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Abstract

Microneedles (MNs) have been used to deliver drugs for over two decades. These platforms have 

been proven to increase transdermal drug delivery efficiency dramatically by penetrating 

restrictive tissue barriers in a minimally invasive manner. While much of the early development of 

MNs focused on transdermal drug delivery, this technology can be applied to a variety of other 

non-transdermal biomedical applications. Several variations, such as multi-layer or hollow MNs, 

have been developed to cater to the needs of specific applications. The heterogeneity in the design 

of MNs has demanded similar variety in their fabrication methods; the most common methods 

include micromolding and drawing lithography. Numerous materials have been explored for MN 

fabrication which range from biocompatible ceramics and metals to natural and synthetic 

biodegradable polymers. Recent advances in MN engineering have diversified MNs to include 

unique shapes, materials, and mechanical properties that can be tailored for organ-specific 

applications. In this review, we discuss the design and creation of modern MNs that aim to surpass 
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the biological barriers of non-transdermal drug delivery in ocular, vascular, oral, and mucosal 

tissue.
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1. Introduction

Conventional transdermal drug delivery is restricted by poor drug permeation through skin 

due to the human stratum corneum, which acts as a tough physical barrier [1]. Hypodermic, 

intradermal, and intravenous injections with rigid needles are generally used to penetrate this 

barrier; however, standard needles cause pain and may lead to tissue damage. Oral 

administration and topical drug delivery are alternatives to injection, but these result in a 

significant reduction in drug delivery efficiency due to first-pass elimination and/or 

gastrointestinal decomposition [2]. As a result, effective therapeutic drug concentrations 

may not always be achieved. Microneedles (MNs) have become a leading tool for 

transdermal drug delivery, as they have the ability to overcome the delivery efficiency issue 

by physically penetrating the stratum corneum with minimal pain and tissue damage [3,4]. 

One of the primary design considerations of MNs is their length; the needles must be an 

appropriate length to penetrate the physical barrier while also limiting damage to the tissue 

or other sensitive structures, such as nerves.

In 1998, the first MN arrays were developed by microfabrication, using reactive ion etching, 

and applied to skin to make microincisions. These MNs increased the permeability of human 

skin by up to 400% [5]. The safety and minimally invasive nature of MNs were also 

confirmed [6], and the increased permeability offered by MNs was demonstrated to facilitate 

the delivery of a wide range of drugs, including small [7] and large biomolecules [8,9] as 

well as proteins [10-13] for different applications.

MNs have been utilized for transdermal drug delivery due to their ease of use. For this 

reason, over the past two decades, various types of MNs have been developed. The major 

types include solid MNs (for puncturing tissue), drug-coated MNs, dissolvable or 

biodegradable MNs, and hollow MNs (Fig. 1). However, most of the work has centered 

around transdermal drug delivery, leaving MN-based drug delivery to other organs and 

tissues relatively unexplored [14]. Organs and tissues such as the eyes, blood vessels, and 

gastrointestinal tract can pose unique challenges for the implementation of MNs for drug 

delivery; their varied structural (physical) and environmental (dynamic) properties require 

MNs tailored for the implantation sites. Successful utilization of MNs for non-transdermal 

applications requires structural flexibility and facile surgical use to suit the curved and 

complex surfaces of native tissue. Moreover, MNs should be able to penetrate soft target 

tissues within the body that may not possess the mechanical properties to sustain high 

application pressure.

In this review, we examine recent studies employing MNs for the delivery of therapeutics 

across different biological barriers, excluding transdermal applications, which have been 
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extensively discussed by previous reviews [15-18]. The evolution of MN development 

including fabrication techniques, material selection, and applications are reviewed and 

discussed. Additionally, state-of-the-art applications for non-transdermal drug delivery using 

MNs are described in detail. The current status of MN technology, in terms of 

commercialization and a perspective on future research directions, is also highlighted.

2. Microneedle fabrication

Currently, there are four main types of MNs used for drug delivery: solid, hollow, drug-

coated, and dissolvable or biodegradable MNs (Fig. 1). Solid MNs are typically used in 

dermatology [19] as a pretreatment to form micro-incisions which allow a drug formulation 

to be administered with high permeability across the tissue barrier (Fig. 1A). In this 

approach, drugs are mixed with polymeric coating formulations and coated onto the surface 

of MNs for localized drug delivery [20-22] (Fig. 1B). In another approach, dissolvable or 

biodegradable MNs are used for sustained drug delivery as they harness biofunctional 

materials to maintain drug stability in MN patches (Fig. 1C). Also, hollow MNs are used to 

provide defined channels for targeting therapy to specific tissues [23-25] (Fig. 1D). 

Traditionally microfabrication and micromachining techniques have been utilized to create 

different types of MNs. More recently other fabrication methods such as drawing 

lithography and advanced molding technology have also been used to make MNs with 

different shapes (aspect ratio = 0.7–100) and sizes (height of 200–2000 μm).

2.1. Microfabrication

Microfabrication technologies adapted from manufacturing integrated circuits have proven 

to be well suited for the mass production of MNs with high reproducibility. The first MNs 

were developed from silicon where conventional microfabrication techniques, including 

photolithography, thin film deposition, and etching were used for their fabrication [5]. The 

final MN shape and dimensions depend strongly on the final fabrication step, which is either 

a wet etch or a dry etch process.

The versatility of the dry etching process allows the creation of MNs with more diverse 

shapes and dimensions. Dry etching allows the user to control process parameters including 

the gas flow rates, etch pressure, temperature, power and bias, and type of masking layer. 

The factors can be changed on demand to tailor the shape of MN for the desired application. 

Alternatively, wet etching has limited outcome in terms of MN shape. The first silicon MN 

(Fig. 2A) produced for drug delivery was fabricated by deep reactive ion etching (DRIE) of 

silicon wafers [5,26]. A 20 × 20 MN array with needles 150 μm in height and 150 μm 

spacing was generated on a 2 cm × 2 cm chip. Conventional silicon dry etchants such as SF6 

and O2 were used to etch the silicon in the vertical direction, whereas CF4 was used to 

prevent lateral undercutting (Bosch process) resulting in high aspect ratio (AR) MNs. The 

Bosch process was used to define the length of the MN. The initial passivation step provided 

an extra protection to the tip of MN. For example, a MN tip with a height of 40 μm and an 

AR of 1 was formed by excessive underetch using O2 and SF6 [27]. Subsequently, utilizing 

the Bosch process, the group was able to obtain MNs with an AR of 3. Several groups 

reported 150 μm tall MNs which were 45–50 μm in diameters at the base (AR = 3) [28] Fig. 
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2B), 250–300 μm tall MNs with 80 μm diameter (AR = 3–4) [29] and 320 μm tall MNs with 

10–50 μm diameters (AR < 32) [30]. Moreover, the Bosch process was also used to make a 

hole in tapered hollow MNs [31-33] (Fig. 2C).

Silicon MNs were also made using an anisotropic wet etch processes. During the wet etch 

process, the etch rate depends on silicon crystal plane orientation, unlike dry etching in 

which the etch rate is independent of crystal planes [5,26-33]. A square-patterned mask was 

used with wet etching in potassium hydroxide (KOH) solution to produce both master and 

mold MN parts with lower fabrication costs. A (100) wafer with a square mask pattern can 

be etched by KOH solution to make pyramidal MN cavities, tapered at 54.72° [34,35] (Fig. 

2D). Embossed MNs can be fabricated in various shapes by changing the chemical etchant, 

bath temperature, or mask design. MNs with an AR of 1–1.15 and height of 70–80 μm were 

molded from a single silicon wafer and employed for DNA injection into plant and animal 

tissues [36]. To make the master mold, a (100) silicon wafer and patterned mask array were 

placed in a KOH solution and the wafer was etched. The shape of the master mold MN 

depended on the concentration (29%) and temperature (79 °C) of the KOH solution and the 

shape and dimension of the mask array (Fig. 2E). MNs with an AR of 1.5 were fabricated 

reproducibly and the height of MNs was proportional to the size of the square mask [37,38]. 

