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Abstract 

 Microneedles (MNs), as an innovative and viable option for drug delivery, has distinct advantages 

of non-invasive, painless, stable drug loading, efficient drug permeation, and ideal biocompatibility. 

Microneedles are initially used to penetrate the skin surface and obtain transcutaneous drug delivery, 

and have achieved a great success in the field. In recent years, the application of MNs has been 

introduced into non-transdermal drug delivery, extending to a variety of tissues and organs. This review 

captures the fabrication methods for MNs, provides advanced designing strategies of MNs for 

achieving controlled drug release mechanism and summarizes current MNs applications delivering 

multiple therapeutic agents to the cardiovascular system, oscular tissue, digestive system, oral cavity, 

central nervous system and reproductive system. We hope that this article would better guide readers 

to design their MNs system according to different situations, including material selection, structure 

design, choice of fabrication methods and tissue considerations, so as to determine the optimal 

therapeutic regimen towards the target treatment area. 

Keywords: Microneedles · Biocompatible Materials · Non-transdermal drug delivery · Controlled 

release  

 

Article Highlights 

1. Microneedles (MNs) are advanced drug delivery devices with high efficiency and minimal 

invasiveness; 

2. Advanced MNs fabrication strategies for achieving close tissue adhesion and controlled release 

properties are summarized; 

3. Current applications of MNs-based devices for non-transdermal drug delivery are reviewed.
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1. Introduction 

 Conventional transdermal drug delivery methods including hypodermic, intradermal, and 

intravenous injections, can easily break through human stratum corneum barrier with rigid needles, 

known as cheap and convenient ways to achieve drug injection and body fluid collection[1]. Though 

current ways of transdermal drug delivery could solve the problems of drug efficacy decline after 

gastrointestinal (GI) action during oral administration and overcome poor drug permeation restriction 

during topical drug delivery, traditional needles may cause pain as well as tissue damage[2, 3]. In the 

meantime, there are a certain quantity of people are extremely afraid of needles, who declare 

themselves as blood-injury-injection (BII) phobia[4]. Microneedles (MNs) is a kind of micron-scaled 

needle, and was initially explored for delivery of therapeutic agents across skin, of which the concept 

was first proposed by Prausnitz in 1998 to deal with all these questions brought by standard needles[5, 

6]. As one of the third-generation enhancement strategies of transdermal drug delivery, it has become 

a major tool for macromolecules and vaccines delivery. Compared to other means of drug delivery 

mentioned above, currently MNs-based drug delivery has a series of advantages, such as less invasive 

and lower risk of infection. By physically penetrating the stratum corneum barrier and increase skin 

permeability, MNs serves as can an efficient method to transport target drug molecule without 

stimulating the nerves, which can overcome the delivery efficiency issue with minimum tissue 

damage[7, 8].  

 With the development of material science and equipment upgrade of microfabrication, MNs patch 

with an array of micron scale needles can be manufactured into various forms. Typically, MNs can be 

sorted into four main categories: solid, coated, hollow and dissolvable or biodegradable. Solid MNs 

are made of silicon and biocompatible metal which could be coated with drug or loaded with drug; 

hollow MNs with chamber inside can be used for liquid drug infusion or body fluid sampling; 

dissolvable MNs fabricated through biodegradable polymer can release drug with the supporting 

hydrophilic material dissolve into interstitial fluid in a short time[9]. Additionally, a novel form of MNs, 

hydrogel needles, are being extensively explored most recently. These MNs comprise cross-linked 

hydrogels loaded with drugs, once applied onto the tissue surface and in contact with the aqueous 

media, they tend to swell and then facilitate the influx of drug into the tissues[10-12]. A variety of 

materials including silicon, metals, ceramic, natural polymers as well as synthetic polymers have been 
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used in MNs fabrication, and with different strategies, the needle part can be shaped into pyramidal, 

conical, bullet-shaped, arrowhead or other complicated geometries to perform specific applications[13, 

14]. With the micron needles array piercing the skin barrier, macro molecule and micro molecule can 

be delivered to the dermis of specific skin region, to achieve vaccine delivery, cancer therapy, hormone 

therapy, wound healing and tissue regeneration.  

 

Fig 1. Classification of microneedles (MNs) under different criteria. 

 Over the past decades, though extensive developments of MNs drug delivery still centered around 

transdermal implementations, investigations were in progress to deploy the technology for delivering 

drug to other tissues and organs, suggesting that the field of non-transdermal drug delivery using MNs 

have been preliminarily explored. Recently, more cutting-edge researches are employing the utilization 

of MNs in these areas and studies focusing on the extension of structure and function of the MNs are 

being carried out actively. In this Review, we focus on MNs for internal use in soft tissues. Applications 

for scalp, nail and bone drug delivery are out of the scope, as some of their design criteria are different 

from those of soft tissue, either have extremely high mechanical requirements or lack the need for 

biodegradation. Furthermore, by discussing fabrication techniques, design strategies selection, and 
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leading-edge achievements of MNs for the delivery of therapeutic drugs across different biological 

barriers, we also provide concise discussion of design principles of non-transdermal MNs for specific 

tissues applications, that might minimize the gap between applied researches and clinical translation, 

putting forward prospects on future research directions at the same time.  

 

Fig 2. Tissues of non-transdermal drug delivery MNs. 

2. Advanced fabrication strategies and characterization for MNs 

 Specific material selection together with novel manufacturing technologies provide the premise for 

the diversified morphology of MNs-related devices. In order to overcome the complicated anatomy 

and diverse physical properties of organs and tissues, more sophisticated fabrication methods are often 

used during the preparation of MNs, thus provide optimal properties such as mechanical strength, 

biodegradability and biocompatibility for the applications, with significant advantages in bypassing 

drug resistance and minimizing detrimental side effects. 

2.1. Materials 

 Different types of materials have been used for MNs manufacturing according to the corresponding 

requirement of different application. It is critical to choose appropriate material when constructing 

non-transdermal MNs. Silicon[5, 15], silicon dioxide[16], ceramics[17], metals such as titanium[18] and 

stainless steel[19] were initially used to fabricate solid MNs which simply open pores on skin for 

promoting drug permeation due to their high stiffness. Hollow MNs and coated MNs also consider 
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these non-degradable materials as preference. Compared with metal, polymers have controllable drug 

release characteristic and biodegradable nature, MNs made from these materials can be designed to 

dissolve after insertion into the body[20, 21]. Carbohydrate-based materials including trehalose, chitosan, 

maltodextrin, cellulose, glucose, hyaluronic acid (HA) and carboxymethylcellulose (CMC) have been 

widely applied in dissolving MNs fabrication, among which CMC and HA are the most frequently 

used. CMC is a biocompatible, biodegradable structural polymer that is often added to the matrix 

solution to increase viscosity. HA is a crucial element of the extracellular matrix and cartilage, which 

is endowed with high biocompatibility and ideal mucoadhesive properties. Additionally, high 

molecular weight HA (>50 kDa) has been reported to be immunosuppressive in vivo while low 

molecular weight HA (<50 kDa) might be pro-inflammatory but with no side effects indicated [22, 23]. 

Synthetic polymers such as polycarbonate (PC), polymethyl methacrylate (PMMA) polylactic acid 

(PLA), polyglycolide acid (PGA), poly(lactic-co-glycolic acid) (PLGA), Polyvinyl acetate (PVA), 

Polyvinylpyrrolidone (PVP) have also been extensively used in MN-based drug delivery 

productions[24-26]. Because both PVA and PVP have the advantages of rapid dissolution when in contact 

with interstitial fluid and are both mechanically robust enough to bear the insertion force required for 

tissue penetration, they meet all the criteria for obtaining advanced dissolving MNs, thus have been 

most commonly used as fabrication matrix. Controlled release of drug over time can be realized via 

manipulating the degradation  of polyesters, for example, through varying the ratio between PLA and 

PGA in the copolymer of PLGA[27]. These polymers are expediently available and without the 

requirement of complex preparation for use, so they are likely to be introduced into industrial 

production lines and may enable a large-scale manufacturing in the near future. Silk fibroin is another 

novel material used for fabricating dissolving MNs, which is obtained from the natural source of 

Bombyx mori silkworm cocoons. The inclusion of fibroin can enhance the mechanical strength and 

robustness of the MNs and its controllable properties enables a sustained drug release profile[24]. Also, 

by adjusting crosslinking methods and chemical modification techniques, polymers can be formed into 

certain hydrogels, then mixed with different types of drugs including small molecules, macromolecules, 

nanoparticles and nucleic acids to fabricate swellable MNs. Hydrogels like Poly(ethylene glycol) 

diacrylate (PEGDA), Gantrez S-97, Gantrez AN-139, gelatin methacryloyl (GelMA) and 

methacrylated hyaluronic acid (MeHA), are typically biocompatible and often own relatively low 

mechanical property and faster degradation which can be used for rapid drug release. Hydrogels could 
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also be designed accordingly for controlled drug release corresponding to the drug size. By adjusting 

the weight percentage of crosslinker or the MW of the crosslinker itself to alter the crosslinking density, 

may lead to the changes of swelling ability. More rapid swelling of the hydrogel results in a more rapid 

drug release[28, 29]. 

2.2. Fabrication Techniques 

 With the extension of material using as well as continuous development of micro-processing 

technology, the manufacturing of MNs array has also been expanded from the conventional 

microfabrication technique to other advanced technologies like 3D printing, drawing lithography, 

multistep micromolding and so on. These strategies enable the morphology of the needle tips to be 

flexibly adjust during fabrication process. 

2.2.1. Microfabrication 

 Since the first report of the MNs application in drug delivery was developed from silicon using deep 

reactive ion etching (DRIE)[5], traditional silicon manufacturing technology including 

photolithography, dry etching and wet etching, were subsequently led into the fabrication process then. 

Currently, these microfabrication methods based on micro-electro-mechanical (MEM) system 

technology have been wildly used in the fabrication of both in-plane and out-of-plane MNs arrays, 

which serve as ideal gateways for achieving high production efficiency with low costs[30]. 

 In general, dry etching techniques can be divided into plasma etching, reactive ion etching and ion 

milling, based on the differentiator of process pressure during fabrication. The most common dry 

etching process is deep reactive ion etching (DRIE), commonly known as the Bosch process[31]. DRIE 

enables highly anisotropic silicon etching with high-selectivity, and by controlling parameters 

including gas flow rates, etch pressure, temperature, power and bias, and type of masking layer, desired 

MN applications with especially high aspect-ratio features and smooth vertical sidewall geometries 

can be feasibly achieved. Wet etching can be classified into different types according to the aqueous 

etchants used respectively, involving Tetra-methyl-ammonium-hydroxide (TMAH), Ethylenediamine 

pyrocatechol (EDP), potassium hydroxide (KOH), HF, and HNO3. For either isotropic etch (the etch 

rate is the same in all directions) or anisotropic etch (the etch rate differs for different crystal planes), 

the etch rate of the etchant material chosen should be greater than the etch mask material so that the 
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exposed position can be dissolved and then removed[32, 33].Wet etching can be used to demonstrate 

different aspect ratio MNs which enable targeted drug delivery depths [15, 34]. Hamzah’s team proved 

that the high aspect ratio can be accessed under optimal production parameters by aligning the surface 

of the sample perpendicular to the etchant flow direction[35]. Though wet etching is generally faster 

and requires less cost than dry etching, it cannot be effectively applied to produce high aspect ratio 

boreholes for hollow MNs. Indeed, hollow structured MNs with flow channels can be defined using 

combined wet and dry etching steps, during which front and rear DRIE firstly form the pillar structure 

while wet etch progress then sharpen the pillars to needles[31, 36, 37]. Photolithographic approach is 

usually used in the fabrication of polymeric MNs. By covering the target substrate with particular 

photoresist and then expose to ultraviolet radiation, template etching can be actualized (Fig. 3a)[38]. 

