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Abstract

Microneedles (MN) have the potential to become a highly progressive device for both drug 

delivery and monitoring purposes as they penetrate the skin and pierce the stratum corneum 

barrier, allowing the delivery of drugs in the viable skin layers and the extraction of body fluids. 

Despite the many years of research and the different types of MN developed, only hollow MN 

have reached the pharmaceutical market under the path of medical devices. Therefore, this 

review focuses on hollow MN, materials and methods for their fabrication as well as their 

application in drug delivery, vaccine delivery and monitoring purposes. Furthermore, novel 

approaches for the fabrication of hollow MN are included as well as prospects of microneedle-

based products on the market. 

Keywords: Hollow microneedles, intradermal drug delivery, transdermal drug delivery, 

biomaterials, vaccine, monitoring. 
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1. Introduction

The skin is a multilayer organ composed of three main layers, namely epidermis, dermis and 

hypodermis. One of the many roles of the skin is to protect us from substances present in the 

environment. This barrier function is performed by the outermost layer of the skin, the stratum 

corneum. This layer is composed, inter alia, by corneocytes (protein-enriched cells) embedded 

in an extracellular lipid mixture of ceramides, cholesterol, and free fatty acids. These 

elongated, fully keratinized corneocytes are arranged in 10–25 layers of approximately 0.01– 

0.02 mm in thickness. Both the corneocytes and the lipid mixture serve as a main barrier 

against the percutaneous penetration of chemicals and microbes (Benson and Watkinson, 

2011; Menon et al., 2012). The stratum corneum together with the stratum granulosum, 

stratum spinosum, and stratum germinativum constitute altogether the epidermis. This layer 

is approximately 0.05–0.1mm in thickness and is responsible for the generation of the stratum 

corneum (Benson and Watkinson, 2011). The dermis is under the epidermis and is mainly 

composed of fibrous proteins (fibrillin, collagen, and elastin), giving strength and flexibility to 

the skin. It contains blood vessels, nerve endings, sweat glands, sebaceous glands and hair 

follicles. It also neutralizes bacteria, virus, allergens, pollutants, among others, thanks to the 

presence of phagocytic cells (such as macrophages, neutrophils, and dendritic cells) as well 

as innate leukocytes (such as natural killer cells, mast cells, basophils, and eosinophils) 

(Benson and Watkinson, 2011; Coates et al., 2018; Proksch et al., 2008). Finally, the 

hypodermis is the innermost layer of the skin. It is composed of adipocytes and connects the 

skin with the underlying tissues of the body, such as muscles and bones. It acts as a physical 

shock absorber and helps to insulate the body from low external temperatures (Benson and 

Watkinson, 2011; Iqbal et al., 2018; Proksch et al., 2008). 

When drugs are applied on the skin, they can exert a local effect, commonly used in the 

treatment of dermatological conditions, such as skin cancer, psoriasis, eczema and microbial 

infections (Brown et al., 2008). On the other hand, transdermal drug delivery involves the 

passage of drugs through the skin to reach the dermal microcirculation for their absorption 

and, hence, a systemic effect (Barry, 2001; Brown et al., 2008). The penetration of drugs in 

the skin layers can take place by the following routes: intercellular, transcellular and skin 

appendages. In the intercellular route, drugs permeate through the continuous lipid matrix of 

the stratum corneum, favouring the permeation of hydrophobic substances. In the transcellular 

route, permeation of drugs takes place through the hydrated corneocytes in the stratum 

corneum. Finally, drugs can also permeate through the skin appendages (hair follicles, 

sebaceous and sweat ducts) as they form a shunt pathway for drug permeation, avoiding the 

stratum corneum (Benson and Watkinson, 2011; Neupane et al., 2020; Proksch et al., 2008). 
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Despite the above, there is only a limited number of drugs that can effectively permeate 

through intact skin as they must exhibit certain physicochemical properties: high lipophilicity, 

low melting point (<250°C), low molecular weight (<600 Dalton), Log P value 1-5, and high 

potency (Szunerits and Boukherroub, 2018). In fact, about 20 drugs only are currently 

approved by the U.S. Food and Drug Administration (FDA) for transdermal administration 

(Szunerits and Boukherroub, 2018). Hence, new approaches to increase the number of drugs 

that can effectively permeate through the skin have been investigated, namely passive and 

active strategies.  

Passive delivery methods refer to altering drug-vehicle interactions (such as prodrugs, 

supersaturated formulations, ion pairs, and eutectic mixtures) (Cilurzo et al., 2015; N’Da, 

2014; Song et al., 2016; Wang et al., 2017), the use of permeation enhancers (PE) (Dragicevic 

et al., 2015) or nanocarriers (Elsayed et al., 2007; Puglia and Bonina, 2012; Vogt et al., 2016). 

