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Microneedles (MNs) have been developed for various applications such as drug delivery, cosmetics,
diagnosis, and biosensing. To meet the requirements of MNs used in these areas, numerous materials
have been used for the fabrication of MNs. However, MNs will be exposed to skin tissues after piercing
the stratum corneum barrier. Thus, it is necessary to ensure that the matrix materials of MNs have the
characteristics of low toxicity, good biocompatibility, biodegradability, and sufficient mechanical
properties for clinical application. In this review, the matrix materials currently used for preparing MNs
are summarized and reviewed in terms of these factors. In addition, MN products used on the market
and their applications are summarized in the end. This work may provide some basic information to
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1. Introduction

The transdermal drug delivery route is more easily accepted by
patients because it is painless, non-invasive, and convenient for
patients compared with hypodermic injections.'™ However,
due to the strong barrier of the stratum corneum layer, the
ideal matrix materials for the preparation of transdermal drug
delivery patches should meet the properties of low molecular
mass (less than 600 Da), moderate lipophilicity (log p1-3) and
low melting point.*”” At present, only about 20 drugs that meet
these requirements have been approved by the Food and
Drug Administration (FDA) for the preparation of transdermal
drug delivery patches.® Based on these issues, MNs have been
developed for transdermal drug delivery to overcome the barrier
of the stratum corneum to promote the delivery of drugs.

MNs are painless micro-size devices that can breach the
stratum corneum hence producing recoverable tiny channels
on the skin without stimulating pain-sensitive nerves. In fact,
as early as the 1970s, MNs were envisioned for drug delivery,’

“State Key Laboratory of Organic-Inorganic Composites, Beijing University of
Chemical Technology, Beijing, 10029, China. E-mail: xdguo@buct.edu.cn,
chenbz@mail. buct.edu.cn

b Beijing Laboratory of Biomedical Materials, College of Materials Science and
Engineering, Beijing University of Chemical Technology, Beijing, 100029,

P. R. China

¢ Biopharmaceutical and Health Engineering Division, Tsinghua Shenzhen
International Graduate School, Shenzhen, 518055, China.

E-mail: zhang.cy@sz.tsinghua.edu.cn

 Department of Dermatology, China~Japan Friendship Hospital, East Street Cherry
Park, Chaoyang District, Beijing, 100029, P. R. China.

E-mail: wuhucuiyong@vip.163.com

+ Both authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2022

researchers in the selection of MN matrix materials and in developing new materials.

and during the late 1990s, Henry et al first published their
study on the use of silicon MNs. The experimental results
indicated that the insertion of MNs into the skin was capable
of dramatically increasing the transport of molecules across
the skin, which further confirmed the feasibility of MNs
for transdermal administration.’®'! Since then, MNs have
been constantly growing for various purposes such as drug
delivery,"® cosmetics,"® diagnosis and biosensing.***® Among
them, the typical applications of MNs are the delivery of drugs,
especially for the macromolecule drugs such as peptides,
proteins and antibodies, since these biomacromolecules are
easily digested or metabolized in the gastrointestinal tract by
the oral route.'”'

Naturally, to meet the requirements of MNs used in different
areas, the matrix materials of MNs have also been developed
from silicon materials to a variety of materials such as glass,
metals, ceramics, oligosaccharides, and polymers. Jae-Min Song
et al."® used a traditional stainless-steel material to prepare metal
MNs for H5N1 influenza virus-like particle delivery, which is
expected to be used for self-vaccination against a virus with
pandemic potential. To achieve the smart release of insulin,
Wang et al?® designed novel charge-switchable polymeric
complex MNs for glucose-responsive insulin delivery in mice
and pigs. Based on the dissolving properties of carboxymethyl
cellulose, Lee et al.>* fabricated a kind of lidocaine-loaded MN
array for rapid and painless local anesthesia. These studies
have shown the great potential of MNs for clinical application
as minimally invasive and painless devices. However, MN
arrays will be exposed to the viable skin tissue after piercing
the stratum corneum barrier. Thus, it is necessary to ensure
that the matrix materials of MNs have the characteristics of

J. Mater. Chem. B, 2022,10, 6059-6077 | 6059


https://orcid.org/0000-0001-5581-4253
http://crossmark.crossref.org/dialog/?doi=10.1039/d2tb00905f&domain=pdf&date_stamp=2022-08-01
https://rsc.li/materials-b
https://doi.org/10.1039/d2tb00905f
https://pubs.rsc.org/en/journals/journal/TB
https://pubs.rsc.org/en/journals/journal/TB?issueid=TB010032

Published on 01 July 2022. Downloaded on 4/26/2024 6:25:14 AM.

Review

low toxicity, good biocompatibility, biodegradability, and good
mechanical properties for clinical application. In this work, the
matrix materials currently used for preparing MNs are sum-
marized in terms of these factors, which gives an outlook of the
future development of MNs. In addition, MN products used in
the market and their applications are summarized in the end.
Hoping this work could provide some basic information to
researchers in the selection of MN matrix materials and in the
development of new materials.

2. Matrix materials and properties

Generally, MNs can be categorized as solid, hollow, coated,
dissolving and hydrogel-forming MNs according to their drug
delivery strategies (Fig. 1). Solid MNs are mainly prepared using
some materials with good mechanical properties to enhance
skin permeability.>>>* The removal of solid MNs from the skin
produces temporary tiny holes to enhance the penetration of
drugs. Hollow MNs were typically used for delivering liquid
formulations and the drug flow rate and flow rate can be
controlled by adjusting the amount of inlet pressure.”>?
Coated MNs are usually prepared by coating water-soluble
formulations on solid MNs.”® After insertion of the coated
MNs, the drug coatings are dissolved into the skin within
a certain time, and then the MNs are removed. Differently,
dissolving MNs are usually fabricated by water-soluble
materials, and the drug formulations can be encapsulated in
the matrix materials of dissolving MNs and released after
insertion.>**° Hydrogel-forming MNs swell to release drugs or
extract bodily fluids after contact with skin interstitial fluid
(ISF).*!

The matrix materials for the fabrication of these types of
MNs can be roughly divided into silicon, glass, ceramics,
metals, oligosaccharides and polymers. The percentage of
publications on different matrix materials of MNs in the last
5 years as shown in Fig. 2. More than half of the published
literature on MNs is on polymer and oligosaccharide MNs, and
this has been increasing over the last five years. In this section,
the mechanical properties of these matrix materials and their
safety such as toxicity and biocompatibility will be summarized
and discussed.
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Fig. 1 Schematic diagram of different MN administrations.
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2.1. Silicon

With the development of a high-precision microelectronic
technology, silicon is considered an excellent mechanical
material that can be used to design a variety of desirable
shapes (Fig. 3A).>”> Based on these advantages, silicon
was selected as a matrix material to prepare the first MNs
(150 um-tall) for transdermal drug delivery."" Subsequently,
silicon has been widely used to fabricate solid and hollow MN
arrays with various geometric parameters for drug delivery.”*
Until now, research on silicon MNs still accounts for a
proportion (Fig. 2).