In addition, the density of MNs in an array can be increased by up to 50% by changing the 

mask shape to be a square, circle, or diamond. Adding etch compensation structures such as 

a squares with fingers (primary square with squares at corners or squares with beams) can 

also alter the shape and density of the MN [39]. A combination of KOH etching and dicing 

has been adopted to make more complex MN structures to improve their insertion ability 

[40]. Dicing between the mask patterns can adjust KOH etching properties, helping to 

fabricate different types of MNs (Fig. 2F).

2.2. Other techniques

Several attempts have been made to fabricate MNs using conventional laser ablation and 

cutting. For instance, pyramidal MNs were fabricated by direct laser ablation of metallic 

materials using excimer lasers which can be used to obtain sub-micron resolution [41] (Fig. 

2G). 40 μm long MNs were shaped by modifying manufacturing parameters such as the 

number of laser shots and the AR of the apertures in the mask. Another study also used laser 

ablation for MN fabrication from a metal sheet [42]. The group demonstrated the ability to 

form MNs with heights >10 μm and tip diameters <0.3 μm in the form of 5 × 6 arrays. 

Planar MNs were produced by cutting metal sheets using an infrared laser. The two-

dimensional (2D) MNs were cut into the stainless steel plane and then bent at 90° out of the 

plane for the MN array [20] (Fig. 2H).

SU-8 photoresist has been used extensively to develop MNs. Two layers of SU-8 solution 

were spread on Pyrex glass to form a bilayer. The second layer of SU-8 was exposed to UV 

through the backside of the glass plane. By doing so, a tapered SU-8 pillar array, with 

tapered angles of 3.1°~5°, was formed on top of the SU-8 layer. The resulting 10 × 10 MN 

arrays was able to produce MN heights of both 200 and 400 μm [43]. MN structures with 

sharp tips were formed using combinations of tapered SU-8 pillars on a glass substrate as 

microlenses to taper the UV light path through this SU-8 pillar [44] (Fig. 2I). A 
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hemispherical cavity array was etched into a glass substrate covered with a chromium mask. 

Integrated lenses with a patterned layer of SU-8 facilitated the refractive index mismatch of 

the cavities filled with SU-8 in the glass substrate. The focal length and light path could be 

adjusted by varying the opening size and diameter of the lens, which was capable of 

fabricating MNs of various sizes. 200 MNs (4–6 AR, 400–1500 μm length) were fabricated 

with a single step of UV exposure in this system.

Three-dimensional (3D) printing has recently been used to produce MNs as well. Although 

3D printing is a fast and cost-effective fabrication process, an additional process to elevate 

the printing resolution is usually adopted to obtain MNs with sharp tips. Luzuriaga et al. 

fabricated MNs through fused deposition modeling (FDM) 3D printing of poly (lactic acid) 

(PLA) [45]. To precisely define the tip of the MNs, they first printed a pillar array (200–

2500 μm in height and 400–600 μm in diameter) and then etched the printed array in 5 M of 

KOH solution for 9 h. The etched MN array maintained their original length, while their 

diameter and tip size were decreased (200–300 μm and 1–55 μm, respectively). 

Stereolithography (STL), which has higher resolution than FDM, has been often used alone 

to print polymeric MN patches for transdermal insulin delivery as well [46] (Fig. 2J). 

However, the height and diameter of the printed MNs were around 1000 μm and the 

resolution was still lower than that of MNs produced with conventional fabrication 

techniques. Shrinkable hydrogels can be an alternative to enhance the resolution by using 

them as a MN mold material [47]. Hydrogel MN cavities were molded with STL-printed 

MNs. This hydrogel mold was subsequently dehydrated, reducing the size by up to 40%. 

Polyvinyl pyrrolidone (PVP) was cast in the shrunken mold, resulting in MNs with 9.6 μm 

tip diameters.

2.3. Drawing lithography

Though etching has been the predominant method for the fabrication of MNs, this technique 

faces critical challenges and is limited by its fundamental subtractive nature. Drawing 

lithography, however, has emerged as an alternative method to develop 3D polymer 

structures directly from a 2D film surface. Thus, drawing lithography boasts superior speed 

and cost-efficiency, achieving rapid prototyping of MNs for advanced biomedical 

applications compared to other fabrication techniques.

The first drawing process for MNs was developed with SU-8 and precisely machined 

stainless micropillars [48] (Fig. 3A). In this approach, a spin-coated SU-8 substrate was 

drawn by the micropillars and cured to solidify the polymeric bridge. The MNs were 

subsequently formed by increasing the drawing speed to 700 μm/s. Nickel electroplating was 

carried out for metallization of the surface of the drawn MNs and then the hollow metallic 

MN array was released by elimination of the drawn SU-8 MNs, using SU-8 remover. 

Although this technique can be used to fabricate ultra-high AR (over 100) MN arrays, the 

process was time consuming (1—2 h) and was unable to control the MN body profile. A 

similar process can be used to provide shape control, spatiallydiscrete thermal drawing can 

be used to achieve specific body profiles for MNs. The system consists of two heating 

elements controlling the temperature of both the substrate and drawing pillar, integrated with 

a micro z-axis stage [49] (Fig. 3B). This drawing method led to the fabrication of 
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biodegradable MNs with ultra-sharp tips while also providing control over the shape of the 

MNs. The shape produced is a function of the spatial control of the drawn polymer 

temperature, as well as the drawing steps and speed. For example, by adjusting the viscosity 

and surface tension of a drawn polymer, MNs with ARs of 1.5 to 7.0 were fabricated 

[50,51]. In one study, rapid fabrication of MN arrays by drawing lithography was performed 

with a UV curable resin [52]. MNs with different heights and ARs were produced by 

modulating the viscosity of the resin and the heat applied. MNs having an AR of 0.7–1 and 

hundreds of micrometers in height were fabricated in under 10 min.

Several types of drawing lithography have been developed to produce a variety of MN 

arrays. Another example of this methods versatility is its ability to draw a drug-containing 

polymer without heating for direct MN fabrication. Droplet-born air blowing-based drawing 

lithography has been developed to fabricate MNs containing biological drugs, without any 

molding process [53] Fig. 3C). Polymer solutions were dispensed onto both lower and upper 

plates. The droplet arrays were brought into contact and drawn at a rate of 5 mm/min. Air 

was blown at room temperature to solidify the drawn polymer. This droplet-born air blowing 

process provides fabrication conditions compatible with biological agents due to avoiding 

heat and UV exposure. In this study, 6 × 9 arrays of 600 μm-height MNs bearing insulin 

were produced within 10 min.

Furthermore, non-contact-based drawing lithography techniques have been developed using 

electromagnetic [54,55] or centrifugal forces [56]. Electro-drawing methods were introduced 

to rapidly fabricate biodegradable MNs [54] Fig. 3D). In this approach, an electric field was 

applied across the upper and lower sides of droplets at room temperature and, subsequently, 

MNs with heights ranging from 200 to 800 μm were formed in a single step. This contact-

free method is mold-free and is suitable for producing polymer MNs, that are vulnerable to 

heat and mechanical stimulation. Another electro-drawing technique is magnetorheological 

drawing lithography [55] in which a MN can be drawn from a liquid droplet of curable 

magnetorheological agent by applying external magnetic fields. Two key factors for forming 

liquid MNs, elasto-capillary self-thinning and magneto-capillary self-shrinking, were 

investigated. The volume of the droplet and external field intensity were the important 

parameters used to control the MN height and tip sharpness. Finally, centrifugal lithography 

has also been developed for the production of MNs encapsulating biopharmaceutics [56] 

(Fig. 3E). This method is composed of a single centrifugations step in which a sessile drop 

of viscous polymer solution is placed on a surface. The major advantage of this method is 

the simplicity, as it does not require complicated precise mechanical parts. MN arrays with 

heights ranging from 200–1000 μm could be formed with 0.4–1 mg of polymer drop under 

450 g of centrifugal acceleration. The material used in this study solidified as the solvent 

evaporated quickly at room temperature during the centrifugation step; no additional 

processes such as UV irradiation, heat, or forced air were needed.