Their  aim is to increase the driving force of drug diffusion or the permeability of the skin (Iqbal 

et al., 2018). On the other hand, active strategies use external driving forces that enhance the 

permeation of drugs through the skin, such as iontophoresis (Ita, 2016), electroporation (Denet 

et al., 2004), laser microporation (Weiss et al., 2012), sonophoresis (Seah and Teo, 2018; 

Watkinson et al., 2016) and microneedle (MN) (Larrañeta et al., 2016). Microneedles (MN) are 

micron-size needle arrays with length generally ranging between 50 μm and 2 mm (Larrañeta 

et al., 2016). When applied to the skin surface, they pierce the stratum corneum without 

stimulating dermal nerves, due to the short length of the individual needles. The holes created 

in the skin by the MN can be used to deliver drugs from the skin surface into the viable skin 

layers and even reach the dermal microcirculation, when the objective is to achieve a systemic 

effect (Donnelly et al., 2012; Larrañeta et al., 2016; Quinn et al., 2016). Hence, MN have been 

investigated for cosmetic applications (Richter-Johnson et al., 2018), intradermal and 

transdermal drug delivery (Caffarel-Salvador and Donnelly, 2016), patient monitoring 

purposes (Donnelly et al., 2013; Kiang et al., 2017), and vaccination (Nguyen et al., 2020; 

Rodgers et al., 2018). The latter is given by the presence of a large network of immunologically 

active cells and antigen-presenting cells (APC) in the skin (Peyraud et al., 2019).

There are five distinct designs of MN (Fig. 1), the characteristics of each having been designed 

with consideration of specific uses and purposes in mind. 
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Fig. 1. Schematic overview of the different type of MN and the drug delivery mechanisms. Reproduced 
with permission from the cited reference (Rzhevskiy et al., 2018).

Solid MN are used to enhance drug delivery by inserting and removing them from the skin in 

order to pierce the stratum corneum. Afterwards, a drug formulation is applied, which will 

diffuse through the microchannels created (Waghule et al., 2019). Coated MN contain the 

drug on the outer surface of a solid array, hence, upon insertion into the skin, the coating 

formulation dissolves with the interstitial fluid (ISF) and diffuses into the skin (Ingrole and Gill, 

2019). Microvolumes of drug solutions can be injected into the skin using hollow MN, as they 

consist of an empty cavity inside each needle and a bore on the tip (M. S. Lhernould et al., 
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2015). Dissolving MN arrays are fabricated from polymeric blends containing the drug. Upon 

insertion and contact with the ISF, polymer and drug dissolve, diffusing into the skin (Quinn et 

al., 2016; Vora et al., 2020). Swellable MN arrays act as a “bridge” between the skin layers 

underneath the stratum corneum and a drug reservoir, which is placed on top of the array. 

Upon insertion, MN arrays imbibe interstitial fluid that dissolves the drug reservoir and so, the 

drug can diffuse towards the skin throughout this system (Anjani et al., 2021; Donnelly et al., 

2012). 

For the purposes of this review, focus will solely be on that of hollow MN, their fabrication and 

biomedical applications. 

2. Hollow microneedles

As shown in Fig. 2, Hollow MN have been fabricated using ceramics, metal, silicon, and glass, 

integrating, as previously mentioned, an empty cavity inside each needle and a bore on the 

needle tip. Hence, microvolumes of drug solutions can be injected into the skin (M. Lhernould 

et al., 2015). The main advantages of this type of MN are higher drug delivery capacity in 

comparison to solid, coated, and dissolving MN arrays (Larrañeta et al., 2016), where 

chemical substances, proteins, vaccines as well as oligonucleotides can be delivered in the 

skin (Pamornpathomkul et al., 2018a; Waghule et al., 2019). Due to the materials used for 

their fabrication, they exhibit also a high stiffness (Meng et al., 2020). In terms of limitations, 

blockage of the bore in needle tips with skin tissue upon insertion has been reported. However, 

this issue can be avoided by either retracting the MN array and/or placing the bore on the side 

of  MN (Martanto et al., 2006a; Wang et al., 2006). In addition, precise manufacturing 

techniques are needed for the fabrication of hollow MN arrays, such as lithography, etching, 

microelectromechanical system (MEMS) and very recently, 3D printing, which are all covered 

in the following section.
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Fig. 2. Illustrative microscopic images of an hollow metal MN (A) and the cross-sectional image of a 
hollow metal MN inserted into cadaver skin (B). SEM images of an array of hollow silicon MN (C) and 
a single flat tip MN (D). Hollow glass MN (E). SolidWorks drawings of printed devices containing all the 
dimensions (F). Three-dimensional (3D) printed hollow microneedle device (G). Hollow microneedle 
device coupled to a syringe (H). Reproduced with permission from the cited references (Davis et al., 
2004; Farias et al., 2018; Vinayakumar et al., 2014; Wang et al., 2006).

