Drugs on solid microneedles For the coated microneedles,
the surfaces of the needles are coverd by drug molecules by
a spray coating method, a dipping coating method, etc. The
disadvantage is that the amount of drug loaded is relatively
small, and the sharpness of the microneedle is affected after
the drug load.

A number of coated microneedles were studied for drug
delivery. Gao et al. developed a new gelatin/sucrose film-
encapsulated polyethylene glycol diacrylate (PEGDA)
microneedle patch by the polymerization process (Gao et al.
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Fig. 11 The administration principle of different types of microneedles:
solid, coated, dissolving and hollow. Before drug release (up) and after
drug release (down)

2019). The experiments on live mice showed that doxoru-
bicin's functional properties were well maintained and that
all problems associated with systemic administration of
anticancer therapy were avoided. Microneedle scalp admin-
istration has a wide range of applications in insulin admin-
istration (Vora et al. 2020; Yu et al. 2020; Kim et al. 2020a;
Darvishha and Amiri 2019), as shown in Fig. 12a. Due to
the capillary effect and highly porous and interconnected
structure, the prepared porous polymer microneedles showed
a rapid extraction of dermal interstitial fluid and efficient
loading. The blood glucose level of the mouse dropped to
normal levels within 8 h after the drug administration (Liu
et al. 2020). Uppu et al. assembled a microneedle array with
a three-component protein subunit vaccine layer by layer
for the detection of antigens in mice (Uppu et al. 2020).
Pastor et al. used 30% w/w poly (methyl vinyl ether-maleic
anhydride) aqueous blends as raw materials to prepare the
vaccine microneedles for the outer membrane vesicles of
Shigella flexneri. The vesicle vaccine was successfully dem-
onstrated for being released from the microneedles into the
BALB/c mice in vivo (Pastor et al. 2019).

In adiditon, the efficiency of the druy delivery with the
microneedles can be enhanced through an external electrical
field. For example, as shown in Fig. 12b, Shinya Kusama's
group developed a porous microneedle array patch, and an
enhanced transdermal drug delivery and glucose extraction
can be obtained by applying a DC to the pig skin samples
(Kusama et al. 2021).

Soluable microneedles Soluble microneedles are composed
of degradable or soluble polymer materials. Drugs are stored
in the needle body by mixing with these polymer materi-
als. After the microneedles entering the human body, they
are degraded or dissolved under the action of tissue fluids,
thereby Drug release is performed. The advantages of solu-
ble microneedles are that they can automatically degrade
even after rupture. The disadvantage is that conditions such
as high temperature during the preparation process would
affect the stability of the drug.

Several types of soluble microneedles have been used
for the drug delivery. Zhang et al. used PLC microneedles
that can be degraded by light heating, thereby releasing the
loaded metformin (Zhang et al. 2018). Zhan et al. prepared
hydroxypropyl methylcellulose and poly (methyl vinyl ether-
maleic anhydride) dissolution microneedles as the matrix
material containing lidocaine hydrochloride for a rapid local
anesthesia, which can be dissolved in rat skin in 5 min (Zhan
et al. 2018).

The approaches for accelerating the dissolution of
the drugs or the detachment of the microneedles from a
patch substrate is the key to the applications. As shown
in Fig. 12c. Lee et al. developed a thermally-responsive
microneedle that can be thermally activated for the percu-
taneous drug delivery for diabetes monitoring and treatment
(Lee et al. 2016a).

The soluble microneedles have been applied to vari-
ous body regions. As shown in Fig. 12d, Esther designed a
microneedle patch with a high drug load to deliver the macro-
molecules and applied it to the oral area, successfully deliver-
ing 1 mg of human insulin and human growth hormone pay-
load to the buccal cavity of pigs within 30 s (Caffarel-Salvador
etal. 2021). Li et al. studied a microneedle patch with a rapid
separation. The bubble structure between each microneedle
and the patch backing made it easier for the microneedle to
penetrate the skin and fell off under shear within five seconds
after the application of the patch (Li et al. 2019b), as shown
in Fig. 12e.

5.2.2 Hollow microneedles

Compared with the solid microneedles, the hollow micronee-
dles can pass the drug solution through the lumen and release
quantitatively under the pressure of an external pump. Com-
pared with traditional transdermal patches, hollow micronee-
dles significantly increased skin permeability, resulting in
faster drug absorption and action. But the preparation of hol-
low microneedles is cumbersome and difficult, and the tissue
can create resistance to the microneedle injection (Ma and
Wu 2017; Carcamo-Martinez et al. 2021).