2.4. Advanced molding techniques

Due to the complexity of the manufacturing processes described above, MNs are frequently 

used to create additional molds by application to casting substrates. The creation of molds 

from primary MNs facilitates cost-effective production and the ability to trial materials 
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incompatible with conventional microfabrication. After the primary MNs are molded by 

polydimethylsiloxane (PDMS), the MN cavities are filled with polymers, biological drugs, 

mixtures of polymeric carriers, or novel functional materials. Various materials, including 

carboxymethyl cellulose (CMC) [57,58], PVP [59,60], polyvinyl alcohol (PVA) [61,62], and 

sugars [63-65], have been dissolved in water and cast into molds created from primary MNs 

to fabricate dissolving MNs. Hydrogels, many of which are biodegradable, have been used 

for fabricating dissolvable MNs, enabling control over drug release by adjusting the degree 

of hydrogel crosslinking [66,67].

Biodegradable poly(lactic-co-glycolic) acid (PLGA), which is used in FDA-approved 

products, has also been used [68,69] to yield stronger and stiffer mechanical properties 

compared to other biodegradable polymers. Silk fibroin has recently emerged as a candidate 

for biomedical applications because of its superior biostability and mechanical properties 

[70]. Silk fibroin MN arrays have been developed by using methanol treatment to tune the 

degree of crystallinity, thus modulating the resulting drug release profile from MNs [71] 

(Fig. 4A). Biodegradable polymers have also allowed the creation of swellable MNs that can 

mechanically interlock with tissue, serving as an alternative to sutures [72]. These MNs 

consist of block copolymers, with swellable polystyrene/polyacrylic acid tips and a non-

swellable polystyrene core. The conical MNs were inserted into the skin with minimal 

insertion force and sufficient depth, while still maintaining high adhesion strength in the 

hydrated, swollen state (Fig. 4B). Other swellable MNs have also been reported. One system 

created needles from UV crosslinkable methacrylated hyaluronic acid (HA). This hydrogel-

based MN had high water affinity, allowing for the rapid uptake of interstitial fluid; this fluid 

collection did not require an additional device and facilitated the metabolic analysis of the 

withdrawn fluid [73].

The solidification of polymeric solution or melt enables MNs to stay fixed to a macro-scale 

structure. Separable arrowhead MNs that can deliver vaccines and drugs to the skin were 

developed through multiple molding processes [60]. The MNs were fabricated by casting 

arrowheads, encapsulating therapeutic agents, into a mold. The arrowheads were 

subsequently fixed to arrays of metal shafts to form the macro-scale structure for use (Fig. 

4C). Another sharp tip-separable MN device was also developed, utilizing a silicon support 

array [74]. Chen et al. also developed similar separable MN patch consisting of upper 

chitosan MNs and a supporting PLA array. Chitosan MNs were fixed to the top of a PLA 

array, which provided sufficient mechanical strength for the MNs to be fully inserted into the 

skin [75]. Lee et al. fabricated biodegradable PLGA MN arrays on a flexible PLGA surgical 

meshes [38]. MNs were molded and integrated with a medical mesh by thermal welding on 

a 3-axis microstage (Fig. 4D). MN cavities were arrayed on a PDMS mold and each cavity 

was individually filled with molten PLGA. An adhesion layer was left above the plane of the 

PDMS to facilitate the attachment of the needle to the mesh. Once the PLGA mesh was laid 

on the filled PDMS mold, a heated micropillar was used to melt the adhesion layer above 

each needle, thus fixing the cast needle to the mesh upon cooling.

Material crosslinking can also be used to adapt MNs for integration with macro-applicators 

for more effective clinical use [76]. Transfer molding methods have been used for MN 

fabrication for ocular tissue applications, in which it is difficult to inject MNs manually. 
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Song et al. published a study regarding the design of an applicator for corneal stromal 

injection of biodegradable drug-loaded MNs (Fig. 4E) [77]. The group fabricated a PDMS 

mold by chemical wet etching with KOH solution as previously mentioned [34,35]. Each 

MN cavity was filled with SU-8. A pen-like applicator used UV curing to crosslink the SU-8 

MN on the tip of the pen. The MN attached to the pen was coated with drug formulations 

and applied to mouse corneas. The MN pen could deliver drugs into the stromal cornea with 

minimally invasive incisions and without perforation, demonstrating that the MN pen could 

both create and deliver MN for safe, localized drug delivery. Park et al. also developed a 

similar pen-type MN injection system for scleral injections [78].

Beyond topical drug delivery with coated MNs, a transfer molding technique was developed 

to create hybrid-material MNs and attach them to a pen applicator in a single step [79] (Fig. 

4F). This hybrid MN pen assembly consists of a tip composed of drug-loaded PLGA and a 

MN base made of SU-8. To achieve this, a 150 μm length, 1.5 AR, and octagonal cone-

shaped MN was microfabricated by wet etching and a complementary PDMS MN cavity 

was subsequently molded. The drug-PLGA material was added to partially fill the mold 

cavity (premolding). Pressure-assisted transfer molding was performed next by pressing an 

SU-8 droplet transferred to an applicator tip above the pre-molded drug-PLGA material. UV 

curing led to the formation of a multi-layer detachable hybrid MN at the tip of the applicator. 

In clinical use, the pen was used to deliver the MN into the ocular tissue, only detaching the 

drug-loaded tip into the tissue as the SU-8 MN base retracted into the pen. This left the 

PLGA tip within the tissue for sustained and local drug release.

3. Materials for implantable microneedles

For the fabrication of non-transdermal, implantable MNs, material choice is critical. 

Initially, silicon MNs fabricated on wafers by microfabrication were used due to their high 

mechanical strength, allowing MNs to pierce skin [5] and brain tissues [80,81]. However, the 

in vivo applications of silicon are limited due to its brittle nature [82,83]. Though Bayliss et 

al. demonstrated that nanocrystalline silicon does not have significant cytotoxicity [84], 

there are reports describing formation of granulomas [85]. Overall, the biocompatibility of 

silicon is still uncertain and the interaction of silicon MNs with native tissues should be 

further investigated. Parylene coating is one possible approach to improve biocompatibility; 

it is currently used as a coating for some commercial medical implants to limit the biological 

response. Parylene coating can be applied using vapor deposition to achieve uniform coating 

on implants, providing complex and fine surfaces. Hence, it is suitable for application to 

MNs. Studies have demonstrated improved long-term biocompatibility by coating parylene 

onto MNs that were subsequently inserted into the brain or skin [86,87]. Also, some metals 

have properties that are attractive for MNs, such as high mechanical strength. Among them, 

titanium alloys have shown good biocompatibility and corrosion resistance [88]. For these 

reasons, titanium MNs have been fabricated for transdermal delivery systems [89] and bio-

sensors [90,91].

Carbohydrate-based materials have been extensively used in MNs for tissue insertion due to 

their excellent biocompatibility and degradability. Maltose is the most commonly used 

carbohydrate for MN array production [65] and has been frequently used in various 
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parenteral formulations approved by the FDA [92]. Also, trehalose, mannitol, sucrose, and 

xylitol have been used as cryoprotectants, stabilization agents, and nutrition products [93,94] 

which attests to their biodegradability for MN application [63]. Cellulose derivatives such as 

CMC have also been used to make degradable or coated MNs [57,77,95]. Chitosan and HA 

have both been widely used as raw materials for drug delivery carriers and cellular scaffolds 

[96]. An attractive characteristic of chitosan is its ability to be degraded by lysozymes 

through the hydrolysis of its acetylated residues; accordingly, MNs made of chitosan were 

successfully fabricated for vaccination delivery [75]. HA has been widely used for 

transdermal drug delivery systems, including MNs. HA and its derivatives have been 

developed for drug delivery applications due to their degradation by hyaluronidase found in 

the extracellular matrix after endocytosis [97]. Currently, HA MNs are being vigorously 

pursued for use in the cosmetic field [53,56].