Combining single step photolithography and etching, solid MNs with high aspect ratio can be 

manufactured. Pradeep Narayanan’s work demonstrated tapered MNs with sharper tips. During the 

process, single step lithography and anisotropic TMAH wet etching techniques are incorporated for 

the realization of high aspect ratio, successfully increase the insertion length of the MNs with sharper 

tips and unique geometry[39]. Roh et al. proposed a single step photolithography plus two subsequent 

deep reactive ion etching (DRIE) steps fabrication method, by using dumbbell well photomask patterns, 

the study successfully obtained high density out-of-plane MNs with various heights and diverse cross-

sectional shapes, which can reach adequate penetration depths of the skin or the brain to promote more 

effective utilization in drug delivery as well as neurophysiological researches[40]. 

2.2.2. Photopolymerization-based 3D printing 

 Three-dimensional (3D) printing is a rapid additive manufacturing method, and mainly include two 

streams: photopolymerization-based 3D printing and extrusion-based 3D printing[41, 42]. Among all 3D 

printing methods, photopolymerization based techniques lately attracted extensive attention due to its 

advantages of simple preparation process, short preparation period, high preparation precision, and 

large freedom of structure design. During fabrication, the introduction of photocrosslinkable 

biomaterials with enhanced physical and chemical properties enables fast gelation upon exposure to 

light irradiation with the presence of photoinitiators. Photopolymerization based 3D printing can be 

further divided into point-by-point printing including streolithography (SLA) and two-photon 

polymerization (TPP), and layer-by-layer printing such as Digital Light Processing (DLP) (Fig. 3b). 
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In SLA, the computer-controlled ultraviolet light beam is utilized to induce the polymerization reaction 

of photosensitive resins point by point, and then deposit on the material surface. By adjusting the 

irradiation area, illumination time and intensity of the UV light, MNs arrays with different shapes can 

be prepared[43]. Compared to SLA, TPP is a method with higher resolution and better printing accuracy, 

during which 3D structures are formed through the simultaneous absorption of two or more photons 

and photosensitive materials can achieve point-by-point solidification. TPP enables the production 

with complex structures in a relatively simple way[44]. Cordeiro et al. highlighted that TPP served as a 

flexible and reliable approach in the manufacture of MNs with the shapes of full conical, full pyramidal, 

cuboidal base/pyramidal tips and cross-shaped, showed high drug delivery rate in both ex vivo and in 

vitro experiments[45]. Also, hollow MNs with various hole structure and MNs with open microfluid 

channels can be easily fabricated using TPP[46, 47]. During DLP, the geometry of a needle is constructed 

by solidifying photosensitive resin layer by layer using digital micro mirror device (DMD). Parallel 

printing can be achieved by projecting the entire plane of optical pattern onto the photopolymer 

solution, which can achieve high-speed preparation with low cost. The resolution of the printer is at 

micron scale, decided by the focal size of the light beam from each micromirror[48]. Due to these 

advantages, DLP may serve as a potential possibility to construct finer surface microstructure of needle 

body as well as fabricating in-plane and out-of-plane hollow MNs with different aspect ratios. 

 In order to match native tissue dynamics better and meet the shape changes, the concept of four-

dimensional(4D) printing has been proposed. By extending 3D space to the fourth dimension of time, 

the development of biomaterials and bioinks can be continually controlled. Constructed of active/smart 

materials with the ability to self-assemble, self-heal, remember their shapes, and have self-reproducing, 

the productions can be pre-programmed and adjusted to achieve more native-like results, which ideally 

satisfy the functional requirements of MNs applications for non-transdermal drug delivery[49]. At 

present, 4D printing has been successfully applied to the new regenerative therapy of cardiovascular 

diseases. It has been proved that biomechanical adaptive heart patch manufactured by this technology 

successfully attached to physiological surface of the tissue, and repair the injured myocardium[50, 51]. 

2.2.3. Drawing-based technologies 

 Novel dissolving MN fabrication techniques basic on drawing are providing different choices for 

the manufacture of non-transdermal drug delivery MNs. Thermal drawing, as a drawing lithography 
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method allowing 3D structure directly formed from 2D materials, is commonly used in the construction 

of polymer MNs with high aspect ratio. Heated viscous polymer is vertically drawn by a metal 

micropillar at a manipulated speed, then goes through a rapid lift after a cooling step to fracture the 

narrow neck microstructure and form the MNs[52]. During the continuous fabrication procedure, the 

viscosity of the drawn polymer can be controlled by adjusting the temperature and drawing points in 

the glass transition history of the polymer materials, which relatively change the extensional 

deformation, in order to precisely modulate the tip geometry (Fig. 3c)[53]. But this might as well result 

in the formation of irregular structured MNs with either cylinder shape or bat shape[54]. Therefore, a 

stepwise controlled thermal drawing method is designed to avoid the unsuitable shapes from 

developing, through which particular MNs with sharp tip ends can be correspondingly defined. Lee et 

al. proposed a three-step thermal drawing technique, including contact drawing, body drawing and tip 

drawing process, which can rapidly manufacture polymer MNs with various shapes on various 

surfaces[55]. Utilizing temperature-dependent polymeric behavior and controlling the thermal mapping 

parameters, MNs with different features were manufactured. During drawing process, the final shape 

of a single needle can be variably determined by temperatures of a micropillar and substrate 

(temperatures at boundaries of the drawn polymer) and dwell time. The change of temperature could 

lead to different polymer chain mobility at each local point of the drawn polymer, when it changed 

from low to high, the aspect ratio increased correspondingly. The aspect ratio also increased with the 

extension of dwell time. Based on the conventional three-step thermal drawing method, transfer 

thermal drawing is then proposed to form MNs on different substrates. 

 Other drawing-based technologies like electro-drawing, droplet-born, air-blowing drawing, 

magnetorheological drawing can also be applied to MNs fabrication. Electro-drawing (ED) has been 

proposed as a contact free process without the utilization of UV-light for the manufacturing of polymer 

MNs, such as PLGA based MNs (Fig. 3d) [56, 57]. Droplet-born air blowing (DAB) is an advanced 

method with the benefits of simple process, gentle fabrication conditions, low cost and massive 

productivity. Via air blowing, DAB enables the polymer droplet to solidify and form the MN shape 

directly within 10 min, allowing the loaded drugs to maintain the biological activity during the quick 

fabrication (Fig. 3e)[58]. Magnetorheological drawing lithography (MRDL) is rapid and easy 

fabrication that eliminates the need of mask, light irradiation the drawing temperature adjustment. In 
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MRDL, droplets of curable magnetorheological fluid (CMRF) can be drawn directly from almost any 

substrate to produce multiple tip structures of MNs under an external magnetic field. A tilted MN can 

also be fabricated by altering the direction of magnetic field, by which the tilt angle of the needle tips 

is adjustably determined[59, 60]. As a 3D additive manufacturing process, MRDL can be used to produce 

complex bio-inspired microstructures, such as tilted micro barbs, which helps the MNs to achieve easy 

skin insertion and difficult removal (Fig. 3f)[61]. 

2.2.4. Molding techniques 

 In addition to those multifarious and complicated manufacturing techniques for directly constructing 

MN structures, methods based on micromolding provide other choices (Fig. 3g). In micromolding 

process, a patterned polydimethylsiloxane (PDMS) is used as a mold for substrates[62]. PDMS mold 

with different microchannels geometry can be directly formed by laser technology[63-65], or through 

multistep casting after defining the multiform microfluidic by lithography[66, 67] or 3D printing[68], 

PDMS is then poured over to obtain the negative mode structure. After filling shaped cavities with 

certain biomaterial solution and solidification, MNs with specific functions can be customization. 

Correspondingly, single or composite materials are selected for MNs preparation according to the 

fabricating requisite mechanical strength and solubility property. Based on micromolding method, 

solidification of polymeric solution or melt enables MNs to bind stably on a macro-scale structure, 

which facilitates a wide range of applications such as separable MNs, MN-pen and MN-mesh. Several 

studies have developed separable MNs constructed with PVA/PVP soluble base and drug-loaded tips 

with certain biofunctionability via a two-step molding technology. The soluble supporting bases 

dissolution after absorption of tissue fluid allowed the separable MNs arrowheads to insert and embed 

into skin[69, 70]. In Leonard’s work, the MN arrowheads were firstly formed in micron cavities, then 

connected to the backing shaft arrays under gentle force which embedded the MN shafts into the base 

of the arrowheads. After drying/solidification, arrowheads were removed from the mold to yield 

complete MNs patch (Fig. 3h)[71]. Similarly, the method can be used in the fabrication of a series of 

MN-pen applications. SU-8 droplets were used as junction of MN tips and pen substrate, which 

solidified under heating and UV curing (Fig. 3i)[72, 73]. Wrappable MN-mesh applications for 

perivascular drug delivery using transfer molding method were reported. Drug-embedded material was 

filled into the PDMS mold, and an adhesion layer was left above MN cavities. Heated micropillar was 
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then used to melt the adhesion layer after attaching the flexible mesh to the needle tips, thus 

accomplished the assembly of MN-mesh upon cooling (Fig. 3j)[74, 75]. 

 

Fig 3. Various fabrication methods of MNs. (a) Typical microfabrication method through etching. (b) 

Photopolymerization-based 3D printing including SLA, DLP and TPP. (c) Schematic diagrams of 

thermal drawing process (Copyright © 2019 by Lee, published by MDPI)[55]. (d) Schematic diagrams 

of electro drawing process (Copyright © 2017 by Elsevier B.V.)[57]. (e) Schematic diagrams of DAB 

process (Copyright © 2013, Elsevier B.V.)[58]. (f) Fabrication progress of MRDL (Copyright © 2018 

by American Chemical Society). Micro barbs on the parent MN can be shaped through this method, 

of which the tilted angles can be decided by magnetic field (Copyright © 2019 by American Chemical 

Society)[59, 61]. (g) Fabrication steps of conventional micromolding method. (h) Fabrication progress 

of MNs manufactured through multistep molding, with prototype of a single needle (scale bar, 300 μm) 

(Copyright © 2010 by Elsevier B.V.) [71]. (i) Fabrication progress of a MN-pen manufactured through 

transfer-molding method (Copyright © 2015 by Elsevier B.V.)[76]. (j) Fabrication progress of a 

wrappable silk MN-mesh manufactured through transfer-molding method (Copyright © 2021 by 
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Elsevier B.V.)[74]. All the figures are cited with permission. 