Drago et al. constructed the hollow silicon microneedles
by deep reactive ion etching to deliver insulin. Although the

@ Springer



20 Page200f29

Biomedical Microdevices (2023) 25:20

a S e
Shesiomat b apiliin
o ,\): g e
Re b Wo PR S o O
A s S0 i ~B
A Bl [ Qo
i s e s 2 I e N
IR i e s
| st

Fig.12 The application of microneedles in transdermal drug delivery.
a A glucose-responsive insulin patch for regulating blood glucose (Yu
et al. 2020). b A porous microneedle array patch based on transdermal
electroosmosis (Kusama et al. 2021). ¢ A Patch with thermal responsive

microneedle injection of insulin resulted in a less decrease
in the glucose level compared to that with a subcutaneous
infusion, an obvious increase in serum insulin (40-50%) was
observed, mainly attributing to a more efficient delivery of
insulin at a high insulin (200 IU/ml) by hollow microneedles
(Resnik et al. 2018).

In preparation of hollow microneedles, lumens were
opened in the side or the center. In side opening, the sharp
beveled tip limits the patient pain by reducing the inser-
tion force. For example, Bolton et al. developed a novel dry
plasma processing to prepare the hollow microneedles with
the beveled tips and vertical sidewalls with a good uniform-
ity, which successfully injected insulin into porcine skin
(Bolton et al. 2020).

In the ocular medication, the invasive treatment is some-
times required by hollow microneedles due to the low bio-
availability of the drug crossing the cornea. Thakur et al.
delivered a thermoresponsive orthotopic implant forming
poloxamer formulation into scleral tissue, and the sustained
drug delivery could be accomplished by changing the needle
penetration depth, the implant gel composition, and the area
injected intrasclerally (Thakur et al. 2014).
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microneedles for monitoring and treatment of diabetes (Lee et al. 2016a).
d The microneedle platform for buccal macromolecule transportation

(Caffarel-Salvador et al. 2021). e A rapidly detachable microneedle patch
for continuous release of contraceptives (Li et al. 2019b)

5.2.3 Clinical applications of microneedle drug delivery

In the past decade, intensive research efforts have led to
the approval and commercialization of several microneedle-
based products for clinical applications. Numerous clini-
cal trials aimed at investigating the safety and efficacy of
microneedle-based systems are ongoing (Bhatnagar et al.
2017). A prefilled hollow microneedle delivery system,
the Fluzone Intradermal®, is marketed and the patch can
penetrate the skin to deliver the vaccine. This product has
been approved by the U.S. FDA for use in influenza vac-
cination (Jacoby et al. 2015). Tivi Biomedical's CorVax ", a
microneedle patch for COVID-19 vaccination, is currently
in clinical trials (Rouphael et al. 2017). Nanopatch™ is a
microneedle patch used for vaccination, and utilized a min-
iature array of needles to deliver the vaccine to the deep
layers of the skin in order to improve the immune effective-
ness of the vaccine. It is undergoing clinical trials and has
been ranked as one of the most potential biotechnologies
(Meyer et al. 2019).

Zosano Pharma's M207 and Qtrypta' " are microneedle
patches for Administration of zolmitriptan intracutaneous,
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and developed for acute treatment of migraine. These prod-
ucts are undergoing clinical trials to evaluate their effects
in patients (Rapoport et al. 2020; Friedman et al. 2021).
The LTS smart patch from Lohmann Therapie Systeme has
been used for estrogen replacement therapy and pain treat-
ment (Donnelly and Douroumis 2015). Lumixyl® system
of Envy Medical is a microneedle patch for cosmetic skin
care that can penetrate the skin to deliver skin care ingre-
dients. This product includes a small microneedle array
that can deliver skin care ingredients to the deep layers
of the skin, and has been approved by the US FDA for the
improvement of skin pigmentation and defects (Chen et al.
2021). Dermapen is a microneedle device for skin therapy
that can be passed through multiple microneedles to pen-
etrate the skin to treat imperfections and skin problems.
This product can be used for the treatment of problems
such as vaccinia, scarring, and skin aging. Dermapen has
been marketed worldwide and is widely used in the clinics
of dermatologists (Sabri et al. 2020).

5.3 Other application
5.3.1 Blood rxtraction

The general method of the extraction of interstital fluid by
the solid microneedles is to pierce the stratum corneum
with solid microneedles, and then remove interstital fluid
by a vacuum chamber. Blicharz et al. prepared a device for
collecting capillary blood that includes a solid microneedle
patch, a storage vacuum, and a microfluidic system. The
clinical studies have shown that the pain from the blood col-
lection by the device is significantly less than that associated
with the venipuncture (Blicharz et al. 2018). To solve the
dynamic problem of the blood collection by the micronee-
dles, Li and others had invented a blood collection device
with an elastic self-recovering actuator and microneedles,
as shown in Fig. 13a. The elastic self-restoring actuator was
pressed externally to accumulate an elastic energy to drive
the blood extraction and delivery. No external power supply
was required (Li et al. 2012).