Generally, a polymer's biocompatibility is dictated by its ability to limit the foreign body 

response. Synthetic polymers, such as polycarbonate (PC) and polymethyl methacrylate 

(PMMA), are effective at limiting this response and have been extensively used in the 

medical field [98,99]. Both have applications to MNs as PMMA has been used for the 

creation of MN master molds [100] and PC has been adopted by transdermal solid MN 

arrays coated with calcein gel [101]. SU-8 is an epoxy-based, photocrosslinkable polymer 

used widely for the fabrication of MNs as microelectrodes and has been used for measuring 

electrical impedance in bio-tissues [102], monitoring neural spikes [103], and for sensing 

intraocular pressure [104]. Nemani et al. demonstrated the ability of SU-8 to support cell 

viability in vitro and in vivo [105].

Biodegradable polymer MNs have been developed to completely dissolve in the skin, 

leaving no biohazardous sharp waste after use. PVP and PVA have been broadly used for 

biomedical applications due to their swelling properties and bioadhesivie characteristics 

[106,107]. In addition, PVP presents low cytotoxicity because of high water solubility 

[107,108]. PLA, PGA and PLGA are aliphatic polyesters and have been used extensively for 

drug delivery systems such as MN production [109]. These biodegradable MNs are degraded 

after penetrating the skin [69] and vascular tissue [51,110]. The degradation time of 

polyesters can be manipulated by varying the ratio between PLA and PGA in the copolymer 

of PLGA [109], which enables the control of drug release over time. Silk fibroin was also 

used to fabricate MNs using aqueousbased micromolding. The fabrication was carried out at 

room temperature for the bulk loading of MNs with drugs, including vaccines, peptides, 

antibiotics, or any temperature-sensitive therapeutics [70]. The controlled drug release 

profile of the MNs was demonstrated in one study in which the biodegradability of silk MNs 

was controlled by varying the contact time of methanol treatment [71].

4. Applications of implantable microneedles

Many organs in the body suffer from ineffective drug delivery approaches. This problem 

may be addressed by using MNs. However, unlike skin, other tissues or visceral organs in 

the body do not have sufficient posterior repulsive force against MN insertion. To effectively 

apply MNs to these tissues, additional surgical processes may be needed, or MNs should be 

fabricated to allow conformal contact to soft, poorly supported 3D curved tissues. To achieve 
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these goals, MNs can be combined with customized injection application devices for 

effective MN insertion. MNs can also be fabricated in the form of curved or flexible patches. 

This section explores emerging MN applications for non-transdermal drug delivery, which 

has been driven by the expansion of MN technology in recent years.

4.1. Ocular tissue

Serious illnesses can occur both in the front and back of the eye (Fig. 5) [111]. The eyeball 

can be divided into two segments in the context of drug delivery routes: (1) the anterior 

segment consisting of the iris, lens, cornea, trabecular meshwork, and aqueous humor in the 

anterior chamber, and (2) the posterior segment consisting of the sclera, choroid, retina, 

vitreous humor, optic nerve, and macula. Diseases affecting the back of the eye, such as age-

related macular degeneration, diabetic retinopathy, and uveitis are the leading causes of 

blindness in the world. The anatomical and physiological constraints of the eye make drug 

delivery to the posterior eye a major challenge. The cornea, where most of anterior 

segmental diseases occur, consists of five layers in the outermost part of the eye and is void 

of blood vessels [112]. Therefore, the cornea obtains its nutrients from the aqueous humor 

and tears. A tear film bathes the surface of the cornea and helps in protecting the eye from 

irritants. In general, the structure of corneal tissue, continuous fluid turnover, and eyelid 

blinking act as physical, static, and dynamic barriers around the anterior segment of the eye 

and pose major obstacles to drug delivery.

4.1.1. Anterior segment—In the first trial of MN application to the front of the eye, 

laser-cut metal MNs coated with DNA and proteins as model drugs were inserted ex vivo 
and in vivo into the human cadaveric sclera and rabbit eye [22]. The results showed an 

enhanced efficiency in in vivo MN drug delivery. Moreover, the bioavailability of the eye 

was improved by 1 to 2 orders of magnitude comparing to topical eye drops. This 

demonstration of MN applicability inspired further ocular MN developments. With a similar 

MN platform, bevacizumab-coated MNs were applied to the cornea for treatment of corneal 

neovascularization [113] and demonstrated no observable adverse effects in clinical and 

microanatomical analyses. The major limitation of coated ocular MNs is their restricted 

loading capacity, which inhibits their widespread adoption for large-scale and clinical 

applications. To maximize the drug coating capacity of planar MNs, DRIE was used to 

fabricate 2D MNs with complex fenestrations as drug loading reservoirs [114] (Fig. 6A). 

Fenestrated MNs increased drug loading efficiency up to 500% compared to solid MNs 

(without fenestration). The drug delivery efficiency was evaluated using spectrophotometry 

and fluorescence microscopy in an ex vivo rabbit corneal tissue.

Beyond coated MNs, dissolvable MNs have been developed for posterior segment drug 

delivery. For example, Raghu et al. fabricated a PVP based 3 × 3 MN array in a conical 

shape with 800 μm height and 300 μm base width via conventional molding process [115]. 

The release profile of PVP (Mw = 70 and 150 kDa) was controlled by varying its molecular 

weight. The dissolving MN contained 0.96–9.91 μg of drug and released the drugs within 

10–180 s. An ex vivo drug permeability test with porcine eyes demonstrated that the PVP-

based MN array was able to deliver the drugs with higher permeability than eye drops. 

Another approach using the same dissolving MN platform delivered besifloxacin to the 
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corneal tissue [116] (Fig. 6B). The 6 × 6 dissolvable MN array contained around 100 μg of 

besifloxacin, which targeted delivery to the human cornea. Patching MNs for 5 min 

significantly improved the drug permeation and distribution in the cornea, showing greater 

antibacterial activity in an infected cornea in comparison to free besifloxacin solution. Than 

et al. introduced a detachable MN array as an eye patch [117]. These MNs could be inserted 

into the cornea and provided MN reservoirs with controlled release by harnessing two 

different materials (HA and methacrylated HA) for MN molding. The kinetics of biphasic 

drug release enhanced its therapeutic efficacy. They showed that the MN patch loaded with 

an anti-angiogenic monoclonal antibody reduced ~90% of neovascular area in the cornea of 

neovascularized mouse models.

A prerequisite for successful corneal drug delivery with MNs is insertion into the cornea, 

without penetrating the entire depth of the corneal tissue. However, this is difficult to as the 

cornea is thin and structurally inadequate while the aqueous humor supporting the cornea 

from the back does not generate large enough repulsive forces to insert MNs. For situations 

like these, MN insertion has been performed by combining a MN with an injection assisting 

applicator [77,79]. One solution is a spring-loaded pen platform which was used to inject 

MNs instantaneously using a spring-generated impact. As a result, MN insertion into the 

cornea became facile and independent of the weak mechanical properties of the tissue. In the 

first attempt, the MN was assembled to the tip of pen and applied to the mouse cornea [77] 

(Fig. 6C). To do that, the SU-8 MNs were integrated with a customized pen applicator by 

transfer molding technique with the PDMS mold as described earlier in Section 2.4. The 

MN pen was able to deliver rhodamine B into the stromal cornea with a minimally invasive 

incision and without major perforation compared to syringes and 30 G needle tips. 

Moreover, the efficacy of the MN pen coated with sunitinib malate was demonstrated for 

treating neovascularization in a corneal angiogenesis model (Fig. 6C).

The above ocular drug delivery MN systems for the anterior segment of the eye can be 

adapted for sustained drug delivery for the treatment of infectious diseases, such as keratitis. 