3. Special design strategies for non-transdermal drug delivery MNs 

 When administering drugs, lesions at different non-dermal tissues requires corresponding 

therapeutic criteria as well as specific dosing strategies. MNs for treatment are ought to remain closely 

attached to the tissue and degrade over time, allowing the loaded drugs to be released safely and 

sustainably. For some diseases that require long-term administration for treatment, or diseases that 

require periodic administration, it is necessary to develop smart MNs that can control the release of 

drugs. By selecting appropriate methods for precise control over the morphology and structure, 

variable forms of MNs-based drug delivery devices with ideal mechanical properties can be 

manufactured, and to carry specific biomolecules for curing as well as monitoring the diseases. 

3.1. Safety considerations 

3.1.1. Biodegradability and biocompatibility 

 As the MNs will come in contact with interior organs and tissues, it is also critical to consider their 

fundamentals of biosafety and biosecurity while applying. Owing to the considerations of 

bioavailability and drug release efficiency, biodegradable and bio-absorbable materials may serve as 

the essential choice for medical applications including therapeutical used MNs[77]. In vitro degradation 

evaluation as well as in vivo experiments should be carried out to characterize the MNs’ 

biodegradability. When it comes to describe the biocompatibility of MNs, it not only means the 

biomaterials would not elicit any adverse local or systemic reaction such as inflammation, edema and 

other pathological changes when applying, but also refers to the nontoxicity of degradation byproduct 

that would not cause detrimental side effects while accumulation, and it would be better to achieve 

sustained release capability with long-term anti-inflammatory effects[78, 79]. In vitro cell experiments 

are often performed, in which specific cells (depending on the tissues for application) are co-cultured 

with the MNs then assess the viability and proliferation. Overall evaluation of tissue pathology as well 

as systematical hematologic and biochemical analyses in vivo are also needed to ensure there's no side 

effect in response to the implantation of MNs device. 

3.1.2. Self-locking for secure fixation 

 The basic consideration of efficient drug delivery to non-dermal tissues is smartly deciding how to 
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let the MNs be immobilized to various surface environment in case of falling off and cause injury. 

Inspired by the natural bio-MNs, structures of needle tips can be manufactured into various novel 

forms which benefit from the optimal geometry, and can possess excellent tissue fixation performance 

mainly due to the intelligent combination of microstructures and insertion modes[80]. By fabricating 

MNs with replicated angled tips, the patch could remain firmly adherent when the attached substrate 

moved and rotated or even under external forces. Zhang et al. designed a novel serration-like clamping 

MNs array based on ferrofluid-configured moldings[81]. It was demonstrated that the improved 

adhesive ability of the tilted MNs could be attributed to the increased grasping force caused by the 

centrally oriented structures of the serrated clamping array (Fig. 4a). Later, the team then applied the 

clamp structured MNs to another device for linear wound healing[82]. Another approach of constructing 

"array in array" needle tips may also increase MNs' tissue adhesion capability. Inspired by natural 

honeybee stingers that generate higher interlocking strengths at the cross-section area of contact point, 

a tip structure with an array of barbs localized in the second half of the MNs cone has been proposed[61]. 

Lu et al. proposed a bio-inspired self-interlocking MNs patches with backward-facing barbs[83]. Patch 

interlocking and adhesion in tissues was confirmed by optical coherence tomography, mechanical 

testes and in vivo experiments (Fig. 4b). Also, sufficient tissue adhesion ability can be realized through 

many other forms of microstructure surfaces. In Liu's work, a porcupine quill-like multilayer MNs 

patch with an adhesive hydrogel back patching was fabricated by a layer-by-layer stacking using mold 

technology[84]. The extra area generated at the junction of the two adjacent layers of the MNs 

ingeniously created barb-like structure，which contributed to the enhancement of MNs' adhesion after 

piercing (Fig. 4c). In addition, swellable MNs using certain materials which allow an expansion of the 

polymer network structure after tissue fluid diffuse into the MNs, may serve as a promising alternative 

to achieve mechanical interlocking with tissue (Fig. 4d)[85-87]. These prepared arrays mentioned above 

have great potential as exquisite drug release devices with ideal attachment capability, bring more 

possibilities for the biomedical application of MNs. 
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Fig 4. Schematic diagrams of MNs for achieving secure tissue fixation. (a) A clamping MNs array 

with center-facing tilted needles (Copyright © 2019 by Science China Press)[81]. (b) A MNs patch with 

backward-facing barbs which help achieve self-interlocking in heart tissue (Copyright © 2022 by Acta 

Materialia Inc) [83]. (c) A self-locking structure MNs patch fabricated via layer-by-layer stacking 

(Copyright © 2023 by Acta Materialia Inc)[84]. (d) Swellable hydrogel materials enhance MNs' 

adhesion (MAP: mussel adhesive protein) (Copyright © 2019 by Elsevier Ltd.) [87]. All the figures are 

cited with permission. 

3.2. Strategies for achieving controlled release 

3.2.1. Long-term drug release 

 Dissolving MNs have mainly been investigated for drug delivery due to their fully water-soluble 

designs. To achieve long-term release, MNs patches can be designed with multilayer-coated structures, 

which is remarkably functional due to the distinctive advantages such as various drug loaded 

possibility and regulation of drug-release behavior. By adjusting the coating composition film by film, 

the release curve of vaccine components can be flexibly adjusted. Uppu's group generated MNs with 

polymer multilayer thin films to co-deliver a model combination of three chemically distinct vaccine 

components[88]. The MNs facilitated sustained and rapid release of individual vaccine components 

from polymer multilayers by implanted thin films. By modulating layer-by-layer composition and 

architecture, component in the MNs could be independently controlled release from days up to two 

weeks. (Fig. 5a). 
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 Detachable MNs are fabricated following the principle of making the backing layer separable from 

the needle tips, which contribute to the proper insertion or implantation of MNs loaded with drugs into 

the skin for long-term delivery. Various types of applications can be designed through the utilization 

of different backing layer separation mechanism. By capping drug-loaded dissolving needle tips onto 

a solid base without drug via multistep molding fabrication, rapidly separation can be implanted (Fig. 

5b)[70]. Or achieve easy separation by using a certain intermediate to connect the tips and the backing 

that possess disparate mechanical properties. Jung et al. developed a separable micropillar integrated 

dissolving MN(SPDMN) which was capable to insert and can be detached immediately[89]. The 

micropillars were fabricated with a diameter of 500 μm and a curved edge, while the base diameter of 

the MNs was 300 μm, which created a 200 μm safety ring over each micropillar, ensuring that only 

DMNs penetrated the skin and could then be separated by applying a lateral force (Fig. 5c). Li et al. 

facilitated rapid separation of MNs after inserting into the skin by constructing an air bubble between 

the backing layer and MNs with the two-step micromolding method[90]. The air bubbles tolerated 

sufficient stress, allowed MNs to efficiently penetrate skin under vertical compression while being 

easy to detach under modest shear force, so that achieved MNs separating from the patch matrix and 

implanting into the skin. By introducing a porous interface between MNs and backing layer can 

achieve the same performance. Lee et al. fabricated a MNs patch with a porous interface between 

needle tips and a patch backing made of PVP/sucrose, which enabled complete separation within one 

second after skin insertion due to the fragile character of the lyophilized porous interface between tips 

and backing[91](Fig. 5d). Also, through constructing a synergistically separable system with a multi-

layer structure, detachable MNs can be developed. Ning et.al proposed a dual-layer dressing MNs 

system (DDMNS) by adding a Mg/PVP layer, which would accelerate separation and promote drug 

release[92]. In the experiment, H2 was generated by the reaction between Mg and the inflammatory 

microenvironment and formed air cavities in the Mg/PVP layer, which increased the reaction area, 

accelerated the dissolution of PVP, and then realized synergistic detachment of MNs and continuous 

drug release (Fig. 5e).  
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Fig 5. Schematic diagrams of MNs for achieving long-term drug delivery. (a) Multiple films of coating 

(Copyright © 2020, Elsevier B.V.)[88]. (b) Detachable MNs with supporting array (Copyright © 2017 

by Acta Materialia Inc)[70]. (c) Separable MNs with micropillars (Copyright © 2020 by Jung, published 

by MDPI)[89]. (d) MNs with porous interface for rapid detachment after applying to tissue 

surface(Copyright © 2021 by Elsevier B.V.)[91].(e) Detachable microneedle with multiple layers 

(Copyright © 2022 by Wiley VCH GmbH)[92]. All the figures are cited with permission. 

3.2.2. Multistage drug release 

 By integrating well-characterized controlled release microspheres and microparticles made of 

hydrophobic biodegradable materials with dissolving MNs, multistage drug release can be achieved 

[93-96]. To increase vaccination safety and coverage, Mazzara et al. explored controlled release 

microparticles made of PLGA that could stably encapsulate various antigens via aqueous active self‐

healing encapsulation (ASE)[97]. The microparticles were then incorporated into rapid‐dissolving MNs 

for vaccination. The study formed a new platform with multiple advantages over traditional vaccine 

delivery strategies, which could perform controlled antigen release via PLGA microparticles as well 

as maintaining antigen stability by avoiding antigen exposure to the protein‐damaging stresses at the 

same time. This MNs patch demonstrated bi‐phasic release in vitro with initial burst of soluble antigen 

followed by delayed release over approximately 2 months, and generated more robust immune 

responses than conventional vaccines in animal models (Fig. 6a). 
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 Owing to the advantages of stable mechanical property and programmed drug delivery, the core-

shell structure MNs have become more reliable and satisfied tools for efficient self-administration. 

Khanh et al. proposed a core-shell micro-structured MN, including a MN shell, a MN cap and a dried 

drug or vaccine core[98]. The MNs were generated through a 3D manufacturing process that assembled 

the three components together. The drug or vaccine core is encapsulated by the cap and base layer, 

which are made from PLGA. By tailoring the degradation of the PLGA shell, precisely controlled drug 

release could be achieved. In the clinical setting, multiple sets of MNs with different PLGA shells 

could be inserted into the skin of patients at once to achieve multiple burst release after different 

periods of time, obtaining an effect that is similar to multiple drug injections. Li et al. provided a more 

constant release system of levonorgestrel (LNG) for 6 months, also based on core-shell-cap structure, 

of which the release time was treble longer than MNs just having the monolithic core without a 

surrounding shell[99]. In this work, LNG was incorporated into a monolithic core made of a 

biodegradable PLGA which’s degradation expected to be less than 6 months. The core was surrounded 

by a shell and cap layer made of PLA, which has a longer degradation expected to be more than 6 

months to minimize initial burst release and provide a slower, more constant delivery of drug (Fig. 6b). 