Although silicon has the characteristics of high fracture
strength and toughness, there is still a risk that the sharp tips
of silicon MNs may fracture under the skin during application
due to the brittle nature of silicon.** Besides, silicon is not an
FDA-approved biomaterial, and its biocompatibility has not
been well established up to now. Thus, these fractured silicon
fragments remaining under the skin may cause undesirable
immunogenic consequences or be transported via blood vessels
to the heart and cause arterial blockage.*® Several methods
have been proposed to solve the fracture and biocompatibility
issues of silicon MNs, such as coating some higher strength
and biocompatibility metal layers such as gold or silver (Fig. 3B
and C)*”*° or designing the shape of MNs according to strength
theories such as maximum linear strain theory and Tresca yield
criterion.’” Thus, the length of silicon MNs usually is shorter
than that of others. Narayanan and colleagues fabricated solid
silicon MNs with an average height of 158 pum, base width of
110.5 pm, tip angle of 19.4° and tip diameter of 0.40 um by
optimizing silicon etching technique factors.*® These silicon
MNs were proven to be strong enough to penetrate the skin
without any breakage, and the microchannels formed by silicon
MNs on the skin surface can improve the drug delivery rate
(Fig. 3D).*° However, silicon MNs are still very expensive
because the preparation of silicon MNs requires extensive
processing and clean room facilities. At the same time, the
researchers focused more on microneedles prepared from
other materials, given the problems of bacterial infections that
can occur when the skin is left open for long periods of time
after the solid microneedles have been prepped to form micro-
channels in the skin.*®

Drugs Release
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Fig. 2 Percentage of publications on different matrix materials of MNs, based on Web of Science (https://apps.webofknowledge.com/). Keywords used
were ‘polymer microneedle’, ‘oligosaccharide microneedle’, ‘silicon microneedle’, ‘glass microneedle’, ‘ceramic microneedle’, ‘metal microneedle’ and
‘metallic microneedle’. Reviews are not included. Search date: 3 April 2022.
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Fig. 3 (A) Solid silicon MNs (height: ~400 pm. Adapted with permission from ref. 34. Copyright 2014 Springer Nature. (B) (a) SEM image of hollow silicon
MNSs. (b) Vickers hardness test measured and compared for solid Si MNs. Adapted with permission from ref. 27. Copyright 2014 Elsevier. (C) (a) Single row
of MNs with the SiO, layer peeled off. (b) Final high aspect ratio of solid Si MNs. (c) Measured and compared-load versus Vickers hardness (Hv) values for
all samples. Adapted with permission from ref. 36. Copyright 2018 Springer Nature. (D) (a) Schematic representation of the steps involved in Nile Red
release from the polymeric MN system. (b) The concentration of Nile Red in excised neonatal porcine skin following the application of PMVE/MA MNs
containing Nile Red-loaded nanoparticles and control patches containing Nile red nanoparticles. Adapted with permission from ref. 39. Copyright 2010
Elsevier.

22. Glass based on the micropipette puller technology to extract dermal

Glass is a kind of material which is cheap, physiologically and ISF for glucose monitoring (Fig. 4A).** The results showed that
chemically inert, easily sterilized, and easily fabricated in the glass MNs could each withstand more than 1 kg of force
various geometries.’""*> The excellent transparent property of before breaking and no evidence of adverse skin reactions
glass permits easy visualization of fluid flow. Prausnitz et al. was observed.** Their group also designed 0.9 mm-long, 30°
fabricated a kind of hollow glass MN using borosilicate glass beveled hollow borosilicate glass MNs to test the hypothesis of

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. B, 2022, 10, 6059-6077 | 6061
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Fig. 4 (A) Images of hollow glass MNs fabricated to pierce the skin to
extract ISF for glucose monitoring (the glass MNs were fabricated using a
thermal puller). Adapted with permission from ref. 43. Copyright 2005
Mary Ann Liebert Inc. (B) (a—c) Images of hollow MNs. (d and e) Local skin
reaction at the site of insulin administration. (d) Erythema and (e) edema
scores for subcutaneous 0.9 mm catheter (open symbols) and intradermal
0.9 mm-long MN (solid symbols) treatment sites using the Dermal Draize
scale. Adapted with permission from ref. 25. Copyright 2011 Mary Ann
Liebert Inc. (C) Corneal area affected after intrastromal injection of 1 uL or
2 pL India ink using different needle types. *P < 0.05 compared with 1 puL
injection using the same needle type. Adapted with permission from ref.
45, Copyright 2012 Springer Nature.

intradermal insulin infusion in human subjects.>®> The MNs
could be fabricated strong enough to insert into the skin with-
out breakage by controlling the preparation parameters, and
intradermal MN injection caused significantly less erythema
compared with subcutaneous catheter infusion (Fig. 4B).>®
However, due to the remarkable chemical inertness and low
chemical reactivity of glass, it is difficult to prepare glass-based
MNs by chemical methods, so currently, glass-based MNs are
usually produced by the traditional method of pulling glass
rods using an aspirator, which is not very efficient in produc-
tion. Therefore, the use of glass MNs are only limited to small
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experimental scales, and the commercial settings have not been
achieved.>>*"4*

Additionally, like silicon MNs, glass MNs also suffer from
the brittle problem during application. Matthaei and colleagues
used hand-pulled and 25° beveled glass MNs to deliver India
ink into the eyes of mice.*® The results suggested that the glass
needle tends to provide the smallest absolute affected area, and
the injection using Hamilton 33 G needles and WPI 35 G
needles shows a trend to affect the larger absolute staining
area (Fig. 4C), but the glass needles may break inside the
corneal stroma. However, Experiments have proved that bor-
osilicate glass implants appear to be biocompatible with the
cortical surface®*® but there is a risk that silica glass may
cause granulomas in the skin.> For pharmaceutical purposes,
borosilicate glass may be better than silica glass.