Repeatable topical eye drops often fail to heal keratitis due to poor patient compliance. Drug 

eluting contact lenses, which enable sustained drug release, also suffer from side effects 

induced by the block of corneal oxygen transportation. For this reason, there is a need for a 

drug administration systems that require minimal and infrequent application and a minimal 

drugreleasing matrix. Novel detachable hybrid MN pens (d-MNPs) with biodegradable tips 

containing drugs have been developed using a transfer molding technique for corneal 

stromal injection [79] (Fig. 6D). For successful corneal injection of a 48 μm height drug-tip, 

MN injection dwell time (10 s), MN spring load (k = 2.29 N/mm), and MN insertion depth 

(86 pm) were optimized using mechanical compression and in vivi testing. After injection 

under this condition, only the drug-loaded tip of the MN detached from the pen applicator 

and stayed within the tissue to gradually release the drug for up to 7 days. Therapeutic 

efficacy of the d-MNP was also demonstrated using a mouse acanthamoeba keratitis model. 

When compared to the control sample, there was no decomposition or side effects caused by 

d-MNP injection in the diseased cornea 1-day post injection. Four days post injection, the 

opacity of cornea was reduced in the d-MNP treated sample. This therapeutic effect 

continued to be observed for the following two days (Fig. 6D).
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4.1.2. Posterior segment—Diseases associated with the posterior segment of the eye 

require drugs to reach the macular or peripheral retina. Conventional drug delivery has been 

achieved by intravitreal injection, which is directly injected through both the sclera and the 

vitreous humor. Although this method can deliver drugs reliably, it is invasive because it 

penetrates into all tissues and can cause intraocular infections [118].

Hollow MNs were successful at depositing drugs into the narrow space between the sclera 

and the choroid called the suprachoroidal space (SCS) [119], instead of intravitreal injection 

(Fig. 6E). In this work, MNs were inserted into the human sclera 5–7 mm from the limbus. 

A pen-like injection device integrated with the hollow MN was able to control the extrusion 

length of MN from 700–1000 μm. Injecting drugs in this manner enabled sustained drug 

delivery from the SCS and reduced dosing frequency. Targeting the SCS route led to 

increased concentrations of drugs in the posterior segment than in the anterior segment (up 

to 10-fold), while intravitreal injection had no selectivity between the posterior and anterior 

segments. Since the resistance to flow in expandable SCS was much lower than through the 

relatively incompressible surrounding tissues, the MNs did not need to physically enter the 

SCS or open it by blunt dissection. The fluid injected by the hollow MN naturally flowed 

into the SCS in a few seconds and expanded it anatomically. In another study, a formulation 

was developed in which a drug model penetrated the SCS layers and was delivered to the 

back of the eye during the SCS injection with a MN [120]. Furthermore, the effects of 

formulation composition, injection volume, and time on circumferentially spreading drugs 

were characterized after applying the MNs to rabbit eyes [121]. Such MN injection into the 

SCS has been clinically validated by Clearside Biomedical (Alpharetta, GA). They have 

performed several clinical trials for the commercialization of a MN injector for drug delivery 

through the SCS (US Clinical Trial NCT02952001).

A MN pen, similar to the previous study for the anterior segment drug delivery, was adopted 

to deliver drugs to the posterior segment [78] (Fig. 6F). In the latter study, Park et al. 

developed a system that was easy to use and enabled impact insertion. By using the device, 

the insertion speed was controlled. It was expected that the model drug, or small molecule, 

could be delivered effectively in the sclera by controlling the wound depth of tissue. To 

control the insertion depth based on the insertion speeds, three types of springs were used. 

The spring constants of the springs were 73.5 ± 5.1, 360.2 ± 10.3, and 1561.4 ± 10.4 N/m, 

respectively, and the insertion depths were 58, 219, and 312 μm, respectively. Diffusion of 

rhodamine B through the sclera was compared among three different groups: 1) topical 

administration; 2) manually-inserted MN; 3) MN pen insertion. The ex vivo tests showed 

that the sclera treated by the MNP had the most concentrated and largest area of distribution 

of rhodamine B. The in vivo results using beagle eyes confirmed that rhodamine B diffused 

throughout the sclera from the insertion site in the limbus to the back of the eye.

Thin hollow MNs may be used for general intravitreal injection but should be long enough 

to pierce the outer barrier of the eye, without mechanical failure of the MN against robust 

sclera tissue. This is a challenging issue for MN application to the outer barrier of the eye. 

To achieve this, ultra-high AR and hollow MNs (called tower MN) have been fabricated by 

reverse drawing lithography on blunt conventional needles [122] (Fig. 6G). A beveled MN 

tip with 15° angle to the tower MN was fabricated using laser cutter to achieve an alternative 
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intravitreal injection with minimal invasiveness. Sympathomimetic phenylephrine solution 

was administered into the vitreous humor of rabbit eye by the tower MN and an effective 

intravitreal delivery was demonstrated through pupil dilation measurements (Fig. 5).

4.2. Vascular tissue

Arteries and veins have three layers: the adventitia is the outermost layer consisting of loose 

connective tissue, it serves as a protective layer, and prevents overstretching; the tunica 

media is the middle layer composed of smooth muscle cells and functions in dilation and 

constriction of the blood vessel; and the tunica interna, the innermost layer, is composed of 

endothelium (Fig. 7). One of the main components of vascular diseases is narrowing of 

blood vessels, caused by atherosclerosis. Atherosclerosis, which occurs due to the buildup of 

plaque in the walls of the arteries, makes blood flow sluggish in the vessel. If a blood clot 

forms, it can completely occlude blood flow and result in a myocardial infarction or stroke. 

The narrowing of blood vessels develops in different forms according to extensive 

pathological causality, but in the early stage of pathogenesis, neointimal hyperplasia occurs 

due to the abnormal prolific growth of smooth muscle cells in the tunica media layer 

[123,124]. Perivascular (via the outermost layer) and endovascular (via the innermost layer) 

can be a route for drug delivery with some impediments, owing to the microscale thickness 

of the adventitia and endothelium, which act as physical barriers. To overcome these hurdles, 

advanced MNs have been developed for facile drug delivery using perivascular and catheter-

based endovascular devices.

4.2.1. Perivascular—Several perivascular drug delivery devices have been developed 

including ethylene-vinyl acetate wraps with paclitaxel [125], polycaprolactone (PCL) and 

PLGA wraps [126,127], and sirolimus-eluting collagen membrane [128]. However, non-

biodegradable devices, such as ethylene-vinyl acetate wraps, have issues with device 

removal once the drug has been delivered. Other biodegradable wraps such as PCL and 

PLGA do not have the removal problem, however, passive drug diffusion, from the wrap to 

the vascular tissue, reduces drug delivery efficiency. MNs are a potential remedy to the 

delivery efficiency challenge as they have been demonstrated to achieve high efficiency 

percutaneous drug delivery. The first perivascular MN application was developed as a cuff 

shape, which enabled the MN array to make conformal contact with a curved perivascular 

surface [110]. The 3 × 3 PLGA90/10 MN array was fabricated via the thermal drawing 

process mentioned earlier [49]. The MN array was coated with a drug formulation, mixed 

with PLGA50/50, and curved by a post-annealing process (MN cuff). The MN cuffs were 

applied to the rabbit abdominal aorta in vivo to test the efficacy at treating neointimal 

hyperplasia (Fig. 8A) [51]. By implementing the thermal drawing process, optimal height 

(650 μm) and AR (3.5) of the MNs for effective penetration into rabbit vascular tissues was 

demonstrated in vivo. Dip-coated MNs with PLGA drug formulation were shown to release 

up to 1 μg of drug for 2 weeks by PLGA degradation [49]. The drug coated MN tip could 

reach tunica media without puncturing the vessel. Subsequently, concentrated drug 

distribution within only the middle layer of the aorta was confirmed (Fig. 8A). Upon 

comparing the in vivo drug delivery of the MN cuff and non-MN cuff (film), the delivery 

efficiency of cuff was about 200 times higher than that of the film (Fig. 8A). In vivo tests 

were performed with a balloon injured rabbit model with induced neointimal hyperplasia. As 
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a result, neointimal hyperplasia formations in tissue treated with MN cuffs were reduced 

from 28% to 11% relative to an untreated control group (Fig. 8A). To scale up the MN cuff 

for potential clinical translation, various drugs, such as sirolimus and sunitinib, other than 

paclitaxel were used to confirm the therapeutic effect and safety [129].