 

Fig 6. Schematic diagrams and prototypes of MNs for achieving multistage drug delivery. (a) 

Dissolving MNs loaded with PLGA microparticles containing antigens (MNP: microneedle patch, 

i.d.MP: intradermal injection microparticle, i.m.MP: intramuscular injection microparticle, OVA: 

ovalbumin) (Copyright © 2022 by Mazzara, published by Wiley Periodicals Inc.)[97]. (b) A core-shell 

Preprin
t o

f B
io-D

esig
n an

d M
an

ufac
turin

g (
unedite

d)



17 
 

structured MNs patch for sustaining LNG release (Copyright © 2022 by Elsevier B.V.)[99]. All the 

figures are cited with permission. 

3.2.3. Responsive drug release 

 Currently, stimuli-responsive MNs based on specific polymer materials that are capable of 

responding to changes in their surrounding environment have been introduced to achieve controlled 

and programmed drug release. Physiological signal like near infrared (NIR), internal stimuli including 

pH, redox potential, glucose and enzymes may be the trigger which can lead to MNs' responses 

including matrix degradation and matrix swell[100]. pH-responsive MNs are often made of polymers 

that possess hydrophilic and ionic functional groups in the polymer segments, and drugs can be 

released upon matrix’s disassembly or deswelling associated with pH changes[101]. Low pH at the area 

of chronic wounds and inflammation site are most common stimulus for designing pH-sensitive drug 

delivery systems[102, 103]. For example, a MNs system loaded with micelle formed by the self-

assembling of pH-responsive tri-block polymer (DMA-PEI-PLGA, DPP) and Ce6-coupled 

antimicrobial peptide sequence (AMP-Ce6, AC) was recently reported for the controlled release of 

antimicrobial drug in the skin[104]. The acidic environment protonated the PLGA block tertiary amine 

and made it hydrophobic to hydrophilic, which then caused the disintegration of micelle and the 

subsequent release of the DMA group presenting positive charge, thereby significantly improving the 

specific targeting ability of the antimicrobial peptide to bacteria (Fig. 7a). Also, because the 

microenvironment of most tumors has a pH that is lower than non-cancerous tissues, pH-responsive 

MNs may have significant practical implications in cancer therapy[105]. When exposed to the acidic 

tumor microenvironment, the pH-responsive polymer underwent charge conversion, the polymeric 

layers swelled and released the gene cargos, which is efficiently access to targeted delivery of 

antitumor therapeutic agents could be achieved (Fig. 7b)[106]. 

 Closed-loop systems based on MNs have become a novel method for glucose-responsive insulin 

delivery, which eliminates the need for diabetes patients to voluntarily inject insulin. Glucose sensing 

function of these devices can be accomplished via several approaches, including glucose oxidase (GOx) 

catalyzed environmental changes[107], glucose-binding molecules and glucose-detecting compounds 

mediated molecular recognition[100]. GOx catalyzed induced pH decrease[108], O2 consumption 

(hypoxia) and generation of H2O2
[109, 110] are most frequently used as the triggers in the glucose-
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responsive MNs (Fig. 7c,d). MNs based on some specific glucose-sensitive molecules have also been 

used in self-regulated insulin delivery. Yu et al. firstly introduced a phenylboronic acid (PBA)-based 

glucose-responsive MNs system for experimental treatment of diabetes[111]. When exposed to a 

hyperglycemic state, the formation of the glucose–PBA complexes leaded to the increase of negative 

charges, and weakened the electrostatic interaction between negatively charged insulin and polymers. 

That would induce the volume variation of the polymeric matrix and resulted in the quick release of 

insulin from the MNs. Once the blood glucose level returned to normal condition, the inhibited volume 

variation and the restore of electrostatic interaction would slow down the insulin release in case of 

hypoglycemia that might occur. 

 

Fig 7. Schematic diagrams MNs for achieving internal stimuli-responsive drug delivery. (a) A pH-

responsive MNs patch for wound healing (Copyright © 2023 by Elsevier B.V.)[104]. (b) A pH-

responsive MNs patch for vaccine delivery of cancer therapy (Copyright © 2018 by Elsevier Ltd.)[106]. 

(c) A glucose-responsive MNs patch loaded with dual mineralized particles (Copyright © 2017 by 

Chen)[108]. (d) Glucose-responsive insulin delivery MNs generated by H2O2 sensitive GOx particles 

(Copyright © 2017 by American Chemical Society)[110]. 

4. Advanced applications for different tissues 

 Non-transdermal MNs can deliver drugs to a variety of tissues which own moist, dynamic tissue 

environments. Differ from flat, dry and easy-to-handle skin surface, these MNs require more 

consideration to surmount multiple barriers. Various organizational application can be classified 
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according to the properties of local environment, surface characteristics, organ motion and mechanical 

properties. 

4.1. Cardiovascular system 

 Cardiovascular diseases (CVD) including myocardial infarction, stroke and peripheral vascular 

disease are the first leading cause of death in the world[112]. Currently, MNs have been reported to be 

feasible for the treatment of cardiovascular diseases. However, the cardiovascular system is a wet, 

dynamic and pressurized system, making it a challenging environment for the application of MNs. 

 Atherosclerosis is the is one of the high risk factors that may cause CVD[113] . Vascular bypass and 

insertion drug-eluting stents (DES) are the most common clinical practices for atherosclerosis 

treatment. However, some of the patients may suffer from neo intimal hyperplasia (IH) at the site of 

surgery after undergoing these therapies. Current researches on vascular drug delivery mainly aimed 

at delivering anti-proliferative drugs such as sirolimus or paclitaxel to investigate the prevention of  

IH[114-116]. Considering that the structure of arteries and veins are all composed of three layers: tunica 

adventitia, tunica media, tunica intima, perivascular drug delivery through adventitia and endovascular 

drug delivery through endothelium might be the most viable strategies. 

4.1.1. Perivascular 

 Due to the elastic characteristics of blood vessels and repeated blood pressure changes, the rigid 

perivascular drug delivery device may cause abnormal proliferation of smooth muscle cells in the 

blood vessels and exacerbate the problem of secondary stenosis of blood vessels. Thus, devices with 

curved substrate which could exert their drug delivery effect through wrapping around the vascular 

were then proposed. Over the past decades, series of meshes, wraps, regels and cuffs have been 

applicated in perivascular drug delivery, proven safe and feasible[117]. By introducing MNs to these 

devices’ flexible substrate, it may provide closer adhesion between wraps and vascular, resulting in the 

enhancement of the drug delivery efficiency. Choi et al. proposed a drug-loaded MNs cuff which 

successfully inserted through adventitia layer, and delivered fluorescent molecule RB as a model 

compound to tunica media[118]. The curved patch base is made of relatively slow degrading polymer, 

and the curvature was developed by post-annealed inside a cylindrical stainless tube at the temperature 

of 72 °C. Works of Lee et al. and Kim et al. further confirmed that the drug delivery efficiency to the 
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inner layers of vascular tissue increased evidently after installing MN structure onto the cuff surface, 

and the therapeutic effect was demonstrated by subsequent in vivo experiments[119, 120]. In 2017, Lee et 

al. proposed a biodegradable PLGA80/20 MNs array developed on a flexible woven surgical mesh via 

a transfer molding method[75]. Enhanced drug delivery efficiency, efficacy for IH reduction, and safety 

of MN mesh were proved through ex vivo and in vivo experiments, with suppressed side effects at the 

same time (Fig. 8a). Later in 2021, the team developed a highly flexible and porous silk fibroin MN-

wrap which directly injected antiproliferative drug to the anastomosis sites while ensuring sufficient 

vascular exchanges[74]. The result of in vivo studies on New Zealand white rabbits confirmed that the 

silk MNs wrap showed superior pharmaceutical efficacy compared to drug loaded silk wrap without 

use of MNs, with enhanced perivascular drug delivery efficacy for IH reduction, improved vessel 

patency and the maintenance of healthy tunica media structures. The remarkable flexibility due to the 

structural characteristics of mesh substrate may allow the MN-based device to be used for complex 

shapes and various sizes of blood vessels, which shows promising prospect in perivascular drug 

delivery (Fig. 8b). 

 Since the MNs are applied to the outer surface of the blood vessel, invasive surgeries are unavoidable 

during the implantation. Surgical risk may be a major limiting factor for further research. Therefore, 

considering how to minimize surgical injuries and how to properly monitor the effects of MNs 

degradation and drug release in real time without repeated operations might become the key for future 

studies. 

4.1.2. Endovascular 

 Current clinic trails such as DES and drug-eluting balloons (DEB) have been revolutionized the 

treatment of atherosclerosis in coronary and peripheral vasculature[121]. Various modifications to DEB 

aimed at improving the efficiency of endovascular drug delivery have been carried out in recent years. 

Lee’s study developed a linear micropattern-based drug eluting balloon with 16 linear micropatterns 

on the surface which successfully increased the contact force between the drug coated surface and the 

lumen, thereby result in the enhancement of endovascular drug delivery efficiency[122]. Another way 

was to set up a micro-infusion system, combining a hollow needle with a balloon catheter[123]. Only 

when the catheter is opened, the needle extends out of the balloon and is used to inject drugs directly 

into the surrounding luminal tissue. The Bullfrog micro-infusion devices were correspondingly 
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designed and facilitated better drug distribution through the tissue. MN structures have also been 

introduced into DEB by molding MNs array onto the balloon surface to improve drug delivery 

efficiency. A microneedles DEB (MNDEB) was fabricated via a conformal transfer molding 

process[124]. During the in vivo animal experiment, MNDEB was deployed in the illiac arteries of an 

atherosclerotic rabbit model. Results showed that compared to conventional DEB, drug coated MNs 

onto balloon surface enhance the efficiency of endovascular drug delivery, while integrity of the 

vascular tissue was not impaired by MN insertion (Fig. 8c). Inspired by changeable thorny appearances 

and inflatable behaviors of globefish, Zhang et al. fabricated an intelligent hierarchical balloon 

catheters with concealed MNs for cardiovascular disorders remedy[125]. The microneedles balloon 

catheters (MNBCs) consisted of three coatings outside the bare balloon catheter: two BP-encapsulated 

gelatin layers and MNs in between. After implantation, the MNBCs expanded and fully contacted to 

the tunica intima, then the gelatin layers melted under NIR and left MNs in tissue. The bare balloon 

catheter was later recycled. Through intravascularly delivering rapamycin to abdominal aorta 

restenosis rat models, drug-loaded MNBCs achieved ideal endovascular drug delivery and disease 

curing effect, indicating that this application might be a practical novel approach for cardiovascular 

therapy (Fig. 8d). 

 When establishing subsequent surgical scheme of endovascular drug delivery MNs, current 

sophisticated methods of DEBs or intravascular stent implantation can be used for reference. The 

intervention path should be decided according to the lesion site, diameter, vascular flexibility and 

tortuosity of target artery, the structural characteristics of DEB-based MNs as well as the complexity 

of the operation. Future researches are ought to focus on conducting repeated in vivo experiments on 

large animals for the purpose of establishing systematic surgical implantation programs corresponding 

to specific lesion site. The gradual transition from animal studies to clinical trials as well as the 

evaluation of the therapeutic effects of endovascular MNs products on human are also urgently need 

to be addressed. 

4.1.3. Cardiac tissue 

 When it comes to the treatment of myocardial infarction, it is generally believed that the necrosis 

cannot be regenerated. Stem cell therapy has been proved to be effective in heart regeneration. 