2.3. Ceramics

Ceramics have been widely used for skeletal repair and recon-
struction materials.””® Also, these materials have aroused
great interest of researchers in the preparation of MNs due to
their outstanding properties such as good strength, excellent
chemical resistance, and biocompatibility.>®>' Importantly,
the surface area, porosity and degradation of ceramics can be
tailored during the fabrication process, so ceramic-based MNs
can be designed for controlled release of drugs.”>** Alumina is
the commonly used material for ceramic MNs.>**® Boks and
coworkers fabricated a kind of alumina-based nanoporous
ceramic MNs for controlled release of a model vaccine
(Fig. 5A).>” Notably, a study carried out by Bystrova and cow-
orkers showed that the unreasonable drying conditions of the
alumina green tape could result in breakage of the MNs during
demolding.>® Studies have suggested that a risk that the role of
aluminum release from alumina implants must be considered
when alumina implants are used for long term implants, but
alumina shows good biocompatibility for short term implants
and basically will not cause adverse reactions such as redness,
swelling (Fig. 5B).>%°°

Alumina-based ceramic MNs are usually fabricated using
micromolding and sintering. The extremely sinter temperature
of ceramic MNs, even as high as 1500 °C, resulted in drugs only
can be loaded into the MNs after sintering.’”®" Therefore,
a kind of self-setting ceramics such as gypsum and brushite
have been proposed for the fabrication of MNs, because these
materials have good resorbability, biocompatibility, and the
slurries of these ceramics can be cured at room temperature or
under mild condition instead of high temperature sintering.**®*
Cai and colleagues fabricated a type of self-setting bioceramic
MNs using alpha calcium sulphate hemihydrate (CaSO,-0.5H,0,
o-CSH), B-Tricalcium phosphate (Cas(PO,),), and monocalcium
phosphate monohydrate (Ca(H,PO,),-H,0) for transdermal
drug delivery.®® The experiments suggested that the porosity
and resorbability of the self-setting MNs can be used to regulate
the release behavior, and these MNs have good mechanical
strength to penetrate the skin without breakages (Fig. 5C).%
Vallhov and coworkers also prepared the MNs using CaSO,-
0.5H,0 and the experiment proved that approximately 90% of

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (A) Overview images and detailed scanning electron micrographs of alumina-based nanoporous ceramic MNs. Adapted with permission from
ref. 57. Copyright 2015 Elsevier. (B) (a)Tissue response around tested materials. (b) Scanning electron micrographs of Ce-TZP/Al,Os nanocomposite
after thermal etching. Adapted with permission from ref. 59. Copyright 2002 John Wiley and Sons. (C) (a) SEM images: top view of intact calcium sulfate
(CaS) MNss. (b) Fraction of drug released versus time and (c) amount of drug released versus time from CaP SCMNs with zolpidem tartrate integrated into
the matrix. (d) Fraction of drug released versus time and (e) amount of drug released versus time for CaS SCMNs with zolpidem tartrate integrated into the
matrix. Adapted with permission from ref. 63. Copyright 2012 Royal Society of Chemistry. (D) Computer-aided design diagrams of MNs with (a) O um,
(b) 1.4 pm, and (c) 20.4 pm pore—needle center displacement values. Scanning electron micrographs of Ormocer™ MNs with (d) O pm, (e) 1.4 pm, and
(f) 20.4 um pore—needle center displacement values. Adapted with permission from ref. 66. Copyright 2007 John Wiley and Sons. (g) Optical micrograph
and (b) fluorescence micrograph of live/dead assay-stained B35 neuroblast-like cells on an Ormocer® surface 48 h after inoculation. Adapted with
permission from ref. 65. Copyright 2006 Elsevier. (E) MTT viability of human epidermal keratinocytes on Ormocomp®, PEG (600) diacrylate, and
ethoxylated (6) trimethylolpropane triacrylate surfaces relative to paired controls. Adapted with permission from ref. 68. Copyright 2010 American
Scientific Publishers.

the loaded ovalbumin (OVA) could be released from the self- ®

setting MNs (600 pm-tall) within 1 h.®*

Also, Ormocer™ materials, a kind of amorphous organic-
inorganic hybrid material, have also been developed for the

This journal is © The Royal Society of Chemistry 2022 J. Mater. Chem. B, 2022, 10, 6059-6077 | 6063
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preparation of MNs.®>® The special crossed-linked 3 D net-
work provides Ormocer®™ materials with exceptional properties
such as chemical and thermal stability.®> Generally, the Ormo-
er™ materials-based MNs are fabricated by two photon poly-
merization (2PP), and the MNs have good biocompatibility
(Fig. 5D and E).**"®® Ovsianikov et al. successfully prepared
hollow MNs using 2PP technology based on Ormocer® US-54
material.®® The study demonstrated that the Ormocer®-based
MNs strong enough to penetrate porcine skin without fracture,
and this material almost does not affect the growth of human
epidermal keratinocytes.®°

2.4. Metal

Numerous metals and their alloys, such as stainless steel,®®

titanium,”® palladium,” nickel,”* tungsten,”® gold and silver,”*”>
have been developed for the fabrication of MNs due to their
excellent mechanical properties such as high Young’s moduli and
tensile strength. Compared with glass and silicon MNs, the
preparation method of metallic MNs is more diverse and the cost
is relatively lower. Two main approaches are used in the fabrica-
tion of metal MNs and electrodeposition metallic MNs.
Stainless-steel and titanium are the commonly used materials
for the fabrication of metallic MNs due to their biocompatibility
and excellent mechanical properties.””” In fact, stainless-steel
(316L) and titanium have been widely used for biomedical devices

View Article Online

Journal of Materials Chemistry B

such as orthopedic and dental implants for many years.”® Both
of these two metals may suffer from corrosion in bodies and
cause adverse effects such as chronic allergy after long-term
implantation.*®”® However, the administration of metal MN is
usually completed in a short time, so there is almost no need to
worry about them being corroded. Besides, stainless steel (316L)
and titanium can be used to prepare porous metallic MNs for
biosensing and drug delivery (Fig. 6A).>”*% Palladium and nickel
are commonly used materials for preparing hollow metallic MNs
by electrodeposition (Fig. 6B).*"** Briefly, the sacrificial structure
MNs with a sputter-deposited seed layer are prepared first, then
palladium or nickel materials are coated on the surface of the
MNss by electrodeposition, and finally the sacrificial structure MNs
are removed to form hollow MNs (Fig. 6C).***° In addition to its
good mechanical properties, electroplated palladium is also a
biologically inert material with good biocompatibility.*> However,
it should be noted that nickel is not a biocompatible material and
is even considered as a carcinogenic material.***® To avoid the
safety issues such as skin irritation or toxicity caused by nickel,
the outermost layer of nickel-based MNs are usually coated with a
layer of biocompatible materials, such as palladium, silver or
gold, to eliminate nickel exposure.”**” Besides, the noble metals
of silver and gold are generally used as the outermost layer of MNs
for various purposes, such as improving the compatibility of MNs
or for antibacterial or biosensors.®”””®
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Fig. 6 (A) The morphology of (a—d) titanium microneedle array (TMA) green body and (e—h) titanium porous microneedle array (TPMA). Adapted with