3. Fabrication methods of hollow microneedles

Several materials and fabrication methods are reported in the literature for the manufacture of 

hollow MN. A summary of them is shown in Table 1, including a brief description of the 

advantages and disadvantages of these techniques. 

Table 1. Summary of materials and manufacturing techniques of hollow microneedles. 

Material 
group

Material 
subtype

Fabrication 
technique Advantages Disadvanta

ges
References

Silicon Monocrystalline, 
polycrystalline 
silicon

Etching, 
lithography, deep 
reactive ion etching 
(DRIE)

Desirable 
physical 
properties

High 
material 
cost, 
complex 
fabrication, 
poor 

(Bolton et 
al., 2020; 
Khanna et 
al., 2010; Li 
et al., 2019)
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biocompatib
ility

Metal Stainless steel, 
titanium, 
palladium, 
palladium-cobalt 
alloys, nickel

Laser cutting, laser 
ablation, etching, 
electropolishing, 
lithography, 
microstereolithogra
phy, 
deep reactive ion 
etching (DRIE)

Desirable 
physical 
properties, 
biocompatibl
e

Corrosion, 
poor 
biocompatib
ility of some 
metals

(Vinayakum
ar et al., 
2016)

Nitonol (an alloy 
of titanium and 
nickel)

Multiple-pulse laser 
microhole drilling

Feasibility 
studies

The hole 
quality is 
poor. The 
challenges 
for 
improving 
hole 
qualities, 
such as 
centering, 
hole 
blockage, 
through 
holes, and 
process 
parameters, 
are 
discussed

(Tu and 
Reeves, 
2019)

Nickel SU-8 UV-LIGA 
moulding and then 
Nickel 
electrocoating and 
electropolishing

Low cost, 
mass 
production 
compatible

Less 
biocompatib
le,
Two-step 
process 

(Kim et al., 
2004)

Pt-Metallic 
glasses

Thermoplastic 
drawing

High 
mechanical 
strength

Less 
consistency 
in shape 
and size of 
needles 

(Hu et al., 
2020)

Ceramics Alumina Micromoulding Chemically 
resistance, 
biocompatibl
e

Fracture (Ita, 2018)

Borosilicate Fire-polished 
borosilicate    
glass

Pulling pipettes Inert Fracture, 
long 
fabrication

(Martanto et 
al., 2006b)

Carbon Glassy carbon Conventional 
microelectromecha
nical system (C-
MEMS) process

Biocompatibl
e, inert 
material

Required 
high 
processing 
temperature 

(Mishra et 
al., 2018)

Miscellaneo
us 

PVA (poly vinyl 
alcohol)/ poly
methylmethacryl
ate (PMMA)

LIGA and a double, 
deep x-ray 
lithography process

A low-cost 
mass-
fabrication

During the 
Optimizatio
n of the 
replication 
process is 
the breaking 
of some 
needle tips 
above the 
holes during 
the peel-off 

(Pérennès et 
al., 2006)
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The earliest hollow MN was constructed in 2-dimensional arrays with shafts running parallel 

to the plane of the substrate from which they were formed (Brazzle et al., 1999). Such in-plane 

fabrication severely limits the number of MN in an array, but greatly simplifies the integration 

of added elements such as barbed tips (Chandrasekaran et al., 2003), microfilters or 

nanofilters built into the needle bases (Zahn et al., 2005, 2000), or bubble pumps for precise 

fluid metering (Zahn et al., 2004). By contrast, 3-dimensional arrays include several MN with 

much simpler configurations, though many geometries have been investigated. 