Intramyocardial injection allows stem or myoblast cells to be directly delivered to the infarct 
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boundaries, but may cause the squeeze of the drug solution due to the contraction of the myocardium, 

thus lead to the poor retention[126]. The MN patches which can be tightly attached to the myocardium 

surface and precisely convey corresponding therapeutic agent to target area, offering a potential 

solution to these problems. In 2018, Tang et al. firstly applied MNs in the treatment of myocardial 

infarction (MI) [127]. MN-integrated cardiac stromal cells secreting heart regeneration factors were 

loaded into the back of a PVA patch and diffused into the scar tissue. Enhancement of angiomyogenesis 

effect in a rat model and protection of cardiac function in a porcine model were observed in this study 

(Fig. 8e). Hu et al. developed a detachable MN patch which transported mesenchymal stromal cell-

secreted factors-loaded poly(lactic-co-glycolic acid) nanoparticles into myocardium, promoted the 

proliferation of injured cardiomyocytes, reduced cardiomyocyte apoptosis as well as fibrosis, and 

restored myocardium volume during the cardiac remodeling process[128]. There are also many 

researches focusing on MN-mediated gene delivery for myocardial disease treatment. MNs associated 

with adeno-associated virus  encoding vascular endothelial growth factor (VEGF) gene result in heart 

function improvement by enhancing VEGF expression, promoting functional angiogenesis, and 

activating the Akt signaling pathway[129]. In Lim’s study, a Double-layered adhesive MN delivering 

biofunctional peptide (BFP) fused bioengineered mussel adhesive protein was developed. BFP from 

four different sources was genetically fused to the C-terminus of bioengineered foot protein type 1 (fp-

1) composed of 12 repeats of decapeptide (AKPSYPPTYK)[130]. Yuan’s study proposed a 

biocompatible MN patch based on gelatin is fabricated to load exosomes containing microRNA-29b 

(miR-29b) mimics with antifibrotic activity(Fig. 8f)[131]. All the therapies showed distinct effect and 

provided resultful options for MI treatment.  

 Indeed, MNs patches have shown its advantages on cardiac tissue regeneration after MI. However, 

further improvements are still needed. Because the heart is an internal organ, thoracotomy is inevitable 

for the MNs implantation. During the progress of patch placement, a hand vacuum device is still 

required. Minimally invasive surgery could be a possible alternative to solve the problems above, 

which suggests MNs to have a tiny size or a shape memory property accordingly. Further 

enhancements for advanced treatments may focus on apparatus applied for minimally invasive surgery. 
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Fig 8. MN-based applications for cardiovascular drug delivery. (a) Biodegradable MNs array 

developed on a flexible woven surgical mesh for perivascular drug delivery (Copyright © 2017 by 

Elsevier B.V.)[75]. (b) A highly flexible and porous silk fibroin MN wrap for perivascular drug delivery 

(Copyright © 2021 by Elsevier B.V.)[74]. (c) An endovascular microneedles DEB (MNDEB) for 

endovascular drug delivery (EEL: external elastic layer, IEL: internal elastic layer) (Copyright © 2020 

by Elsevier B.V.)[124]. (d) NIR triggered intelligent microneedles balloon catheters (MNBCs) for 

endovascular drug delivery (I：intima, M: media)(Copyright © 2022 by Zhang) [125]. (e) MNs patch 

loaded with cardiac stromal cells (MN-CSCs) for the treatment of MI (Copyright © 2018 by Tang)[127]. 

(f) MNs loaded with exosomes containing microRNA-29b (miR-29b) for cardiac tissue regeneration 

(Copyright © 2023 by Wiley VCH GmbH)[131]. All the figures are cited with permission. 

4.2. Ocular tissue 

 Because of the presence of ocular barriers and clearance mechanisms, it is challenging to administer 

drugs safely and effectively to the eye. Traditional eye drops, gels and ointments are most often used 

in clinic. Unfortunately, these ways still face with the problems of low drug permeation, low 

bioavailability, and fast clearance caused by physiological processes such as blinking and nasolacrimal 

drainage. Few static barriers such as tear film, mucin layer, cornea also prevent exogenous substances 

from permeating[132]. The posterior segment of the eye contains sclera, choroid, Bruch’s membrane, 
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and blood-retinal barrier. Conventional posterior drug delivery is achieved by invasive injection, which 

is directly injected through sclera and into the vitreous humor. In this case, severe side effects including 

tissue damage, eyeball perforation, optic nerve injury and intraocular infections may be caused[133]. 

Constant rotations of the eyeball and movements of eyelids also decreased the treatment efficiency. 

MN-based system, as a non-invasive drug delivery form, have been remarkably developed in 

ophthalmic treatment during recent years. When applying to ocular drug delivery, the main aim is to 

improve the bioavailability by increasing the diffusion across cornea, conjunctiva and sclera. Previous 

reviews have listed a series of hollow, coated and dissolving polymer MNs have been proved to achieve 

high permeation of the drug[134, 135]. Herein, we mainly summarize the relatively new and reliable 

intraocular drug delivery MN products that have been validated through ex vivo or in vivo studies. 

4.2.1. Anterior segment 

 Drug delivery to anterior segment of the eye is actualized by intracorneal ways. The thin, 

unsupported structure of the cornea makes it difficult for MNs puncture and retention. In order to better 

fit the spherical structure of the eyeball and insert the needle tips into the cornea, some MN patches 

have referred to semi sphere design features of contact lens. Datta et al. prepared a polyvinyl 

pyrrolidone MNs patch with 3.08 cm circumference convex curvature, 3.85 mm sagittal height and 

array of 25 conical MNs by micromolding technique[136]. MNs were found to completely dissolve in 

the cornea within 60 s of application. The ex vivo corneal permeation studies using porcine eye globe 

showed a disposition distribution of 45.5, 29.1, 8.3, 5.2, 3.0 and 0.2% of loaded drug within the cornea, 

aqueous humor, lens, vitreous humor, sclera and choroid-retinal complex respectively. Roy's study also 

reported a MNs corneal patch with a concave shaped design to mimic the commercially available 

contact lens, and achieved firm placement on the porcine and rabbit corneas(Fig. 9a)[137]. When it 

comes to the depth of penetration, clinic settings suggested that the length of MNs should be matched 

within the maximum injection depth of corneal epithelium correspondingly, which ranges from 43 to 

63 μm[135]. However, in Than's study, the team fabricated an eye patch bound to an array of detachable 

MNs with a length of 600 μm and an insertion depth of approximately 150 μm. The MNs did not cause 

significant inflammation or angiogenesis in animal tests of mouse cornea[138].  

 Considering that long presence of the patches on eye surface may lead to the potential risk of hypoxia, 

drug delivery through single micron scaled needle has been suggested. Better performance of single 
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MN insertion can be realized by combining it with an injection assisting applicator[72]. In Lee’s research, 

a biodegradable MN tip and the supporting base were assembled to form a hybrid detachable MN-pen 

(d-MNP) by pressure-assisted transfer molding[73]. When applied to the cornea, the spring-loaded pen 

platform injected MNs instantaneously by a spring-generated impact, with an optimum dwell time as 

10 s and force of 13.74 N. The drug-loaded detachable tip was left within the corneal tissue, and 

allowed sustained drug release for more than 9 days. The antimicrobial agent-containing tip was 

delivered to the mouse cornea, though the amount of drug containing was only 2.6 ng, it was large 

enough to show efficacy of reducing the progression of keratitis (Fig. 9b).  

 limitations of current researches mainly lie in the lack of uniform regulations on puncture depth. 

Therefore, more in vivo studies are still needed to discuss the requirements of length and insertion 

depth of ocular MNs. Besides, whether the results of animal experiments on corneal penetration can 

be applied to human might still need further consideration, confirmatory clinic tests should be carried 

out if possible. 

4.2.2. Posterior segment 

 For posterior segment diseases which commonly require drugs to reach the macular or peripheral 

retina, intrascleral administration allows drugs to be closer to the target site, providing efficient drug 

concentrations for the treatment. Roy et al. demonstrated the effectiveness of a MNs scleral patch in 

delivering the triamcinolone acetonide as a model molecule to the posterior segment of the eye[137]. 

Wu et.al proposed to develop a nanoparticle (NP)-loaded bilayer dissolving MNs array which was 

determined to be biocompatible with retinal cells (ARPE-19)[139]. Ex vivo scleral distribution studies 

confirmed that NP-loaded MNs arrays were anticipated to exhibit a longer lag-time in the sclera and 

sustain the release of encapsulated drugs. The group then fabricated a triamcinolone acetonide 

nanosuspensions loaded microneedles which was demonstrated biocompatible with ocular tissues 

using the hen’s egg chorioallantoic membrane assay and cytotoxicity test[140]. The researches of novel 

hybrid system mentioned above enable the delivery of drugs to the posterior segment of the eye, though 

both need further exploring, they indeed provided novel ideas to alleviate relevant diseases in a 

therapeutically effective and minimally invasive manner. 

 Beside MNs array, single tip micron needle can also be used for intrascleral drug delivery. Similar 
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to the previous intracorneal strategies, MN-pens can be adopted to deliver drugs to the posterior 

segment. Park et al. developed a MN-pen by combining an MNs with a customized applicator 

consisting of an end tip, stopper, trigger, spring and slot[141]. Through ex vivo studies, it was confirmed 

that the insertion depths of MNs could be finely controlled by insertion speeds. RB drug-loaded MNs 

was then applied to the beagle eyes in vivo. Results showed that strong fluorescent signal was evident 

along the inner surface of the sclera and the choroid from beneath the insertion site to the adjacent area, 

indicating the fast diffusion of the model drug to the posterior segment of the eye (Fig. 9c). Lee et al. 

modified the previously described d-MNP by adding a fast dissolving layer consisted of a porous blend 

of PVA/PVP fabricated via freeze drying technique, located between the drug-loaded tip and the base 

[142]. After optimization, the rapidly detachable microneedles pen enabled almost immediate release of 

the tip upon contact with porcine sclera and embedded it at the appropriate depth (Fig. 9d). In order to 

avoid needle retraction, Lee et al. developed a self-plugging microneedle (SPM) to perform intraocular 

drug delivery and to seal the scleral puncture simultaneously[143]. Once the whole SPM was completely 

inserted into the vitreous body, the scleral plugging component at the bottom of the needle tip would 

contact the eyeball and swell to plug the scleral hole (Fig. 9e). 

 Drugs can also be delivered into the space between sclera and choroid through MN insertion. A 

series of hollowed MNs were shown to deliver sulforhodamine B as well as nanoparticle and 

microparticle suspensions into the suprachoroidal space of rabbit, pig, and human eyes[144]. From then 

on, suprachoroidal delivery has become another choice for delivering drugs to the back of the eye, and 

has been evaluated in animal models of posterior segment diseases and has been tested in clinical 

trials[134, 145]. In this method, MN can serve as a tool to first target ocular drug delivery within the eye, 

and by combining it to other therapies such as iontophoresis, precisely controlled drug delivery 

especially toward the posterior pole can be easily implemented[146].  