Lee et al. developed a perivascular flexible PLGA MN mesh as an upgraded version of the 

MN cuff that can be gently installed on the blood vessels with minimal mechanical rigidity 

[38] Fig. 8B). A transfer molded PLGA MN array on flexible PLGA surgical mesh was dip-

coated with drugs. To understand the feasibility of this MN mesh for vascular drug delivery, 

an ex vivo insertion test was performed using rabbit aorta and prepared for histopathological 

analysis to confirm MN insertion appearance. In vivo animal studies were demonstrated in 

rabbits, with 2 and 4 week follow-ups to prove the safety and effective drug delivery of the 

MN mesh. After follow-ups, all treated blood vessels were collected and prepared for 

histopathological analysis. Finally, they discovered MN insertion into the tunica adventitia 

enhanced drug distribution into the tunica media in addition to improving the structural 

stability of blood vessels with an applied MN mesh.

4.2.2. Endovascular—In endovascular drug delivery, the Bullfrog® and Cricket® 

Microinfusion devices from Mercator Medsystems Inc. (Emeryville, CA, USA) have been 

introduced by combining a 34G micro-scale needle with a balloon catheter [130,131] (Fig. 

7). Physicians can position the Bullfrog® catheter in the peripheral artery or the Cricket® 

catheter in the coronary artery using standard interventional procedures. While the catheter 

is closed, the MN is covered by the balloon, as to not injure the vessel walls. When the 

catheter is opened, the MN comes out of the balloon to inject drugs directly to the 

surrounding luminal tissue. Subsequently, the drugs are deposited and will diffuse inward 

through the vessel layers (Fig. 7). The puncture by hollow MNs is insignificant and in most 

cases seals immediately without bleeding. Owens et al. reported the utilization of this 

catheter for the delivery drugs [130]. This was the first trial in humans to test the safety and 

feasibility of dexamethasone administration to the superficial femoral and popliteal artery 

with a Bullfrog® catheter. Results showed that there were no side effects related to the 

device. The dose and concentration of drug were adjusted to coincide with the length of the 

artery treated, contrary to passive elution from a fixed-length stent or balloon surface. Anti-

inflammatory or anti-proliferative compounds were delivered into the adventitia of the vessel 

at the time of treatment to prevent restenosis following endovascular treatment. Sirolimus 

has also been delivered via MN to the femoral arteries in swine to prevent from restenosis 

[131]. No adverse events, signs of toxicity, mural injury, or evidence of thrombosis were 

observed following drug administration via the Bullfrog® catheter. In the treated vessels, 

sirolimus concentration decreased from one hour (8440 ± 6956 ng/g) to 72 h (624 ± 398 

ng/g) and decreased through day 28 (122 ± 73 ng/g).

There is an additional study in which a microgroove of a similar structure, but not a MN, 

was applied to a drug eluting balloon (DEB). Balloon angioplasty with DEBs have emerged 

to treat stenosis, neointimal formation or in-stent restenosis by delivering drug into an 

endovascular lesion. However, DEBs still have limited delivery efficiency. Loss of drug by 

blood flow, when performing balloon angioplasty, results in low drug delivery efficiency of 

DEBs and contributes to systemic side effects. In addition, the drug delivery mechanism of 
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DEBs, especially related to contact pressure, has been sparsely investigated. For these 

reasons, Lee et al. developed a linearlymicropatterned drug eluting balloon (LMDEB), using 

a customized balloon forming machine and balloon forming mold [132] (Fig. 8C). LMDEBs 

were fabricated to have 16 linear micropatterns (LMs) with a feature height of 130 μm on 

the surface (Fig. 7). LMs can increase the contact force between the drug coated surface and 

lumen, which leads to the enhanced efficiency of endovascular drug delivery. A drug 

stamping test and mechanical simulation study confirmed this hypothesis. In addition, the 

amount of drug residue of LMDEB groups was 2.3 times higher than DEB groups after in 
vivo study and LC/MS analysis. Finally, they performed in vivo tests comparing the efficacy 

of LMDEB and DEB using atherosclerotic and in-stent restenosis models for 4 weeks. All of 

the major indicators of vascular disease, such as degrees of plaque formation, diameter 

stenosis, and area stenosis, were reduced in the LMDEB groups, compared to conventional 

DEB groups, with statistical significance (p < .05).

4.3. Other applications

4.3.1. Gastrointestinal tract—Oral administration remains the most common method 

of drug delivery. However, poor drug absorption and drug degradation are major limitations 

with this delivery route. These obstacles are particularly challenging when introducing 

biologic drugs, such as insulin, which are susceptible to destruction by the extreme pH in the 

gastrointestinal tract. For this reason, a MN-integrated pill device was introduced [133] (Fig. 

9A). The device was fabricated from acrylic 25G needles, protruding 5 mm from the surface, 

that were manually placed into the orifice, which was 2 cm in length and 1 cm in diameter. 

They demonstrated that MN-based delivery improved bioavailability of insulin in a swine 

model. They also showed that the MN devices could be passed and excreted from the 

gastrointestinal tract safely. These findings strongly demonstrate that MN technology can 

overcome the current limitations associated with drug delivery in the gastrointestinal tract.

4.3.2. Oral cavity—While intratumoral injection of anti-proliferative drugs can be used 

to treat oral carcinomas, conventional hypodermic injections suffer from poor distribution 

and low retention in the tumor/systemic circulation while also causing pain to the patient. 

Doxorubicin (DOX) encapsulated by PLGA nanoparticles was prepared and coated on MNs, 

which were fabricated by a wet etching process from stainless-steel sheets (50 μm-thick) for 

minimal invasive intratumoral injection [134] (Fig. 9B). The MN array was applied to the 

cancerous region in oral phantom tissue followed by DOX delivery to a depth of 3 mm and 

lateral breadth of 1–2 mm. In addition, DOX diffused in porcine cadaver tissue up to a depth 

of about 4 mm and laterally in an area measuring 1 cm × 1 cm. Intratumoral injection with 

conventional hypodermic needles causes leakage of the drug delivered, however, the MN 

array demonstrated in this study shows the potential to locally administer the drug with 

uniform distribution within the tissue. Another challenge with oral delivery is saliva. Saliva 

contributes to low drug delivery efficiency by coated-MNs increasing fluid flux across the 

tissue [135,136]. To overcome this challenge, MNs were coated with a model drug 

sulforhodamine and inserted in to porcine buccal mucosa in vitro [137]. Permeation 

experiments were conducted for simulated dynamic and static salivary flow by adding 

phosphate buffered saline in the donor compartment of Franz diffusion cells containing 
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buccal tissue with inserted MNs. The results showed that sulforhodamine remained in the 

tissue after 1 day, despite the presence and flow of PBS on top of the MN insertion site.

4.3.3. Genitourinary system—MNs integrated with catheters, similar to the Bullfrog® 

discussed in Section 4.2.2, have also been introduced for periluminal drug delivery to 

genitourinary tissue [138]. This device can be targeted to the lesion and the MNs can be 

inserted to the wall of the luminal lesion. Until the MN was at the infusion site, it was 

positioned in an atraumatic configuration to prevent scraping against the wall of the lumen 

by any tip of the MN. Since the MN was hidden by the surrounding wall of a sheath, it 

would not injure the tissue when the physician was handling the catheter during intervention. 

When the MN catheter reached the injection site, the balloon was expanded to insert the MN 

to the central axis of a lumen. After MN insertion and drug infusion to the lesion, the 

therapeutic formulation was exhausted from the open area of the balloon and the balloon 

was retracted.

MNs integrated with the balloon can be used for treating a functional disorder of the urinary 

bladder in which the drug is delivered into the urinary bladder trigone through the vaginal 

wall [139]. This device included a MN array onto a triangular surface, corresponding to the 

shape of the trigone. The MN array was connected to a reservoir containing the therapeutic 

compound in fluid form. When pressure was applied to the reservoir, the fluid was expelled 

through the MN array into the vaginal wall. The reservoir was directly connected to the MN 

array and separated by a barrier that retains the drug in the reservoir until pressure is applied. 