The most conventional methods for manufacturing hollow MN are MEMS, which include  

lithography, laser  cutting and ablation, metal electroplating, isotropic and anisotropic etching, 

and micromoulding (Ji et al., 2006; Kim and Lee, 2006; Lee et al., 2010; Li et al., 2013, 2019; 

Sausse Lhernould and Delchambre, 2011; Yung et al., 2012; Zahn et al., 2000; Zhang et al., 

2009). Recently, additive manufacturing (AM) technology, more commonly known as 3D 

printing, has been also reported for the manufacture of hollow MN (Economidou et al., 2019; 

Farias et al., 2018; Krieger et al., 2019; Ovsianikov et al., 2007; Yeung et al., 2019). This 

technology has been also employed for the manufacture of multiple medical devices including 

surgical meshes (Calero Castro et al., 2019; Domínguez-Robles et al., 2020; Farmer et al., 

2021), subcutaneous implants (Stewart et al., 2020), wound dressings (Long et al., 2019), 

of the PVA 
negative 
stamp

Polycarbonate Injection 
micromulding 

Possibility of 
fast 
production 
and 
consistency

High tooling 
costs

(M. S. 
Lhernould et 
al., 2015; Li 
et al., 2019)

Ormocer® 
(organically-
modified 
ceramic)

2-PP Biocompatibl
e, desirable 
physical 
properties, 
low cost

Uncertainty 
in 
mechanical 
resistance

(Doraiswam
y et al., 
2006; 
Ovsianikov 
et al., 2007)

OrmoComp® (or
ganic-inorganic 
hybrid polymer)

2-PP Fabrication 
of 
microneedle
s and 
microchanne
ls with a 
single laser 
system

Longer time 
required for 
fabrication 

(Trautmann 
et al., 2019)

Formlabs Dental 
LT Clear®

photoresin 
(mixture of 
methacrylic acid 
esters and a 
photoinitiator)

Stereolithography 
(SLA)

Class IIa 
biocompatibl
e resin

Low 
resolution of 
needle tips 

(Yeung et 
al., 2019)
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catheters (Mathew et al., 2019; Weisman et al., 2019), among others, showcasing the 

versatility of this technique for biomedical applications. 

In the case of MEMS methods, a precisely controlled three-step process is followed, as 

described below. 

A. Deposition: In this step, a thin substrate film is created by chemical or physical vapor 

deposition (CVD or PVD) or spin coating. In the PVD process, the thin film is formed by atoms 

transferred directly from the source to the substrate through a vacuum or low-pressure 

gaseous environment. In the CVD process, the substrate is exposed to one or more volatile 

precursors that react and/or decompose on the surface to produce the desired deposit film 

(Nuxoll, 2013). Spin coating is an earlier developed method of getting onto fragmentary 

substrates, using volatile solvents to separate thinning by spin-off from and then, thinning and 

solidification by drying (Scriven, 1988).  

B. Patterning: After deposition of the required film substrate, a two-dimensional master pattern 

of the desired material is transferred from the original photomask to the photosensitive film on 

a substrate by lithography techniques. In general, a silicon wafer with a thickness of 300–700 

µm is used as substrate, and the transferring process is made using photolithography as 

radiation source (Madou, 2018). In this process, UV light (λ = 193–236 nm) passes throughout 

a defined pattern, generating the desired pattern on a silicon wafer. This process is employed 

to selectively remove parts of a thin film (or the bulk of a substrate) by altering the chemical 

structure/solubility of the photoresist that comprises a mixture of polymers with a light-sensitive 

compound. A geometric pattern is transferred from a photomask to a photoresist on the 

substrate, which can be either positive or negative. If a positive photoresist is exposed to UV 

light, the chains of the photo-resistant polymer break up to make them more soluble in the 

chemical solution while a negative photoresist, upon ultraviolet (UV) exposure, is crosslinked 

to form insoluble polymers. Therefore, as shown in Fig. 3, structures can be precisely 

manufactured by coating different types of photoresists (Nuxoll, 2013; Tucak et al., 2020) 
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Fig. 3. Side view schematics for etching microchannels into a substrate using photolithography. 

C. Etching: It can be performed via wet or dry (plasma-based) etching. In the first case, etching 

is used to remove an excess of material by submerging the substrate in a chemical liquid  

(Wilke et al., 2005). On the other hand, dry etching is achieved by using a vapor phase or 

plasma etcher. In plasma-based etching, also called reactive ion etching (RIE), a gas is excited 

into a reactive state, facilitating reactions between the gas and the substrate. Although useful 

to generate structures, the etching rate in RIE is low and it is difficult to maintain a high width-

to-height ratio. Deep reactive ion etching (DRIE), often called the Bosch process, is 

appropriate for the construction of off-plane hollow MN with a lumen of several hundred 

micrometres. Despite lowering fabrication cost when wet etching is chosen, the best results in 

terms of definition and sharpness of MN tips are achieved by dry etching the material at the 

same rate in all directions (isotropic) combined with wet etching at different rates in different 

directions (anisotropic) (Liu et al., 2013). 