 For posterior ocular drug delivery through MN-pens, the effectiveness of drug penetration has been 

demonstrated mainly through in vitro and ex vivo drug delivery experiments, further in vivo studies 

are still required. On account of the inevitably puncture through vitreous body during MN implantation, 

invasiveness of the operation may become a major limitation for further application. Thus, how to 

determine the optimal insertion route of MN into the target area of sclera with minimal invasiveness 

and injuries may serve as the emphasis of further researches. 
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Fig 9. MNs-based applications for ocular drug delivery. (a) A concave-shaped microneedle corneal 

patch (MCP) inspired by the structure of lens (Copyright © 2021 by Elsevier B.V.)[137]. (b) A hybrid 

detachable microneedles pen (d-MNP) with a biodegradable MN tip for corneal drug delivery 

(Copyright © 2018 by Acta Materialia Inc) [73]. (c) A detachable microneedle pen (MNP) with 

controllable insertion depths for posterior segment drug delivery (Copyright © 2018 by Elsevier 

B.V.)[141]. (d) A rapidly detachable microneedle pen (RD-MNP) with an additional fast dissolving layer 

between drug-loaded tip and the base (Copyright © 2021 by Wiley VCH Verlag GmbH & Co.KGaA 

Weinheim)[142]. (e) A self-plugging MN (Copyright © 2022 by Wiley VCH GmbH) [143]. All the figures 

are cited with permission. 

4.3. GI tract 

 Oral administration of biopharmaceuticals including peptide and protein drugs can avoid the pain 

and risk of infection caused by traditional injections. However, due to the barriers of the GI tract such 

as acidic pH environment and the existence of multiple proteases, therapeutic proteins may lose their 

specific structures and functions, leading to poor permeation efficacy and low bioavailability[147, 148]. 

Targeted drug delivery systems with specific shielding structures which can deliver the biomolecule 

precisely to specified sites without any degradation may serve as a potential remedy to problems above. 

Various trials have been extensively explored, such as pH-dependent release[149], microrobot 
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system[150], micromotors[151] and capsule endoscopy[152, 153]. MNs can pierce the alimentary canal wall 

without causing gastric perforation, which offer promise to the treatment of gastric diseases. However, 

the peristalsis of gastrointestine and the flow of chyme makes it difficult for the MNs to locate and 

penetrate the GI mucosa. Therefore, considering how to orient the supplementary component of MNs 

so that the needles can maintain contact with the tissue surface is the priority principle for designing 

the drug delivery devices.  

 Giovanni et al. proposed a hollow MNs roller capsuled in a pH-responsive coating which loaded 

insulin can be transported to the GI  tract [154]. The roller structure guaranteed that the tips of MNs 

were always vertical to the GI tract. When the capsule reached the target area, the pH-responsive 

coating dissolved to expose MNs, and the loaded drug could be delivered to the GI tract (Fig. 10a). 

However, the study still had the problems of low MNs fall off rate and failed to achieve effective 

targeted drug delivery. Chen’s publishment introduced a dynamic omnidirectional adhesive 

microneedle system (DOAMS) capable of prolonged gastric mucosa fixation, of which was inspired 

by horny-headed intestinal worm[155]. The smart capsule could either avoid premature exposure of the 

drug to the harsh pH environment, or act as a self-triggered device to deliver a tablet to the stomach. 

It ejected the tablets containing biphasic core-shell structured MNs into the gastric cavity, therefore 

induced appropriate contact with tissue surface. The DOAMS performed a remarkable adhesion onto 

the tissue, which profit from both the mechanically interlocking hooks and the material dependent 

adhesion of hydrogel MNs (Fig. 10b). Abramson et al. engineered a luminal unfolding microneedle 

injector (LUMI) ingested in waterproof enteric capsules which served as a platform to orally deliver 

therapeutic doses of macromolecule drugs[156]. When reaching the small intestine, a compressed spring 

would propel the LUMI out of the capsule regardless of orientation. The LUMI was consisted of three 

degradable arms, each of them was attached with MNs, which created multiple contact points with the 

tube-like geometry of the small intestine tissue. The rapid unfolding of the support arm provides power 

for the piercing of the MNs. In the same year, the research team designed an ingestible self-orienting 

millimeter-scale applicator (SOMA) out of the inspiration from leopard tortoise, which was able to 

autonomously adjust its positions to engage with GI tissue[157]. Once the SOMA was on the right 

position, the pH triggered spring would be freed, pushing the single MN into the GI mucosa (Fig. 10c). 

The capsule equipped with drug-loaded MNs can also be driven to the desired target lesions by the 
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magnetic force. In 2020, a multilayer MNs patch combined with a neodymium permanent magnet 

capsule was developed[158]. The motion of the magnetically driven capsule was divided into locomotion 

state and delivery state according to the relative position between the permanent magnet and the 

capsule body. By adjusting between two motions under an external magnetic field, the capsule 

successfully implemented an ex vivo localized GI drug delivery.  

 At present, most orientation tests and drug delivery experiments of the capsuled MNs were still 

carried out ex vivo, there is a lack of in vivo animal studies to explore the treatment effect of current 

devices. Here in, breakthroughs in follow-up studies should be focus on evaluating in vivo MNs 

insertion performance, drug release efficiency and biosafety of capsule systems. It is requisite to put 

forward more assessments of whether the devices can be taken orally and whether the non-degradable 

shell of which can be safely discharged from the GI tract. 

 

Fig 10. MNs-based applications for GI-tract drug delivery. (a) A hollow MNs roller capsule for drug 

delivery under harsh pH environment (Copyright © 2014, Wiley Periodicals Inc. and the American 

Pharmacist Association)[154]. (b) A dynamic omnidirectional adhesive microneedle system (DOAMS) 

(Copyright © 2022 by Chen)[155]. (c) A self-orienting millimeter-scale applicator (SOMA) (Copyright 

© 2022 by Abramson)[157]. All the figures are cited with permission. 

Preprin
t o

f B
io-D

esig
n an

d M
an

ufac
turin

g (
unedite

d)



30 
 

4.4. Oral cavity 

 The oral mucosa is considered as a minimally invasive and immunologically rich site which may 

become an alternative strategy for drug delivery in topical formulations. Transmucosal route has series 

of advantages such as rapid action, reduced first-pass metabolism, and less drug degradation. MNs 

enable precise control over drug and vaccine delivery properties including penetration depth, 

uniformity, and dosing, making it a potential choice for transmucosal drug delivery in oral cavity[159, 

160]. The first application on oral mucosal drug delivery through MNs was reported in 2014. 

Researchers used single row coated MNs to successfully transport drugs to either the inner lip or the 

dorsal tongue of rabbits. Both experiments showed ideal penetration ability and delivery efficiency 

with no significant difference, which confirmed that microneedles can be considered as an ideal tool 

to achieve drug and vaccine delivery through oral mucosa[161].  

 The oral cavity has a moist environment with saliva flux, which constantly flushes the oral mucosa, 

dilutes the drug, and can reduce the contact of topical preparations and their bioavailability. This is a 

phenomenon called "saliva flushing"[162]. Serpe et al. carried out a simulated saliva flow experiment 

proved that saliva will wash away part of the drug deposited in the oral mucosal tissue of the coated 

MNs and resulted in a decrease in the efficiency of administration[163]. For the treatment of dental 

diseases like periodontitis, biodegradable MN patches that can be inserted into the pocket between the 

tooth and gingival tissue achieve a painless and suture-free placement regardless of saliva secretion[164]. 

Despite selecting special insertion sites, drug concentration and multiple layers design can also cut 

down the impact of saliva flushing. Caffarel-Salvador et al. prepared a MNs patch with a large amount 

of drug-loaded buccal macromolecule delivery by directly embedding solid active pharmaceutical 

ingredients in sorbitol and PVP[165].  Preferentially settles of drug into the MN tips was realized 

through centrifuging the mold at 4000rpm for 10min during the molding process, which achieved 

clinically relevant highly concentrated MNs capable of drug delivery. The deposition of active 

pharmaceutical ingredients ensures that the medicine can resist the poor therapeutic effect caused by 

saliva flushing (Fig. 11a). Aiming at achieving efficient and precise drug release, Li et al. prepared a 

composite microneedles through a two-step casting process to make sure that the drug was 

concentrated in the tips[166]. By additionally attaching a mucoadhesive PVA layer and a waterproof 

ethyl cellulose backing, the MNs patch could remain in contact with the lesion for a quite time without 
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being eroded by saliva. Cheng et.al fabricated a composite MNs patch with double layers to effectively 

deliver triamcinolone to the lesion site for the treatment of oral submucous fibrosis[167]. The 

mucoadhesive top-layer was made of an adhesive pyrogallol-rich tannic acid/silk fibroin gel film to 

achieve wet adhesion, and a non-adhesive silk fibroin handling film to prevent adhesion to surrounding 

tissues, together exhibited an enhanced wet adhesion performance. The experiment also measured the 

interfacial adhesion force between two layers (94.54 kPa), indicating the MNs patch would not 

delaminate during usage (Fig. 11b). Additionally, there are abundant nerves in the oral cavity, which 

might cause intense pain during injection, resulting in low administration compliance and efficiency 

[168]. Therefore, strategies to minimize the pain of MNs is crucial. Through clinical trials, Caffarel’s 

study has explored the relationship between pain and the choice of administration site when MNs are 

used for oral mucosa drug delivery. The results revealed that the palates and cheeks have the lowest 

pain and is most suitable for MNs administration, meanwhile the sublingual might be the most painful 

(Fig. 11a)[165]. Further large-scale investigations in clinic are imperative to determine the optimal 

course of treatment. 

 

Fig 11. MNs applications for oral mucosa drug delivery. (a) A MNs patch fabricated by two-step 

casting, with the drug deposited on the tips (Copyright © 2021 by Caffarel-Salvador)[165]. (b) A double-

layered MNs patch with enhanced wet adhesion performance (Copyright © 2023 Cheng)[167]. All the 

figures are cited with permission. 

4.5. Applications for other tissues 
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4.5.1. Central nervous system 

 In addition to the applications mentioned above, MNs have been exploited for central nervous 

system including spinal cord and brain. Han et al. proposed a controlled 3D-exohydrogel hybrid MNs 

array to deliver three-dimensional cultured exosomes derived from mesenchymal stem cells and 

exhibited great potentials in spinal cord injury therapy (Fig. 12a)[169]. Although MNs effectively 

regulated the immune response, scar formation and promoted the spinal cord regeneration, the therapy 

was quite risky. Implantation might require complicated and potentially dangerous surgical procedures 

involving the opening of the spine, any carelessness may cause severe secondary trauma like paralysis. 