5.3.2 Interstitial fluid extraction

Interstitial fluid is a important sample resource that contains
many target biomarkers related to disease and health, and
has potential application value in health monitoring. There
are a few approaches to extract interstitial fluids as follows.

Interstitial fluid collection by diffusion into hydrogel micronee-
dles The phase change characteristics of hydrogel make the
microneedles hard when dry, which is conducive to easy
penetration into the skin. At the same time, the high porous

microstructure of the hydrogel provides a good swelling capac-
ity for the extraction of interstitial fluid (He et al. 2020).

He, RY, et al. used polyvinyl alcohol and chitosan as the
base material to prepare hydrogel microneedle patches. The
high pore structure of the hydrogel was used to provide a
good swelling and adsorption capacity for the extraction of
interstitial fluid. The thermal degradation characteristics of
vinyl alcohol can quickly recover the target biomarkers. The
device successfully detected the glucose levels in rabbit skin
throughout the day (He et al. 2020), as indicated in Fig. 13b.
Zheng et al. Introduced an osmotic fluid-driven hydrogel
microneedle patch that can extract interstitial fluid three
times faster than the existing platform (Zheng et al. 2020),
as shown in Fig. 13c.

Interstitial fluid collection by paper Chandana Kolluru et al.
produced micropores on the skin surface through micron-sized
microneedles, and collected microliters of ISF on the plasma
paper on the patch backing through the micropores to measure
interstitial fluid in vivo and R6G in rat serum (Kolluru et al.
2019), as shown in Fig. 13d. Lee et al. inserted the micronee-
dles into the skin at an angle of 66° so that the length of the
microneedles can be extended within the safe range of skin
penetration in Fig. 13e, and collected the skin interstitial fluid
into the paper reservoir on the patch, obtaining 2.9 pl intersti-
tial fluid in 30 s (Kim et al. 2021).

5.3.3 Nerve simulation and recording

In human body, the nervous system controls all voluntary
and involuntary processes. Therefore, in many cases, to
interfere with the performance of organs, it is necessary to
manipulate the nervous system. Depending on the severity
of the operation, this interference may be too intrusive or
completely non-invasive. Transcutaneous electrical nerve
stimulation (TENS), such as those commonly used to treat
limb pain, are known as noninvasive techniques. Soltan-
zadeh used the SU-8 microneedle electrode coated with
molybdenum for transcutaneous electrical nerve stimula-
tion. The prepared electrode increased the capacitance and
charge transfer resistance of ETI. The harmful Faraday cur-
rent through the tissue is greatly reduced, which can reduce
the pain of the user (Soltanzadeh et al. 2017). Mishra et al.
prepared a wearable microneedle sensor array, which can
be used to detect opioid drugs (OPI) and organophosphate
(OP) nerve agents and can be applied to rapid human body
induction (Mishra et al. 2020).

Soltanzadeh et al. studied the microneedle array electrode
used for percutaneous electrical nerve stimulation and com-
pared the current density at different depths, the space was
constant under the electrode, the specific absorption rate of
tissue, the stimulation selectivity, the effect of temperature
rise and blood flow on the medical effect (Soltanzadeh et al.

@ Springer



20 Page22o0f29

Biomedical Microdevices (2023) 25:20

PDMS switch

Bottom of
PDMS switch
PDMS chamber

Outlet-valve flap

Outlet-valve
open

Inlet-valve
close

Penetration into skin Extraction of blood Transportation of blood

[

LTIV

SERS measurement

ISF collection using
plasmonic paper MN

!
1
'
1
B
'
1
. patch
l
i
1
[
1
1
1

N
1 ISF Biomark Centrifug Sample Analysis
\using filter paper  extraction loading

N LI o s e e el i -

Fig. 13 Ilustration of the blood-collection and interstitial fluid -extraction
device. a An elastic self-healing actuator integrated with microneedles
for blood collection (Li et al. 2012). b A hydrogel microneedle patch for
detecting interstitial fluid (He et al. 2020). ¢ The hydrogel patch is inte-
grated with an electronic glucose sensor for rapid extraction of microliter

2020). Xie et al. developed an analgesic microneedle patch
with soluble microneedles, which can effectively relieve the
analgesic effect of neuropathic pain (Xie et al. 2017).