Application of pressure breaches the barrier and forces fluid, containing the compound, out 

of the reservoir and through the needles in the array.

Drug delivery to the vaginal cavity is a suitable application for inoculation of mucosal 

vaccines because of its large surface area and mild environment, facilitating convenient 

administration and less safety concerns relative to other mucosal sites. Ning et al. developed 

dissolving MNs consisting of sucrose, PVP, and CMC for stably-loaded proteinbased 

vaccine agents [140] (Fig. 9C). They molded the MN array with a ready-made PDMS MN 

cavity and applied this device to mice. By delivering the vaccine adjuvant via a MN patch, 

they demonstrated effective vaccination in vaginal tissue, in terms of both antigen stability 

and administrative safety without side effects. These results have the potential to be 

translated into the clinic for use in preventing infectious pathogens, particularly those that 

are sexually-transmitted.

4.3.4. Cardiac muscle for therapeutic cell delivery—Recently, Cheng, Gu and 

colleagues showed the application of MNs for heart regeneration [141] Fig. 9D). In this 

study, MN-integrated cardiac stromal cells (MN-CSCs) secreting heart regeneration factors 

were loaded into the back of a MN patch composed of PVA. CSCs delivered with this 

approach could extract nutrients from the heart and the MN patch facilitated the diffusion of 

regeneration factors into the myocardial infarction (MI) site. Communication between the 

CSCs and cardiomyocytes was confirmed in a microfluidic model. Furthermore, the authors 

demonstrated that MN-based cell delivery enhanced angiomyogenesis in a rat model and 

protected cardiac function in a porcine model, both with limited toxic side effects.
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5. Translation perspective and outlook

In this review, the current progress related to the fabrication, materials, and applications of 

non-transdermal MNs is summarized (Table 1). MN arrays with large surface area can be 

fabricated with wet or dry etching using semiconductor technology and drawing lithography 

can be used to make a variety of shapes in a short time with low cost. In addition, non-

thermal drawing lithography can be used to develop polymeric MNs containing biological 

drugs to improve drug efficacy by avoiding harsh manufacturing conditions. Additionally, it 

is possible to increase the usability of MNs by casting a variety of biocompatible, 

biodegradable, and functionalized polymers into negative MN molds. Furthermore, MNs can 

be integrated with injector systems for effective tissue insertion and optimal drug delivery. 

These systems include various approaches of MN delivery such as depositing portions of the 

MN structure. The development of such MN technology has been applied not only to the 

conventional percutaneous drug delivery field, but also to delivery therapeutics to the eyes, 

blood vessels, and other tissues. By designing systems specific to the target tissue, it is 

possible to achieve high efficiency drug delivery that outperforms traditional drug delivery 

methods. The primary factors influencing the drug delivery efficiency of MN technology are 

the targeted insertion of the MNs into the correct tissue and the behavior of the drug carrier 

releasing the therapeutic. Therefore, as described above so far, much of the development 

surrounding MN technology has been focused on MN fabrication, the development of 

various materials capable of releasing drugs, and applicator devices for facile, standardized 

MN insertion.

The maturation of MN technology has broadened the range of applications to various tissues 

and also promoted commercialization of percutaneous drug delivery. Commercial use of 

disposable MNs to replace intravascular and intramuscular injections in combination with 

existing conventional syringes has also been actively pursued. MicronJet 600™ of NanoPass 

Technologies Ltd., Debioject™ of Debiotech and AdminPen™ of NanoBiosciences are 

systems that can deliver drugs in a common syringe. MicronJet 600™ has a pyramidal 600 

μm high hollow MNs made by a silicon etching process [142]. The MNs in Debioject™ are 

350–900 μm in height [25] and AdminPen™ consists of a planar MNs with heights of 500–

1400 μm [143]. The 3 M™ hollow microstructured transdermal system (hMTS) established 

a platform for the production of various polymeric MNs and can deliver approximately 0.5–

2 ml of drug formulation [144,145]. Based on this, Panacea Pharmaceuticals Inc. is currently 

undergoing FDA Phase 1 clinical trials using an immune system drug using the 3 M™ 

hMTS platform. Bayer Healthcare has developed a pen-type MN injector that can 

automatically inject drugs, named BETACONNECT™. It can deliver the drug by adjusting 

the dose, ranging from 0.25–1 ml, and delivery depth, from 8–12 mm deep, using a 

smartphone application. This system was approved by the FDA in 2015. Soluvia™, from 

Becton Dickenson (BD), and the SCS (suprachoroidal space) microinjector, from Clearside 

Biomedical Inc., store the drug in the syringe in advance, making it more convenient for 

drug injection. Soluvia™, having 1.5 mm long 30G MN, is pre-filled with the drug and 

injected into the skin with a controlled spring repulsive force. The SCS microinjector is 

precisely machined to a length of 700–800 μm through laser machining and electrolytic 
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polishing of 33G stainless steel MN to pre-fill the drug reservoir and deliver it to the SCS of 

eye [146].

In addition, vaccination through the percutaneous route has been developed using a MN 

patch and clinical trials for commercialization are actively underway [3,17,147,148]. Micron 

Biomedical's MN patch was developed in a shape similar to BAND-AID®, which makes it 

easy for anyone to apply this patch to the skin, reducing the demand for medical 

professionals. Recent FDA phase 1 clinical trial results confirmed safety and effective 

immunity acquisition. According to Australian clinical studies, Vaxxas’ Nanopatch™ 

demonstrated more efficient immunotherapy efficacy than conventional medication in rat 

studies, using up to one-millionth of the existing drug dose. Beyond the manual application 

of MN patches, various types of injection tools are used to increase the efficiency of MN 

patches. MicroCor® from Corium International Inc. uses a dissolvable MN to further 

enhance drug stability. Beyond vaccinations, MN patches are commercialized in the field of 

cosmetics, where clinical application is relatively simple compared to internal organs. 

Karatica Co., Ltd. has developed a MN patch that has a wrinkle-reducing effect and is 

applied around the eyes and tucked skin. This product, named I'm Fill Needle Patch, is a 

400-HA MN array containing the drug acetylhexapeptide-8. Junmok International's Royal 

Skin is also a HA-based MN array, which can contain lactose to deliver drugs through the 

skin. RAPHAS Co., Ltd. has developed a variety of products, including Acropass, a patch 

developed for the treatment of acne and wrinkles, which has been largely successful due to 

its use of the droplet-born air blowing process [53]. Though non transdermal MNs will 

undoubtedly face more stringent manufacturing and regulatory requirements than their 

transdermal counterparts, the laboratory to market pathways that have already been 

established in the commercialization of transdermal MNs will provide an excellent 

framework for translation.

Besides the drug delivery field, bio-sensing, by extracting interstitial fluid (ISF), is an 

emerging application for MNs. ISF has been addressed for bio-sensing analytes, such as 

lactate or glucose [149-152]. Continuous glucose monitoring (CGM) is of great interest in 

the field of bio-sensing with promising clinical evidence that the frequency of hypoglycemic 

episodes and levels of HbA1c can be reduced by effective CGM in Type 1 diabetes [153]. 

Glucose monitoring is a key factor to treat diabetes, especially for those who are dependent 

on insulin [154]. A MN patch enables the sensor to be in continuous contact with the skin, 

where the ISF exists [155]. The microscale height of the hollow MNs provides channels 

between the inner layer of skin and external area for ISF sampling. Additionally, the MNs do 

not puncture the dermis, minimizing any damage to blood vessels and nerves in the dermis 

layer. Notably, signal noise and contamination from sweat can be avoided during sensing as 

the MN is not located on the surface of the skin and provides high-fidelity samples from the 

deeper layers of the tissue [155]. Jina et al. developed and tested a MN-based CGM system 

[156] that could measure a glucose signal for 3 days. To increase the lifetime of the MN-

based CGM, biofouling within the MN channel must be inhibited. Potential routes to 

mitigate this issue include optimizing the needle parameters to have desirable length, AR, 

angle, and tip sharpness, modifying the surface of the MNs with an anti-fouling agent, 

enhancing the biocompatibility of MNs, or matching the mechanical properties to those of 

the tissue.
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The last two decades have yielded the fruitful development of MN technologies, from 

innovations in fabrication techniques and materials engineering, to translational efforts for 

different biomedical applications. Further advances in manufacturing technology, 

biomaterials, and legal regulation will facilitate the widespread adoption of MNs for a 

variety of biomedical applications. The ongoing development and commercialization of new 

MN products will play a large role in bringing minimally invasive methods to enhance 

human health and improve quality of life into mainstream medicine.
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Fig.1. 
Illustration of microneedle (MN) types and drug flows. (A) Bare solid MNs providing 

channels to enhance drug permeability. (B) Drug-coated MNs. (C) Dissolving or 

biodegradable MNs. (D) Hollow MNs to inject liquid.