permission from ref. 80. Copyright 2017 Public Library of Science. (B) SEM photomicrographs of a hollow metallic MNs array under fabrication: (a) 400 um
tall tapered SU-8 pillar; (b) electroplated nickel covered SU-8 pillar; (c) an opened MNs tip after SU-8 planarization and polishing; (d) 400 pm tall metallic
hollow MNs array with 20 pm in wall thickness. Adapted with permission from ref. 82. Copyright 2006 Springer Nature. (C) Schematic sequence of the
MNs fabrication process using a polymer mold: (a) tapered holes are laser drilled through a polymer substrate, (b) a conductive seed layer is deposited on
the top and sidewalls of the mold, (c) metal is electroplated onto the seed layer and (d) the mold is selectively wet etched to release the metal MNs.
Adapted with permission from ref. 84. Copyright 2005 IEEE. (D) Fabrication of MNs using thermoplastic drawing of Pt-based MG. (a) MG is heated and
embossed into a template cavity. (b) MG fiber is drawn from the cavity at different speeds while keeping the temperature constant. (c) MG fiber necks and
breaks into conical MNs at a slow pulling speed. (d) A nearly uniform MG fiber is drawn at an intermediate speed, which is fractured at room temperature
to create bevel shaped MNs. (e) At a fast pulling speed, the MG separates from the cavity resulting in the formation of the parabolic tip profile. Adapted
with permission from ref. 88. Copyright 2020 AIP Publishing.
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Table 1 Matrix materials for fabrication of silicon, glass, ceramic and metallic MNs
Young’s
modulus
Materials  (GPa) Advantages Limitations Examples Ref.
Silicon 130-188 Excellent mechanical strength Inherently brittle Solid MNs to enhance drug 32, 34,
Can be used to design a variety Relatively expensive delivery 36, 38,
of desirable shapes Fractured silicon fragments remaining 41
under the skin may endanger health
Glass 39-66 Cheap, transparent, chemical Inherently brittle Hollow MNs for insulin 25,
(borosilicate  inertness delivery 41-43,
glass) Borosilicate glass appears to be Typically manufactured by hand, which 46
biocompatible with the cortical is not time efficient
surface Silica glass may cause granulomas in
the skin
Alumina — Controlled porosity Inherently brittle Solid MNs for vaccine 26, 51,
ceramics Chemical and thermal stability High processing temperature delivery 57-59
Biocompatible
Gypsum — Good mechanical strength Inherently brittle Controlled release of 62,63
and Resorbable, biocompatible, zolpidem
brushite degradable
) Self-setting under room condition
Ormocer®™ 17 Sufficient mechanical strength Usually fabricated by 2PP, thus the For fabrication of hollow 65-67
Good toughness residue of the photoinitiator should be MNs and solid MNs
Chemical and thermal stability considered
Nontoxic and biologically inert
Stainless-  180-220 Conductivity May suffer from corrosion in bodies For vaccine delivery 48, 69,
steel Excellent toughness and after a long-term implantation 78
mechanical properties
Titanium 115 Excellent toughness and Expensive Porous Ti MNs for con- 70, 78,
mechanical properties tinuous insulin delivery 79
Excellent biocompatibility
Non-toxic
Palladium 117 High mechanical strength and Expensive For the fabrication of 5,71,
ductility hollow MNs 83
Biocompatibility
Nickel ~207 Inexpensive Potential carcinogenic nature: nickel Hollow MNs for insulin 84, 86,
Good mechanical strength and has been found to cause allergic delivery to diabetic Rats 89
durability reactions upon skin contact in some
people
Tungsten — Excellent tensile strength, good Poor ductility Tungsten MNs are used to 73, 90

conductivity, relative chemical
inertness, and antiradiation
qualities

Low toxicity

Potential health effects of tungsten
remain to be fully defined

insert neural electrodes
into living peripheral
nerves

Generally, these traditionally metallic MNs described above
are generally fabricated by laser cutting, etching, or electro-
deposition. These fabrication processes are usually complex or
multi-step. Recently, Hu and colleagues proposed a new idea
for the preparation of solid and hollow metallic MNs using a
thermoplastic drawing of metallic glasses (Fig. 6D).*® This
study also demonstrated that both metallic glass MNs are
strong enough to pierce porcine skin and deliver model
drugs.®® Metallic glasses are such metals that not only exhibit
good mechanical properties like conventional metals but also
can be molded like polymers.®® There is no doubt that this kind
of metallic glass provides a convenient way for the fabrication
of metallic MNs, especially for hollow metallic MNs. The
properties of silicon, glass, ceramic and metal discussed above
are shown in Table 1.

2.5. Oligosaccharides

Oligosaccharides have the advantages of low cost, low toxicity,
and excellent biocompatibility, which are ideal materials for

This journal is © The Royal Society of Chemistry 2022

the preparation of MNs (Table 2). Compared with the silicon,
ceramic, glass and metal materials discussed above, most
oligosaccharides are water-soluble and basically safe for human
health. Therefore, the MNs fabricated by such carbohydrates
will dissolve after contacting ISF and leave behind no sharp,
biohazardous waste. Also, oligosaccharide-based MNs can be
easily fabricated by the micromolding technique.

One of the commonly used oligosaccharides for the fabrica-
tion of MNs is maltose (Fig. 7A).>"~%* Miyano et al. fabricated an
array of maltose MNs of lengths ranging from 150 um to 2 mm
for the transdermal application of dye and cosmetics.”® Briefly,
powdered maltose was first heated at 140 °C and uniformly
mixed up with drugs, then the mixture was put on the needle-
shaped casting mold at 95 °C to cast into MNs, and finally the
MNs obtained by demolding after cooling the mold.”®* The
results showed that the maltose MNs have enough strength
to pierce the skin and are safe for the human skin in a short-
term.”® Kolli and Banga also proved that the maltose MNs
are strong enough to penetrate the skin to enhance drug
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Table 2 Several commonly used matrix materials for the fabrication of polymer and carbohydrate MNs

Dissolution/

Materials Insertion ability degradation time Safety Limitations Ref.

Maltose Sufficient mechanical Dissolved in 5 min in Biocompatible High melting point is not 92,
strength to pierce the human skin No dermatological good for heat-labile drugs 93
healthy human skin problems were observed  and poor moisture resistance
(500 pm-tall) on the human skin after limited the use of MN in a

insertion. humid environment.

Hyaluronic acid (HA) Tips were sharp enough to  Dissolved in 2 min in FDA-approved Poor moisture resistance, 124,
breach the stratum cor- porcine cadaver skin  Biocompatible, easy to shrink the fabrication 184,
neum into the dermis of the (HA, Mw = 35 kDa) biodegradable of MNs. 185
skin (conical, ~600 um-tall, Nontoxic and nonirritant
300 um-base diameter). Hypersensitivity effects or

side effects of HA MNs
were not found in clinical
studies

Carboxymethylcellulose  Predicted fracture force is  Dissolved in 5 min in FDA-approved materials  Poor moisture resistance 21,

(cMC) about 0.65 N per needle. rat skin completely.  Biocompatible, 186
(~670 pm-tall, 376 pm base biodegradable
diameter, and 63 pm-tip No side effects were
diameter). observed in vitro cyto-

toxicity analysis and
in vivo tissue response
test after treatment by
CMC MNs.