6 Future development of microneedle
technology

Efficient and reliable skin penetration of microneedles is
one of the most important factors for achieving microneedle
applications. However, this can lead to partial or incomplete
microneedle penetration due to the elasticity effect of human
skin. Since the thickness of human skin varies depending on
the age, gender, body mass index, race and skin area of the
user, this may lead to variations in the monitoring area of the
microneedle sensor, resulting in unreliable monitoring signals.
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skin interstitial fluid (Zheng et al. 2020). d A microneedle patch based on
plasma paper for molecular detection in dermal interstitial fluid (Kolluru
et al. 2019). e The 3D printing device for interstitial fluid extraction with
inclined microneedle penetration (Kim et al. 2021)

Another important factor affecting the efficiency of
microneedling is the interlocking nature of the needle and
the tissue. When worn, the microneedle may slide on or
off the skin surface, resulting in drug leakage or perceived
mechanical interference creating a noisy signal. Good nee-
dle-tissue interlocking can also increase the contact area
between the microneedle and skin tissue, promoting the
penetration and absorption of drugs and the reliability of
monitoring. In this regard, selecting appropriate microneedle
materials, such as silicon and polymers, can improve the
strength and stiffness of the microneedle. At the same time,
optimizing parameters such as the height, tip radius, base
diameter, needle density, and spacing of the microneedle
can improve the permeability of the microneedle. It can also
be combined with optimization of skin preparation, such
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as exfoliation, scrubbing, and local heating, to improve the
permeability of the skin. It can be combined with a suitable
applicator to control the insertion force and ensure the cor-
rect angle and depth of insertion into the skin.

For drug-delivery microneedles, drug absorption can
also be improved by altering the chemical structure of the
drug-delivery microneedle to include permeation enhanc-
ers, surfactants, acidifiers, etc. For microneedle sensors,
the problem of unreliable signals due to random insertion
of microneedle sensors can be addressed by using precise
liquid dispensers or carefully controlled spraying methods
to clearly define the electrode area, or by improving signal
calibration algorithms.

In addition, biological contamination and foreign body
reactions are other limiting issues that affect the long-term
operation of microneedles in vivo. Microneedle insertion
can lead to possible tissue trauma and inflammation, and
the accumulation of proteins, cells, or macromolecules on
the surface of the microneedle sensor through nonspecific
binding. This rapid adsorption will prevent the diffusion of
the target analyte to the surface of the microneedle sensor,
resulting in a gradual decrease in the sensing signal over
time. These problems can be eliminated through surface
modification, coating, biomass molecules, etc., or multiple
sub arrays with different types/thicknesses of coating can be
used to sequentially activate each sensor array to extend the
service life of the microneedle sensor. These improvements
will promote the practical application of microneedles.

With the development of personalized and precision medi-
cine, microneedle technology needs to be further developed
to meet the needs of specific patients. For example, research
can adjust the drug release rate of microneedles by chang-
ing the design, material, and drug carrier of microneedles
based on the specific situation of patients, as well as intel-
ligent microneedle systems that can adjust treatment plans in
real time. In the application of drug delivery microneedles,
electrochemically controlled multiple drug delivery actua-
tors can be developed to achieve higher precision control
over the delivery of multiple therapeutic agents on a single
microneedle patch. In addition, a system architecture coupling
drug delivery and detection of microneedle arrays has been
designed to allow a highly integrated module with closed-
loop functionality to appear in a microneedle patch to pre-
pare small, low-pain, convenient disease management devices.
These would be attractive new applications for microneedles.

7 Conclusions

The microneedles have attracted increasing attentions for
a variety of healthcare applications, such as drug delivery,
extraction of interstitial fluid, and biosensing. The ongoing
challenges include the material selection for the microneedles,

the configuration of the microneedles, the fabrication meth-
ods, and the target desired applications. Many materials have
been introduced and characterized for microneedle construc-
tion, including silicon, glass, ceramic, glassy carbon, stainless
steel, titanium, nickel, aluminum, PC, PVP, PLA, acrylate,
hydrogel, PVA, PCL, PS, CMC, CAP, and chitosan. The
configurations of the microneedles include solid micronee-
dles, and hollow microneedles. The methods for fabricating
microneedles of each specific shape and configuration include
photolithography/machining with selective etching, direct
processing, and pattern transfer. In addition, the microneedles
have been explored for a variety of applications, including
biosensors, drug deliveries, body fluid extractions, nerve sim-
ulation, and nerve recording. This review serves as a resource
for materials and fabrication methods for microneedles in bio-
medical devices, and their related healthcare applications.
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