Lee et al. Page 28

Adv Drug Deliv Rev. Author manuscript; available in PMC 2020 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Different designs of microfabricated microneedles (MNs). (A) The first MN array fabricated 

by deep reactive ion etching [5] Copyright (1998) Elsevier. (B) An isotropically etched MN 

array through the Bosch process [28] (scale bar = 200 μm (left), 20 μm (right)) Copyright 

(2004) John Wiley and Sons. (C) A hollow and tapered MN array for extraction of biological 

fluids [31] Copyright (2004) Elsevier. (D) Pyramidal MN cavities tapered at 54.72° after 

KOH wet etching. (E) A male MN array after KOH wet etching [38] (scale bar = 500 μm) 

Copyright (2017) Elsevier. (F) Complex structure of MNs through combinatorial dicing – 

wet etching [40] Copyright (2004) Elsevier. (G) An ablated MN array using excimer laser 

[41] (scale bar = 40 μm) Copyright (1997) Society of Photo-Optical Instrumentation 

Engineers (SPIE). (H) Laser cut planar MN [20] Copyright (2007) Elsevier. (I) Schematic of 

integrated lens process to fabricate tapered-cone MNs [44] Copyright (2005) Elsevier. (J) 3D 

printed pyramidal- and cone-shaped MNs using stereolithography. Lower two images are 

insulin coated MNs [46] Copyright (2018) Elsevier. All figures were adopted with 

permission.
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Fig. 3. 
Drawing lithography technologies for microneedle (MN) fabrication. (A) Ultra-high aspect 

ratio MN arrays by SU-8 drawing and Ni electroplating [48] Copyright (2010) John Wiley 

and Sons. (B) Spatially discrete and thermal drawing for specific body profile of MNs [49] 

Copyright (2013) Elsevier. (C) Droplet-born air blowing-based drawing lithography for 

developing MNs containing biological drugs [53] Copyright (2013) Elsevier. (D) Electro-

drawing process for drawing PLGA biodegradable MNs [54] (scale bar = 200 μm) Copyright 

(2014) John Wiley and Sons. (E) Centrifugal lithography to fabricate MN encapsulating 

biopharmaceutics [56] (scale bar = 500 μm) Copyright (2017) John Wiley and Sons. All 

figures were adopted with permission.
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Fig. 4. 
(A) Silk fibroin (SF) microneedles (MNs) and controlling drug release profile by varying the 

degree of crystallinity of SF [71] (scale bar = 10 μm) Copyright (2015) Elsevier. (B) Wound-

interlocking MN array consisting of a swellable polystyrene and polyacrylic acid (PS-b-

PAA) tip and a non-swellable PS core [72] (scale bar = 500 μm) Copyright (2013) Springer 

Nature. (C) MNs having separable arrowheads onto the arrays of metal shafts [60] (scale bar 

= 1 mm (right) 300 μm (mid and left)) Copyright (2011) Elsevier. (D) Polymeric welding 

process of wrappable MN mesh for perivascular drug delivery [38] Copyright (2017) 

Elsevier. (E) Coated MN pen (MNP) system for corneal drug delivery [77] (scale bar =100 

μm) Copyright (2015) Elsevier. (F) Detachable hybrid MN pen (d-MNP) for sustained 

corneal drug delivery [79] Copyright (2018) Elsevier. All figures were adopted with 

permission.
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Fig. 5. 
Illustration of posterior and anterior segment of the eye and an overview of their ocular drug 

delivery applications. Three types of corneal drug delivery were conducted in anterior 

segment drug delivery: 1) Coated microneedle (MN) [77] Copyright (2015) Elsevier, 2) 

Dissolving MN [116] Copyright (2017) Springer Nature and 3) Detachable MN [79] 

Copyright (2018) Elsevier. In addition, 3 ways of drug delivery administration to the 

posterior segment of the eye were conducted: 1) Suprachoroidal space (SCS) delivery [119] 

Copyright (2010) Springer Nature, 2) Tower MN for intravitreal injection [122] Copyright 

(2012) John Wiley and Sons and 3) Scleral injection with coated MN [78] Copyright (2018) 

Elsevier. All figures were adopted with permission.
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Fig. 6. 
Ocular drug delivery using various microneedle (MN) applications. (A) Corneal drug 

delivery using MN maximizing drug loading ability with fenestrated reservoir [114] (scale 

bar = 200 μm) Copyright (2016) Elsevier. (B) Dissolving MN platform delivered 

besifloxacin to the corneal tissue [116] (scale bar = 500 μm) Copyright (2017) Springer 

Nature. (C) Coated MN pen applicator (MNP) for corneal drug delivery to treat angiogenesis 

[77] (scale bar = 100 μm) Copyright (2015) Elsevier. (D) Detachable hybrid MN pen (d-

MNP) that has a bio-degradable drug-tip containing a drug for sustained corneal drug 

delivery for keratitis treatment [79] (scale bar = 100 μm) Copyright (2018) Elsevier. (E) 

Suprachoroidal space (SCS) MN injection for delivering liquid drug formulations to the 

posterior segment of eye [119] (scale bar = 500 μm) Copyright (2017) Springer Nature. (F) 

Coated MN assisted by pen applicator for the posterior segment drug delivery [78] (scale bar 

= 500 μm) Copyright (2018) Elsevier. (G) Tower MN (ultra-high aspect ratio) for intravitreal 

injection [122] Copyright (2012) John Wiley and Sons. All figures were adopted with 

permission.
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Fig. 7. 
Illustration of the structure of blood vessels and overview of perivascular and endovascular 

drug delivery applications. Two different applications of perivascular drug delivery have 

been developed: 1)Biodegradable poly(lactic-co-glycolic) acid (PLGA) microneedle (MN) 

cuff [51] (scale bar = 1 mm) Copyright (2014) Elsevier and 2)Wrappable MN mesh [38] 

Copyright (2017) Elsevier. In addition, two types of endovascular drug delivery have been 

conducted: 1) Catheter-based hollow MN for drug infusion to the tunica media called 

Bullfrog® from Mercator Medsystems Inc. (image courtesy of Mercator Medsystems Inc.) 

and 2) Linear micropattern drug eluting balloon (LMDEB) with enhanced contact force 

between drug-coated surface and lumen surface (scale bar = 1 mm) [132]. All figures were 

adopted with permission.
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Fig. 8. 
Vascular drug delivery using various microneedle (MN) applications. (A) Perivascular 

biodegradable MN cuff for localizing drug distribution within media layer of blood vessel 

[51] Copyright (2014) Elsevier. (B) Wrappable MN mesh to be more compatible with vessel 

environment [38] Copyright (2017) Elsevier. (C) Linear micropatterned drug eluting balloon 

(LMDEB) with improved contact force by micropatterns onto balloon surface [132] (scale 

bar = 500 μm). All figures were adopted with permission.
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Fig. 9. 
(A) Concept and prototype of microneedle (MN) capsule for gastrointestinal tract drug 

delivery [133] Copyright (2015) Elsevier. (B) Drug-coated MN array for treating oral cavity 

[134] Copyright (2015) Springer Nature. (C) MN array to vaginal drug delivery application 

[140] Copyright (2017) Elsevier. (D) Cardiac stromal cell-delivering MNs for heart 

regeneration [141] Copyright (2018) AAAS. All figures were adopted with permission.
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