 When it comes to brain drug delivery, the primary difficulty was to overcome the obstacle of the 

blood-brain barrier (BBB). Currently, methods for brain drug transportation are mainly focusing on 

the nose-to-brain pathway, which brings medicines directly and noninvasively into the brain bypassing 

the BBB[170]. Considering that MNs can overcome the limitations of systemic delivery and achieve 

targeted transfection, it has become a promising candidate for brain drug delivery in recent years. A 

heterogenous silk fibroin microneedles (SMNs) patch designed by Wang et al. was reported for 

circumventing the BBB and releasing multiple drugs directly to the tumor site for drug combination 

treatment of Glioblastoma[171]. The biocompatible and biodegradable SMNs patch could be triggered 

by NIR remotely to induce rapid drug delivery at a designated stage after implantation, then dissolved 

slowly over time, allowing the sustained release of multiple drugs at different doses (Fig. 12b). Liu et 

al. presented a GelMA MN-based platform for the treatment of ischemic stroke and repairment of other 

neurologically diseased tissues[172]. The MNs sustained and controlled the local delivery of an adeno-

associated virus that expressing human VEGF, and achieved homogenous distribution and high 

transfection efficiency of the load in ischemic brains. Though invasive, these strategies can be applied 

to other neurological disorders, such as traumatic brain injury or cerebral hemorrhage. 

 Given the unavoidable requirement of craniotomy during MNs patch placement, future clinical 

translation of these MNs products may encounter substantial challenges due to the associated high 

surgical risk. Solutions for achieve long-term MNs implantation into brain tissue without causing 

infection as well as other side effects are worthy of further consideration. In comparison to the existing 

non-invasive nose-to-brain pathway of drug delivery, further explorations to optimize drug release 

efficiency of MNs and enhance the advantages of long-term drug permeation during MNs application 
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to counteract its invasiveness may represent an urgent concern which demand more attention. 

4.5.2. Reproductive system 

 In the past years, several works have used MNs for uterine regeneration and intrauterine adhesions 

(IUAs) therapy. Combing stem-cell-based therapy with MNs tool, Shi et al. developed a MNs patch 

for in situ intrauterine repair[173]. The flexible MNs are consisted of lactoferrin, which conferred high 

bioactivity, biocompatibility and antibacterial activity. An array of microwells on MNs enabled the 

loaded human endometrium-derived adventitial cells (En-ADVs) to form 3D cell spheroids, which 

performed higher potential for cell proliferation, differentiation, and migration than dissociated cells. 

The MNs patch was designed to better fit the intrauterine surface and achieve steady settlement in 

uterine tissue according to its shape. The MN/En-ADV resulted in swell-defined myometrial 

regeneration, angiogenesis, and an increase of endometrial receptivity in the experiment with an 

Asherman's syndrome rat model (Fig. 12c). Zhang et al. proposed a basic fibroblast growth factor (b-

FGF) encapsulated novel MNs patch with arrowhead structures and anisotropic surface adhesion for 

the treatment of IUAs[174]. The bioactive N-acryloyl-glycinamide (NAGA) and adhesive PEGMA base 

materials let the MNs to have anisotropic surface adhesion to adjust to the irregular morphology of the 

uterus. Manufactured through a multistep micromolding method, the arrowhead structures allowed the 

MNs to tightly fix on endometrium. Results of in vivo studies demonstrated that these biocompatible 

MNs displayed effective inhibition of the tissue adhesion and showed better tissue regeneration. When 

discussing the insertion route of MNs aimed at the treatment of intrauterine lesion, the delivery of 

patches via the vagina can be taken into consideration, or it may be integrated with current 

gynecological laparoscopic operation. 

 Besides uterus, vaginal cavity is a suitable for inoculation of mucosal vaccines to prevent sexually 

transmitted pathogens, has been considered as a newly found a site for MNs drug delivery. Wang et al. 

developed a dissolving MNs array made of sucrose, PVP, and CMC for stably-loaded proteinbased 

vaccine agents[175]. Two types of multifunctional lipid liposomes (SLL and MLL) both loaded with a 

model antigen and NH4HCO3 were fabricated together into the needles to forming the proSLL/MLL-

constituted MNs array (proSMMA). As a vaginal mucosal vaccine, administration of proSMMAs 

successfully induced the establishment of humoral as well as cellular immunity in treated mice (Fig. 

12d). Since intravaginal drug delivery has become a novel vaccine delivery method with promising 
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application prospects, there is scope for investigations of combining various vaccines delivery with 

MNs. However, current research on vaginal drug delivery using MN technology remains constrained, 

with the potential limitation lie in the moist and curved feature of vaginal wall. To address this 

challenge, MNs can be designed with bendable, adherable configuration, resembling endovascular 

drug delivery systems, while a supporting scaffold can be utilized to facilitate MNs implantation. 

 

Fig 12. MNs applications for drug delivery to other tissues. (a) A GelMA MNs patch loaded with 3D-

exosomes (3D-Exo) derived from mesenchymal stem cells for the treatment of spinal cord 

injury(Copyright © 2022 by America Chemical Society)[169]. (b) A silk fibroin biodegradable MNs 

patch which could achieve controlled multiple drug release for brain hemostasis and treatment of 

glioblastoma(Copyright © 2021 by Wiley VCH GmbH)[171]. (c) A patch for the treatment of 

intrauterine adhesions, on which MNs loaded with lactoferrin (LF) and microwells for endometrium-

derived adventitial cells (En-ADV) culturing are arranged alternately (U: uterus, P: placenta, F: fetus) 

(Copyright © 2021 by Wiley VCH GmbH)[173]. (d) A multifunctional liposome-loaded MNs patch for 

virginal vaccine delivery (Copyright © 2017 by Elsevier B.V.)[175]. All the figures are cited with 

permission.
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Table 1. MNs applications for different tissues. 

Tissues Types Materials Drugs Specific 
considerations 

Fabrication 
methods 

Cites 

Tunica 
adventitia 

Dissolving PLGA50/50 
(tips) 

PLGA90/10 
(base and 
cuff) 

Rhodamin
e B (RB) 

Cuff shape formed 
by annealing in a 
cylinder mold 
enables better 
tissue adhesion, 
fast degradation of 
MN allows 
effective drug 
delivery 

Thermal 
drawing 

[118] 

 Dissolving, 
drug coated 

PLGA90/10 Paclitaxel Curving shape 
formed by 
annealing in a 
cylinder mold 
enables better 
adhesion to the 
target region, drug 
volume is 
controlled by the 
dipping depth 
during dip coating 
progress 

Thermal 
drawing 

 [119] 

 Dissolving, 
drug coated 

PLGA90/10 Paclitaxel, 
sirolimus, 
and 
sunitinib 

Cuff shape formed 
by annealing in a 
cylinder mold 
enables targeted 
tissue adhesion, dip 
coating of drug 
allows sustained 
drug delivery 

Thermal 
drawing 

 [120] 

 Dissolving, 
drug coated 

PLGA80/20 
(MNs) 

PLGA90/10 
(mesh) 

Sirolimus Flexible mesh base 
enables MNs to 
wrap around 
vessels to achieve 
better tissue 
adhesion 

Transfer-
molding 

[75] 
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 Dissolving Silk Sirolimus Flexible and porous 
wrap base enables 
better tissue 
adhesion of MNs 
and shows ideal 
biocompatibility 
under long-term 
wrapping, 
degradation of 
MNs allows 
sustained drug 
delivery 

Transfer-
molding 

[74] 

 

Tunica 
intima 

Hollow Stainless 
steel (35-
gauge) 

Dexameth
asone 

The device has 
been approved by 
Food and Drug 
Administration 
(FDA) for clinical 
use 

 [123] 

 

 Drug coated 208CTH-F, 
DYMAX (a 
UV-curable 
adhesive) 

Paclitaxel Combining MNs 
with drug eluting 
balloons (DEB) 
enables better 
tissue adhesion and 
achieves efficient 
drug delivery 

Transfer-
molding 

[124] 

 

 Hydrogel NAGA 
(MNs) 

Gelatin with 
BP (layer) 

Sirolimus Combining MNs 
with balloon 
catheter enables 
better tissue 
adhesion, NIR-
triggered MNs 
exposure allows 
controllable and 
targeted drug 
delivery 

Transfer-
molding 

[125] 

 

Myocardiu
m 

Dissolving PVA Cardiac 
stem cells 
(CSCs) 

Porous structure 
allows the 
permeation of 
CSCs through the 
MNs, slow 

Micromolding [127] 
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dissolution of MNs 
provides sustained 
CSCs release  

 Hydrogel Crosslinked 
ELP (MN 
tips) 

Non-
crosslinked 
HA (MN 
base) 

Mesenchy
mal 
stromal 
cell-
secreted 
factors 
(MSCF)-
loaded 
PLGA 
nanopartic
les 

Detachment of 
MNs after insertion 
allows close tissue 
insertion and 
sustained drug 
delivery 

Multi-step 
casting 

[128] 

 Hydrogel PVA Adeno-
associated 
virus 
encoding 
vascular 
endothelia
l growth 
factor 
gene 
(AAV-
VEGF) 

Swellable MNs 
enable better tissue 
adhesion and 
achieve burst-
release of loaded 
therapeutic agents 
into precise regions 

Micromolding [129] 

 Hydrogel SF (non-
swellable 
tips) 

HA 
(swellable 
root) 

Bio-
functional 
peptide 
fused 
bioenginee
red mussel 
adhesive 
protein 
(MAP-
BFP) 

Swellable hydrogel 
films coated on 
MNs enable better 
tissue adhesion and 
effective drug 
delivery 

Multi-step 
casting 

[130] 

 Dissolving Gelatin Exosomes 
containing 
microRN
A-29b 

Exosomes are 
loaded via soaking 
method, fast 
degradation of 
MNs allows 

Micromolding [131] 
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effective drug 
delivery 

Cornea Dissolving PVP-K90 
(MNs) 

PVP-K90 
/PVA/PEG-
400 (back 
layer) 

Cyclospori
ne A (CsA) 

Semi sphere feature 
enables better 
cornea adhesion 

Micromolding [136] 

 Drug coated SU-8 Sunitinib 
malate 

Microneedle pen 
with single MN tip 
and a spring-loaded 
MN applicator 
enables impact 
insertion, dip 
coating of drug 
allows effective 
drug delivery 

Transfer-
molding 

[72] 

 Dissolving PLGA5050/
DMSO 
(MN tip) 

SU-8 (MN 
base) 

Polyhexa
methylene 
Biguanide 
(PHMB) 

Microneedle pen 
with a detachable 
and MN tip enables 
localized insertion, 
dissolving capacity 
of MN allows long-
term drug delivery 

Transfer-
molding 

[73] 

Cornea, 
sclera 

Dissolving PVP-K90 
(MNs) 

Chitosan/P
VA/ PVP-
K90 (back 
layer) 

Triamcinol
one 
acetonide 
(TA) 

Concave shape 
enables better 
adhesion to the 
eyeball, dissolving 
capacity of MNs 
allows effective 
drug delivery 

Micromolding [137] 

Sclera Drug coated SU-8 RB Loaded spring of 
microneedle pen   
enables depthwise-
controlled impact 
insertion, dip 
coating of drug 
allows effective 

Transfer-
molding 

[141] 
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drug delivery 

 Dissolving PLGA/DM
SO (MN tip) 

PVP/PVA 
(porous 
layer) 

SU-8 (MN 
base) 