Poly(vinylpyrrolidone) Sufficient strength to Dissolved in 5 min in Biocompatible, Poor moisture resistance 106,

(pvP) penetrate the mice skin mice skin. biodegradable limited the use of MN in a 123,
(pyramidal, 800 pm-tall). Low oral and transdermal humid environment. 127,

toxicity 134,
Non-irritating to skin 187
No treatment-related

adverse effects were seen

in a 6-month study in

which bolus doses of

4800 mg PVP kg "

(gavage).

Polyvinyl alcohol (PVA)  Enough strong to pierce the Dissolved in 2 min in FDA-approved material Poor moisture resistance 108,
porcine cadaver skin and porcine cadaver skin. Biocompatible, limited the use of MN in a 128,
mice skin (conical, biodegradable humid environment. 188
~ 600 pm-tall, 300 pm-base Low cytotoxicity
diameter). MNs fabricated with PVA

and sucrose (1:1) are
well tolerated in the skin
with mild erythema but
resolved within 7 days.

Amylopectin Predicted failure force is Dissolved more Non-cytotoxic — 115
0.93 N per needle (conical, slowly than PVP. Biocompatible,

600 pm-tall, 300 pm-base biodegradable
diameter).

PMVE/MA An insertion force of Dissolved in 40 min  Non-cytotoxic 112,

PMVE/MAH 0.089 N per needle for in porcine skin and  Biocompatible, 127,
30 s is enough to penetrate 60 min in murine biodegradable 136,
neonatal porcine skin skin. (Gantrez®™ Repeat application of 137,
(Gantrez®™ $-97). AN119) PMVE/MA MN does not 189

cause skin immunity or
problems in mice in vivo
(Gantrez™ S-97 BF).

Silk fibroin Sufficient mechanical Varies from several FDA-approved Long fabrication time 116,
strength to penetrate mice  hours to several days. biomaterial 141
skin for drug delivery. Non-cytotoxic

Biocompatible and

the in vivo degradation
products are non-
inflammatory.

Polylactic acid (PLA) Excellent mechanical — FDA-approved High fabrication temperature 158,
strength to penetrate biomaterial for the use of (over 170 °C) or organic 159

6066

the porcine cadaver skin
(conical, 600 pm-tall).
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implants in humans.
Biocompatible,
biodegradable

The in vivo degradation
products are nontoxic.

solvents are usually required
for the fabrication of MNs.
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Table 2 (continued)
Dissolution/

Materials Insertion ability degradation time Safety Limitations Ref.

Polyglycolic acid (PGA)  Excellent mechanical — FDA-approved bio- High fabrication temperature 149
strength to penetrate the material for use in or organic solvents are
regenerated human skin implants in humans. usually required for the
(conical, 642 pm-tall). Biocompatible, fabrication of MNs.

biodegradable
The in vivo degradation
products are nontoxic.

Poly(lactide-co-glycolic ~ Excellent mechanical Degradation time is ~ FDA-approved High fabrication temperature 158,

acid) (PLGA) strength to penetrate and related to the ratio of biomaterial or organic solvents are 160,
pierce the murine skin a monomer of lactic ~ Biocompatible, usually required for the 161
(conical, 700 pm-tall and and glycolic acid, biodegradable fabrication of MNs.

250 pm-base width). usually over 28 days. The in vivo degradation
products are nontoxic.

Polycaprolactone (PCL)  Sufficient mechanical Varies from several FDA-approved bio- The process temperature is 158,
strength to penetrate days to several material for use in relatively lower than PLA, PGA 162
porcine cadaver skin for months. implants in humans. and PLA, but still over 50 °C,
drug delivery. Non-cytotoxic which is limiting for the

Biocompatible, incorporation of heat-labile
biodegradable medicaments such as insulin.
The in vivo degradation

products are nontoxic.

Chitosan Sufficient mechanical Can be degraded Biocompatible, biode- Limited raw materials 167,
strength to penetrate within 30 days. gradable and nontoxic 190
porcine cadaver skin Can be cleared by the
(600 pm-tall, 250 pm-base kidneys in vivo or degra-
width). ded into fragments and

then cleared by the
kidneys.
(C) 0.0012 4
3 oom
3
§ o.0008
g 0.0006
g
g 0.0004
% 0.0002
o
(D) ) ®)
wo“j 1W|HW
g x g &
g o b 3 i
g ¥ S 40 ¥
3 80 L Eavs @ H
\ I 20 4
75 Q , t“‘
0 2 4 6 5 w0 o5 4 6 s 10 1
Time (day) Time (day)
Fig. 7 (A) Scanning electron micrograph image of 500 um long solid maltose MNs shown (a) in an individual array (b) and magnified view that shows the

radius of the tip (c). Adapted with permission from ref. 91. Copyright 2007 Springer Nature. (B) (a) Histology of unstained cryosection of MN streated rat
skin, in magnified view. (b) H&E-stained cryosection following pretreatment. (c) Blue at the bottom of the pore indicates the methylene blue staining.
(d) SEM image of skin section following treatment with MNs. Adapted with permission from ref. 92. Copyright 2009 Elsevier. (C) Assessment of
biomolecule stability within sugar glasses. Samples were stored under vacuum desiccation at 20 + 2 °C (white and striped bars) or desiccationat 4 + 2 °C
(black and grey bars) for a period of 3 months. Residual enzyme activity was quantified at time points by 2-nitrophenyl B-b-galactopyranoside assay.
Adapted with permission from ref. 95. Copyright 2012 Elsevier. (D) Protective efficacy of influenza vaccine coated onto MNs after drying and storage.
(a) Body weight and (b) survival rate of immunized mice after lethal challenge infection with 20 x LD50 A/PR8/34 live virus. MNs storage was at 25 °C.
(n = 6 replicates expressed as average + SEM). Adapted with permission from ref. 96. Copyright 2013 Elsevier.
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delivery (Fig. 7B).”" There is no doubt that the mold-based
fabrication technique is simple, low cost, and easy to mass
produce. However, it is worth noting that maltose needs to be
melted at a high temperature before casting and drug loading,
so the drugs mixed with maltose should have sufficient heat
resistance to maintain their pharmacological activities. Obviously,
temperature-sensitive drugs, such as insulin and vaccines, are
easily degraded and lost their pharmacological activities at such
a high fabrication temperature. Galactose MNs also need to be
heated during the process.’® Based on these issues, Martin et al.
investigated the feasibility of using a low temperature processing
method (50 °C) to produce biodegradable MNs with sugar
glasses.” The results demonstrated that this kind of sugar MN
has sufficient structural rigidity to efficiently penetrate excised
human breast skin (Fig. 7C).”® Besides, sucrose and trehalose are
commonly used in the fabrication of MNs acting as a stabilizer to
protect drugs or as additives to allow the MNs to dissolve quickly
(Fig. 7D).°%"

From the perspective of safety, oligosaccharides are the ideal
materials for the fabrication of dissolving MNs. However, studies
have shown that oligosaccharides MNs are easily deformed in a
short time due to water absorption when exposed to ambient
conditions,” such disadvantages are likely to make them unfa-
vorable for clinical application.

2.6. Polymers

Ideal matrix materials of MNs should be mechanically strong,
economical, biocompatible, biodegradable, have low toxicity,
and should not cause skin irritation or a threat to the immune
system. Polymers can provide advantages for the demanding
requirements of MNs.?® % Besides, the structure or molecular
weight of polymers can be customized according to the different
application purposes (Table 2). For example, some water-soluble
polymers can be designed for the rapid release of drugs,'*" while
some polymers with degradable properties can be used for con-
trolled release of drugs.'® Polymeric MNs can be easily prepared
by low-cost and easy-to-mass-produce fabrication methods such
as micromolding™®? or 3D-printing.'®* Nowadays, polymers are
the most commonly used matrix materials for preparing
MNs.*1% polymeric MNs can be generally divided into the
following categories according to their drug delivery mecha-
nism: (1) dissolving polymeric MNs (2) biodegradable MNs; and
(3) hydrogel-forming MNs.

2.6.1. Dissolving polymeric MNs. Dissolving polymeric
MNs are usually prepared by micromolding under vacuum or
centrifugation (without heating), and facilitate the packaging of
temperature-sensitive drugs. To date, various soluble polymers
have been reported to fabricate dissolving polymeric MNs:
typically including poly(vinylpyrrolidone) (PVP),"® polyvinyl
alcohol (PVA),'*” hyaluronic acid (HA),"*® hydroxypropyl cellu-
lose (HPC),"* hydroxypropyl methylcellulose (HPMC),"*® copo-
lymers of methyl-vinyl-ether-co-maleic anhydride (Gantrez®
AN-139, Gantrez™ AN-119, Gantrez™ $-97),""*'** poly(acrylic
acid) (PAA)'** and natural polymers such as carboxymethyl-
cellulose (CMC),>" amylopectin,"*® silk fibroin,"'® pullulan,*"’
sodium alginate,*® dextran,""® gelatin®*® and chondroitin

6068 | J Mater. Chem. B, 2022, 10, 6059-6077
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sulfate.'*" These materials will dissolve quickly after contact
with ISF, which provides an alternative for the preparation of
rapid drug released MNs.

Among these materials, PVP, PVA, HA, CMC and their
mixtures, such as PVP/PVA,'**> PVP/HA'*® and CMC/HA,"** are
the most commonly used materials for preparing dissolving
MNs and have been widely studied for delivery of various drugs
including small molecules, proteins or vaccines.'®>'2%'?* In
fact, PVA and PVP have been used in numerous biomedical
applications for many years because they are extremely low
cytotoxicity, water-soluble, biodegradable and biocompa-
tible."*® Safety studies carried out by Donnelly et al.'®” and
Zhang et al."*® showed that long-term use of PVP MNs and PVA
MNs on mice will not cause undesirable side-effects such as
skin irritation and physiological toxicity. HA has made great
contributions to the biomedical applications and cosmetics
industries due to its properties of biocompatibility, biodegrad-
ability, non-immunogenicity, non-toxicity and high-water
retention."”>'* Studies have shown that HA MNs are strong
enough to penetrate the skin and show great potential in drug
delivery and cosmetics.’**™"** An important clinical study
showed the drug-loaded MNs were applied to the crow’s feet
of female subjects for 8 weeks, and the wrinkles significant
disappeared after 4 weeks.'**

Another potential polymer that has proved to be highly
suitable for the preparation of MNs is Gantrez® polymers
including Gantrez® AN-139, Gantrez® AN-119 and Gantrez®
S-97, copolymers of methyl-vinyl-ether-maleic anhydride
(PMVE/MA), which are biocompatible, biodegradable, non-
cytotoxic and has immunoadjuvant properties.t®!3%7138
A meaningful in vivo study carried out by Donnelly and collea-
gues demonstrated that after multiple treatments of mice with
Gantrez®™ S-97-based MNs, no measurable levels of tumor
necrosis factor-u were found in any mice (Fig. 8A).">” Pastor
et al.'"* fabricated a series of vaccine loaded MNs based on
the three polymers (Gantrez® AN-139, Gantrez® AN-119 and
Gantrez® $-97) for intradermal immunization. Comparative
immunization and protection results showed there were no
significant differences between these three polymers.'*> Silk
fibroin is also a promising polymeric material for MN fabrica-
tion due to its good toughness, mechanical strength and
biocompatibility, and its degradation products in vivo are also
non-inflammatory. Meniel et al. discovered that cell prolifera-
tion was significantly higher on the silk films after 96 h as
compared to tissue culture plastic or collagen (Fig. 8B)."**'°
For the first time, Tsioris et al. used silk fibroin as the matrix
material of MNs and the research showed that these MNs with
excellent strength can successfully pierce the mouse skin, and
can realize the continuous release of drugs (Fig. 8C)."'® Subse-
quently, silk fibroin MNs have been widely developed for the
delivery of drugs, especially for macromolecular drugs such as
"1 and insulin."** Additionally, these soluble polymers
also can be used as the coating matrix materials for coated
MNs.'7'* However, it is a challenge for these dissolving
polymer MNs while they are used in humid environments
due to their highly hydrophilic nature."*®

vaccines
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Fig. 8 (A) Serum biomarker levels of each MN-treated group. Adapted with permission from ref. 140. Copyright 2005 Elsevier. (B) DNA content per well
on silk-RGD, silk, collagen films and on tissue culture plastic (TCP) after 9, 30, 54, 72, and 96 h. Adapted with permission from ref. 116. Copyright 2011
John Wiley and Sons. (C) Bioactivity of microneedle released HRP into the collagen slab after 5 min and 2 h release detected by a chromogenic substrate.
(b) Total model drug release of silk MNs in collagen hydrogels, as determined from collagenase digestion and absorption spectroscopy with the insert
depicting the early events of release. Adapted with permission from ref. 116. Copyright 2011 John Wiley and Sons. (D) Application of effervescent MN
patches to human participants. (a) Bright-field microscopy images of an effervescent MN patch before (top) and after (bottom) application to human skin.
(b) Representative images of the site of effervescent MN patch application to the skin of a human over time. (c) Representative photographic image of
skin on a human participant stained to show where a 10 x 10 array of MNs punctured into the skin. (d) The efficiency of penetration and detachment of
effervescent MN patches in the skin of human participants. (€) Normalized erythema intensity of human skin over time at the site of effervescent MN
patch application. (f) Preference of human participants for monthly application of effervescent MN patch compared to monthly hypodermic injection for
delivery of contraceptive (n = 10). (g) Preference of human participants for monthly application of effervescent MN patch compared to daily oral
administration by pill for delivery of contraceptive (n = 10). Adapted with permission from ref. 160. Copyright 2019 American Association for the
Advancement of Science. (E) (a) Optical images of the skin of rats from groups that received the Prevnar-13 core—shell MNs, s.c. injections and blank MNs.
(b) Erythema and eschar formation on the skin of the rats was scored. (c) Oedema formation on the skin of the rats was scored. (d) SEM image of the cores
of the MNs after the impinging step. (e) Optical image of fabricated core drugs inside the PVP matrix. (f) Optical image of the drug-loaded core-shell MNs
after the manufacturing process. Adapted with permission from ref. 161. Copyright 2020 Springer Nature.