RB Porous PVA/PVP 
layer of MN allows 
immediate 
detachment and 
insertion of the tip 
after contacting 
with sclera, 
dissolving capacity 
of MN allows long-
term drug delivery 

Transfer-
molding 

[142] 

 Drug coated PLA 
(needle) 

PLGA 
(coating) 

MeSH 
(plugging) 

RB The plugging 
component swells 
after injection to 
plug the hole and 
avoid needle 
retraction, dip 
coating of drug 
allows effective 
drug delivery 

Thermal 
drawing 

[143] 

Suprachor
oidal space 

Hollow Stainless 
steel (33-
gauge) 

Sulproston
e, 
brimonidi
ne 

Highly targeted 
delivery to the 
supraciliary space 

Laser [144] 

GI tract Hollow Stainless 
steel (25-
gauge) 

Insulin MN roller with pH-
responsive 
degradable coating 
enables targeted 
MN exposure and 
insertion 

Needles are 
fitted manually 
into central 
metallic core 

[154] 

 Hydrogel Carbopol 
(shell) 

PCL (core) 

Semagluti
de, sodium 
N-
[8(2hydro
xybenzoyl
) amino] 
caprylate 
(SNAC) 

Tube-shaped and 
self-triggered 
capsule system 
enables drug 
delivery under 
harsh pH 
environment, core-
shell structured 
MNs allow 

Mutiple-step 
casting 

[155] 
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sustained drug 
delivery 

 Dissolving PVP Insulin Breakable pH-
triggered capsule 
system with a 
compressed spring 
enables targeted 
MNs injection 
under harsh pH 
environment, 
dissolving capacity 
of MNs allows 
effective drug 
delivery 

Micromolding, 
3D printing 

[156] 

 Dissolving PEO/ 
hydroxypro
pyl 
methylcellul
ose 

Insulin Self-orienting 
capsule system 
with a pH-triggered 
spring allows 
targeted MN 
injection under 
harsh pH 
environment, 
dissolving capacity 
of MNs allows 
effective drug 
delivery 

Micromolding [157] 

 Dissolving Gelatin 
(MN patch) 

PDMS 
(layer) 

Rhodamin
e 6G 

Capsule system 
driven by magnet 
field allow located 
drug delivery, 
three-layer MN 
patches can be 
sequentially 
separated then 
achieve target 
lesions insertion 

Micromolding, 
3D printing 

[158] 

Oral 
mocusa 

Dissolving PVP Human 
insulin 
(HI), 
human 

Drug-concentrated 
MN tips overcome 
saliva flushing, 
degradation of 

Two-step 
casting 

[165] 
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growth 
hormone 
(hGH) 

MNs allows 
effective drug 
delivery 

 Dissolving HA (MN 
tips) 

PVP (base) 

PVP/EC 
(backing) 

BSP Waterproof backing 
layer and drug-
concentrated MN 
tips overcome 
saliva flushing, 
degradation of 
MNs allows 
effective drug 
delivery 

Two-step 
casting 

[166] 

 Hydrogel Silk fibroin 
(MN tips) 

Tannic 
acid/silk 
fibroin (top 
layer) 

Triamcinol
one 

Hydrogel film 
enables wet 
adhesion onto oral 
mucosa,   

Multi-step 
casting 

[167] 

Spinal 
cord 

Hydrogel GelMA Three-
dimension
al cultured 
MSCs 
exosomes 
(3D-Exo) 

Hydrogel MNs 
with great 
biocompatibility 
and degradability 

Micromolding [169] 

Brain Dissolving Silk fibroin Thrombin, 
temozolo
mide 

Degradation of 
MNs allows 
sustained drug 
release, which can 
be controlled by 
adjusting the 
crosslinking degree 

Micromolding [171] 

 Hydrogel GelMA Adeno-
associated 
virus 
expressing 
human 
vascular 
endothelia
l growth 

Swelling MNs 
enable better tissue 
adhesion, 
degradation of 
MNs allows 
effective drug 
delivery, while 
both swelling ratio 

Micromolding [172] 
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factor 
(AAV-
VEGF) 

and degradation 
rate can be 
controlled by 
crosslinking 
durations 

Uterus Hydrogel GelMA Human 
endometri
um-
derived 
adventitial 
cells (En-
ADVs), 
lactoferrin 
(LF) 

Alternately 
arranged MNs and 
cell culture 
microwells achieve 
dual therapeutic 
agents delivery 

Micromolding [173] 

 Dissolving NAGA/PE
GMA 

b-FGF Arrowhead MNs 
adjusting to the 
irregular 
morphology of the 
uterus enable close 
adhesion to 
endometrium, 
dissolving capacity 
of MN allows 
sustained drug 
delivery   

Multi-step 
casting 

[174] 

Virginal Dissolving Sucrose/PV
P/CMC 

NH4
+HCO

3 loaded 
multifunct
ional 
liposomes 

MNs array is 
fabricated to fit the 
vaginal anatomic 
feature, dissolving 
capacity of MN 
allows sustained 
drug delivery  

Micromolding [175] 

 

5. Conclusions and future perspectives 

 Recently, MNs have shown tremendous potential not only in the field of transdermal drug delivery, 

but also in drug administration to many other tissues. In this review, we summarized the current trends 

of using MNs-based devices for non-transdermal drug delivery. Specific considerations including 
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materials, fabrication method, design strategies for controlled drug release have been discussed. MNs 

patches with various tip geometries can be fabricated by technologies based on traditional 

semiconductor technology, such as wet or dry etching and photolithographic. Novel additive 

manufacturing like 3D or 4D printing can also be utilized to rapidly create diverse shapes with low 

cost. Drawing lithography methods makes it easy to develop high aspect ratio polymeric MNs without 

harsh manufacturing conditions. In addition, multiple step casting as well as transfer molding 

techniques deriving from conventional micromolding method enables the fabrication of applicator 

devices for facile and standardized MNs insertion. By selecting specific hydrogels with controllable 

crosslinking rate as well as flexibly adjusting assembly strategies of layered structure, it is possible to 

attain various release mechanism of loaded drugs, including long-term diffusion, triggered release or 

responsive release, which provide MNs with enhanced drug permeability through various biological 

barriers. We then comprehensively reviewed the situations using MNs applications in various visceral 

organs and soft tissues, including vascular, cardiac, ocular, GI, oral, spinal, cerebral, uterine and 

virginal. For vascular MNs drug delivery, in order to achieve close adhesion to the curved structure of 

blood vessels, flexible and flexional materials are selected to form a primary cuff base, then methods 

like thermal drawing or transfer molding which would be convenient for additionally fabricating MNs 

onto the existing substrate can be utilized. When preparing MNs patches for MI treatment, 

biocompatible materials should be used to ensure that the therapeutic agents for stem cell therapy 

remain active. Swellable hydrogels are preferred in order to achieve secure fixation with the 

myocardium. For the manufacturing of ocular drug delivery MNs, in order to fit the sphere surface of 

eyeball, one possible solution is to prepare curved features of patches by micromolding. Another 

designing strategy is to fabricate detachable single MN tip with assistant pen structure through transfer 

molding, which can realize impact insertion with minimal invasiveness and achieve sustained drug 

release. For MNs aimed at GI administration, the devices should be designed as capsule systems to 

withstand harsh pH environments. 3D printing is often used during the fabrication of complex shell of 

the capsule, while MNs can be simply prepared through micromolding. What's more, assistant 

structures such as triggers are needed to enable the devices to attain controllable MNs exposure without 

being disturbed by gastrointestinal peristalsis. When it comes to oral MNs drug delivery, it is important 

to combine drug concentrated tips with water proof back layer to overcome saliva flushing and enhance 

wet adhesion. Multi-step casting may serve as a possible fabrication method to achieve multi-layer 
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structure of oral MNs patch. For MNs that deliver therapeutic agents to nervous system, the main 

consideration is to select applicable polymers for MNs fabrication. Biocompatible materials such as 

HA and silk fibroin should be prioritized. When considering the fabrication of MNs for drug delivery 

to the reproductive system, in pursuit of ideal tissue adhesion capacity, swellable hydrogel MNs can 

be further manufactured with arrowhead tips through multi-step casting. The specific geometry of MNs 

may as well perform long-term drug release with enhanced permeation efficiency. By designing and 

manufacturing MNs-based devices suitable for the target tissue, close adhesion, ideal penetration as 

well as high drug permeation efficiency that outperforms traditional administrations can be 

subsequently achieved. 

 Currently, MNs integrated with sensors have already been used in diagnosis and direct monitoring 

of physiological parameters, medications and biomarkers[176, 177]. By combining with advanced 

biosensor technology, intelligent non-transdermal drug delivery devices may enable intuitional 

surveillance of patients’ real-time reactions to drug administration[178, 179]. As a promising approach, 

the array of MNs could be fabricated to consist of two sections, the drug release section and the 

monitoring section. For the drug release section, specific polymer or hydrogel can be selected to 

achieve programmed drug delivery, while the MNs in the monitoring section may serve as sensors, 

fabricated through certain biosensing materials and for transmitting electronic and chemical signal. 

With the feedback data, the whole MNs system will keep monitoring the condition of target tissue and 

self-regulate the permeation behavior of drugs until reaching the ideal therapeutic effect. The devices 

can accurately determine the patient's drug demand and response, and achieve a personalized drug 

release strategy. Though challenging, this idea may bring more efficient and convenient treatment 

options to patients and reduce the discomfort during treatment process. 

 Furthermore, putting MNs into clinical use and commercialization are both urgent goals waiting to 

be achieved. For skin application, extensive researches have been carried out, clinical conversion as 

well as primary commercialization of the MNs devices are already on their way[180, 181]. However, when 

it comes to MNs-based systems for non-transdermal drug delivery, investigations still remain in its 

early stage. Systematic clinical trials ought to be carried out, only that the risks of applying MNs can 

be evaluated, and corresponding improvements can be provided. As previously mentioned at the end 

of each section in the chapter of advanced applications for different tissues, drug delivery strategies to 
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distinct tissues are faced with corresponding dilemmas. The drug delivery route through MNs was 

originally intended as a minimally invasive method to address the issue of low administration 

efficiency. However, when applied in non-transdermal settings, the insertion of MNs onto the surface 

of the target tissue involves significant surgical risks and may result in adverse effects, which 

contradicts the original intention of minimal invasiveness. This inherent contradiction needs to be 

further addressed. For this reason, it is imperative to seek proper strategies for the implantation of non-

transdermal MNs to minimize surgical injuries and prevent unnecessary tissue damages. Furthermore, 

another common limitation of non-transdermal MNs lies in the fact that the experiments are still 

majored on small animals. It remains uncertain whether the therapeutic effects of these MN-based 

products will be consistent when applied to humans. Once the solutions to these key problems 

mentioned above are found, they may as well shed light on further researches and future clinical trials. 

Subsequently, in vivo experiments on large animals can be gradually implemented, eventually leading 

to the human application in clinic. Designing the structure of MNs to meet different patients’ individual 

needs should then be taken into account, so that customization may further be realized. Leap-forward 

development of non-transdermal drug delivery through MNs might be accomplished consequently. 
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