2.6.2. Biodegradable MNs. Compared with the traditional
metallic, glass and silicon MNs discussed above, biodegradable
MNs are generally fabricated by biodegradable polymers with
good biocompatibility and non-toxicity. Biodegradable MNs
can be used not only for skin pretreatment, but also can be
used as the internal support part of coated MNs. Importantly,
they can provide a good platform for the sustained release

of drugs. The representative matrix materials of biodegradable
MNs are polylactic acid (PLA),"*”"*® polyglycolic acid (PGA)'*°
and poly(lactide-co-glycolic acid) (PLGA),**° polycaprolactone
(PCL),**! chitin and chitosan.'**7*>*

As for PLA, PGA, PLGA, and PCL, they are all FDA approved
polyesters and have been used as implants for decades due to

their favorable mechanical properties and ability to be degraded
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into non-toxic products in a physiological environment.">>™*>®
On the other hand, they can melt under heating or dissolve in
an organic solvent, which makes them suitable for the prepara-
tion of MNs. Li et al.’®® proved that the excellent mechanical
properties of the PLA MN patch enable it to penetrate pig skin
after repeated use and this patch have the potential to enhance
the transdermal delivery of insulin. Prausnitz and colleagues
designed an effervescent MN patch based on PLGA for long-
acting reversible contraception, and both in vitro and in vivo
results showed that this MN patch can slowly release levonor-
gestrel over 1 month, and the insertion of the MN patch did
not cause adverse reactions (Fig. 8D)."*® Tran and coworkers
proposed a kind of core-shell structured MN based on PLGA for
delayed burst release of vaccines. The safety of these PLGA MNs
was evaluated from the skin edema after micro acupuncture
(Fig. 8E).'®! Briefly, the shells are fabricated by PLGAs with
different degrees of degradation and thus the shells can be
degraded at different time points to burst release the vaccines
loaded in the cores.'® Similarly, PCL also can be used to
prepare biodegradable MNs by combining with some soluble
polymers for sustained release of drugs.'®” Additionally, PCL

View Article Online
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can be used as the matrix material of near-infrared light
triggered MNs for thermally triggered drug release due to its
relatively low melting point (59-64 °C).'%>71%3

All these studies described above showed the potential of
these polyester-based MNs for sustained drug release. However,
organic solvents are usually required to dissolve these materials
to mix them with drugs during the preparation of polyester-
based MNs. There is no doubt that the residual organic solvents
may cause toxicity problems for such polyester-based MNs.
Thus, chin and its derivative chitosan are proposed as potential
materials for the fabrication of biodegradable MNs because
of their mild formulation process, physiologically inert, bio-
degradable and non-toxic.'*>'**% Chiu and coworkers developed
HA/chitosan composite MNs for single-dose intradermal immuni-
zation."”” The results demonstrated that the chitosan base
embedded in the skin can release antigen continuously for up
to 4 weeks, and the chitosan base can be gradually degraded
within 30 days.'®” Besides, some cross-linked polymers such
as gelatin methacryloyl (GelMA) or methanol treated silk fibroin
are also used as the matrix materials of MNs for the controlled
release of drugs.'®®"7° However, the matrix materials of both
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Fig. 9 (A) In vitro and in vivo safety studies for hydrogel-forming MNs. (a—c) Results of cytotoxicity studies in cell lines. (d) A representative pattern of

application of four different plasters on the ventral forearms of human volunteers. (e—i) Representative samples of clinical photographs taken to measure
the ICD scores in human volunteers in a 24 h treatment group by expert dermatologists. (j) The mean ICD scores in human volunteers following removal
of the two different densities of hydrogel-forming MN array in the 24 h treatment group. (k) Mean TEWL values following removal of hydrogel-forming
MN array in the 24 h treatment group. () An OCT image 2 h following insertion of hydrogel-forming MN array (height 600 um, width at base 300 pum,
spacing 300 pm, 11 x 11 arrays) into human skin in vivo. (m) a digital image of a hydrogel-forming MN array containing approximately 18 000 MN needles
in a 25 cm? area, the hydrogel needles can be seen in the inset. Adapted with permission from ref. 173. Copyright 2012 John Wiley and Sons. (B) (a)
Schematic representation of the rapid extraction of ISF by crosslinked MeHA-MN patches. (b) Schematic of the fabrication process of crosslinked MeHA-
MN patch. (c) Scanning electron microscopy (SEM) image of crosslinked MeHA-MN patch, the inlet is a false-color image. (d) Optical image of crosslinked
MeHA-MN patch. Scale bar is 1000 um. Adapted with permission from ref. 177. Copyright 2017 John Wiley and Sons. (C) (a,b) Comparison of the contact
area between a skin graft and tissue-like hydrogel (4 wt% agarose gel) after (a) applying staples and (b) a BCP MN adhesive. (c and d) Force-displacement
profiles and photographs acquired during pull-off tests of the skin graft on muscle tissue fixed by (c) staples and (d) BCP MN adhesive. (e—h) Comparison
of the bacterial barrier property of incised skin grafts following application of (e,f) staples and (g.h) a BCP MN adhesive. Adapted with permission from ref.
182. Copyright 2013 Springer Nature.
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dissolving polymer MNs and biodegradable MNs will also leave in
the skin after administration, which is unfriendly to patients,
especially for patients who need long-term administration. There-
fore, whether these types of MNs will cause adverse reactions in
the body after long-term use is also an urgent research topic.

2.6.3. Hydrogel-forming MNs. Unlike dissolving MNs or
biodegradable MNs, hydrogel-forming MNs can swell in the skin
and can be removed completely from the skin after application
due to their 3D network structure. Such MNs have been developed
for various biological applications including ISF extraction,
wound healing and sustained drug delivery."”"'”> Generally,
hydrogel-forming MNs are fabricated by biocompatible cross-
linked polymers, typically including cross-linked poly(methyl-
vinylether/maelic acid) (PMVE/MA), HA, PVA.

For the first time, Donnelly and coworkers successfully
prepared hydrogel-forming MNs based on poly(ethyleneglycol)
(PEG, 10000 Da) cross-linked PMVE/MA (PMVE/MA:PEG 2:1)
in 2012."” The results suggested that the MNs based on this
material are biocompatible, non-irritant, and no safety issues
occurred among human volunteers (Fig. 9A)."”* They further
proved the potential of hydrogel-forming MNs for bolus deliv-
ery of drugs and vaccines.'”* Recently, a study demonstrated
that repeatedapplication of these crossed-linked PMVE/MA
MNs does not lead to prolonged skin irritation or damage to
the skin barrier function.'”® Also, the cross-linked PMVE/MA
MNs can be used to extract ISF for analysis.'”® However, almost
1 hour is required to extract adequate ISF (~0.84 mg) due to
the slow swelling rate of this MNs.'”® Based on this issue,
Chang et al."”” considered hyaluronic acid (HA), which is highly
hydrophilic and has natural super-hydrating properties, as a
candidate for microneedle matrix material. Considering also
the water solubility of HA, they prepared crosslinked metha-
crylated hyaluronic acid (MeHA) MNs for rapidly ISF extraction.
The good mechanical properties and high swelling rate allow
theMeHA MNs to easily penetrate the skin and rapidly extract
ISF (~1.4 mg) in 1 min."”” These MeHA MNs have been
developed for direct glucose analysis by integrating with the
glucose sensor. And the results of in vitro and in vivo safety tests

Table 3 Several microneedle products!¥~19%
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showed that these MeHA MNs were friendly to the human body
and had good biocompatibility (Fig. 9B)."”® Additionally, PVA is
also developed for the fabrication of hydrogel forming MNs due
to its unique phase-transition property.'”**8° Uniquely, cross-
linking of PVA hydrogel can be realized by a freeze-thaw
treatment under mild process conditions without cross-linking
agents."””® Another important application of hydrogel-forming
MNs is for wound healing, because the needles will swell after
water absorption and thus interlock with tissue.'®"®? Typically,
Yang and coworkers designed a double-layered MN array based
on polystyrene-block-poly(acrylic acid) (PS-b-PAA) and the PS
homopolymer.'®* Briefly, the out layer of each MN was fabri-
cated by swellable PS-b-PAA and the support inner structure
was fabricated by non-swellable PS homopolymer. These MNs
exhibit universal adhesion to soft tissues and mechanically
interlock with tissues without significant damage while provid-
ing an effective barrier to bacteria, which is a main cause of
infection (Fig. 9C)."®> Besides, hydrogel forming MNs can be
designed for on-demand drug delivery.'®?

In general, hydrogel forming MNs show great potential for
sustained or controlled release of drugs and the ability to
passively extract ISF. However, it is necessary to pay attention
to the burst-release problem of the hydrogel forming MNs in
the initial administration."”" In addition to meeting the
requirements of safety and mechanical properties, the degree
of crosslinking of hydrogel materials is also a major factor to
decide the application of hydrogel forming MNs.

3. MN products

Research on MNs is not limited to the academic field. Many
companies have also developed microneedle-related products for
drug and vaccine delivery or for cosmetic purposes. Some of them
are summarized in Table 3. It can be seen that dissolving HA MNs
are widely developed by many companies for skin blemishes
treatment. The main reason may be that the safety and bio-
compatibility of HA materials have been extensively verified.

Company Product MN Type Application
Becton Dickinson (BD) (USA) Soluvia® Hollow MNs To deliver drugs and vaccines.
3M (USA) Microneedle Transdermal Solid and Hollow MNs To deliver biologics.
Systems
Corium Corplex™ Polymer-based MNs For treatment of Alzheimer’s disease
Corium MicroCor®™ — To deliver biologics.
CosMED Pharmaceutical (Japan) MicroHyala® Dissolving MNs (HA) For wrinkle treatment.

Darmaroller™ (Germany) Dermaroller

Hugel (Korea) Wellage™
Nanomed Skincare (USA) LiteClear™
Nanopass Technologies (Israel) Micronjet™
Raphas (Korea) Raphas™

Review cell Snow White
Hyaluronic Sheet

Soya Greentech (Korea)

Theraject (USA) Drugmat™
Theraject (USA) vaxmat®
Zosano Pharma (USA) Macroflux®

This journal is © The Royal Society of Chemistry 2022

Solid MNs (metal) To improve skin blemishes and

enhance drug absorption.

For cosmetic purposes.

For skin pre-treatment and skin blemishes
To inject liquid substances

For cosmetic purposes and drug delivery.

For cosmetic purposes.

Dissolving MNs (HA)
Solid MNss (silicon)
Hollow MNs
Dissolving MNs
Dissolving MNs (HA)

Dissolving MNs
Dissolving MNs
Solid MNs (metal)

For transdermal drug delivery
To deliver drugs or macromolecules
To deliver peptides and vaccines.
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4. Conclusion

The purpose of this review is to summarize the current matrix
materials of MNs and analyze their pros and cons in terms of
mechanical properties, biocompatibility and toxicity. In conclu-
sion, MNs play a vital role in medical sciences, especially in
delivering macromolecular drugs and improving skin blemishes.
Up to now, various materials, including silicon, metals, glass,
ceramics, carbohydrates and polymers, have been reported for the
preparation of MNs.

In general, silicon can be used to design a variety of desir-
able MN shapes with excellent mechanical properties, but
its brittle nature and uncertain biocompatibility limited its
application. Metallic MNs are strong enough to penetrate the
skin barrier, but their fabrication processes are usually complex
or multi-step. The excellent transparency, and physically and
chemically inert properties of glass make it popular in the
preparation of hollow MNs. However, glass MNs also suffer
from the brittle problem as silicon MNs. Ceramic MNs have
aroused great interest to their outstanding properties such as
porosity and biocompatibility, but the high processing tem-
perature limits the loading of some active drugs. Oligosacchar-
ides MNs are usually fabricated by dissolving materials with
low toxicity, but their poor mechanical properties need further
enhancement. Polymers are the commonly used materials
for the fabrication of MNs because they can be designed for
rapid drug delivery, controlled drug delivery or pain-free ISF
extraction. Most of them can meet the mechanical and bio-
compatible requirements for MN penetration into the skin.
However, to promote the clinical application of polymer MNs,
lots of experiments are still needed to evaluate and ensure their
drug release kinetics and safety in the body after long-term
administration.

5. Perspectives

Despite the current great success of MNs in transdermal drug
delivery, the long-term use of MNs remains a challenge. One of
the challenges is that the size of MNs makes it difficult to
achieve high dose administration. In the future, the shape of
the MNs should be designed, such as funnel-shaped micro-
needles, while the hydrogel-forming MNs may tend to use the
backing layer as the drug reservoir to increase the drug loading.
In addition, the large-scale production of MNs is also limited by
matrix materials. For example, glass MNs can only be prepared
by the traditional method of drawing glass rods with an
attractor, due to the significant chemical inertness and low
chemical reactivity of glass. Metallic MNs are usually prepared
by etching, and metallic MNs are not suitable for large-scale
production due to the brittleness of metal materials them-
selves. Therefore, polymer MNs may become the mainstream
MN products in the future.

At the same time although a number of MN products have
appeared on the market, most of them are still only in the
experimental phase and for MNs to be used on a large scale, the
corresponding experiments should be supplemented. An ideal
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MN product should be well coordinated between good bio-
compatibility, mechanical properties, painless drug delivery,
and high-dose administration. Also, it should be of low cost
and be suitable for mass production.
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