In comparison with in-plane MN, out-of-plane MN have a more robust structural design in 

terms of wall thickness and density. Out-of-plane structures have been produced by metal 

deposition, inclined LIGA (lithography, electroplating and moulding, from the German 

Lithographie, Galvanoformung, Abformung) process and a variety of silicon etching 

technologies. Using the metal deposition technology, a taped hollow metallic MN array has 

been fabricated with SU-8 needles-based moulds, using backside exposure (Kim et al., 2004). 

An inclined LIGA process has been reported to fabricate hollow MN using PMMA (Moon and 

Lee, 2005). Since the microfabrication technology was initially developed based on silicon 

substrate, silicon hollow MN dominated the field of out-of-plane MN. Gardeniers et al 

fabricated out-of-plane hollow MN with inclined structure, which is defined by the slowest 

anisotropic etching of plane in KOH wet etching (Gardeniers et al., 2003). Taking advantage 

of the development of dry etching technology in silicon, Häfeli et al. used dot arrays as a mask 

to fabricate hollow needles, where lumen is formed by DRIE and the outside structure of 

needles is generated by isotropic wet & dry etching of silicon (Häfeli et al., 2009). With the 
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help of advanced inductively coupled plasma (ICP) etching technique, Griss et al fabricated 

side-opened MN, where the outside shape of needles is produced by anisotropic and isotropic 

dry etching processes and the mask of cross pattern and inner channel is demarcated by 

DRIE at the backside of silicon substrate (Griss and Stemme, 2003). Pérennès et al fabricated 

a master template exposing a PMMA sheet to a double deep x-ray lithography process. PMMA 

parts were assembled and glued on a conductive substrate and then exposed through a 

second x-ray mask containing an array of hollow triangles, acting as absorbing structures. A 

metal layer was electrodeposited all over the needles to form the base of the array. A PVA 

solution was then cast on top of the master template, cured and peel off to create a negative 

mould. Afterwards, a liquid PMMA solution was cast on top of the PVA negative mould and 

polymerized, dissolving the PVA in water. This multistep technique can be performed in a non-

clean room environment with little instrumentation and therefore, allows low-cost mass-

fabrication (Pérennès et al., 2006). 

Wang et al demonstrated the fabrication of a hollow MN using a polymer-based process, 

combining UV photolithography and moulding techniques. The main objective of this 

fabrication process is to define a hollow lumen for microfluidic access via photo-patterning, 

that allows processing at a batch scale as well as high throughput with better resolution of 

needles. Indeed, fabricated hollow SU-8 MN, consisted of 825 µm length and 400 µm wide 

microneedles with 15-25 µm tip diameters and 120 µm diameter hollow lumens (Po-Chun 

Wang et al., 2009). 

Hollow MN can be manufactured by 3D laser cutting or laser ablation (Vinayakumar et al., 

2016), and then electroplating or electroless plating of metal onto positive or negative MN 

moulds. Laser micromachining has been also employed to create 400-800 µm length hollow 

microneedles by drilling trenches in dissolvable moulds, creating lumens through microneedle 

structures. Hollow MN can be produced by cutting metal or polymeric sheets or conical wire 

with an infrared laser. The desired hollow MN parameters (shape, geometry, and dimensions) 

can be designed using computer-aided design (CAD) software. The laser beam follows the 

predetermined shape of the needle and then, MN are cleaned in hot water and bent at 90 

degrees, vertically from the plane of the base. To reduce the thickness of MN and sharpen the 

tips, MN are subsequently electropolished, washed, and dried with compressed air. This 

manufacturing method can be used to produce a single row of MN of different geometries, as 

well as two-dimensional rows of metallic MN (Nejad et al., 2018; James J. Norman et al., 

2013). McAllister et al. fabricated hollow metal MN, with tapered walls (without the need for 

masters polymeric moulds) by drilling holes of the desired geometry into polyimide or 

polyethylene terephthalate polymer sheets, using an excimer laser. This method yielded 
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tapered holes bored completely through, which were used for electroplating hollow metal 

microneedles with tapered walls (McAllister et al., 2003). Davis et al. developed a modified-

LIGA process to micromachine moulds out of polyethylene terephthalate, using an UV laser. 

These moulds were coated with nickel by electrodeposition onto a sputter-deposited seed 

layer, and the resulting metal MN (16 hollow MN measuring 500 µm in length with a 75 µm tip 

diameter) was released by selectively etching the polymeric moulds. Mechanical testing 

showed that these MN were sufficiently strong to pierce living skin without breaking (Davis et 

al., 2005). 

Multistep sacrificial micromoulding in combination with selective electrodeposition was utilized 

by Norman and colleagues to construct hollow MN. The authors first laser-ablated a square 

cavity (70 μm × 70 μm) near the tip of PLGA MN and then, a micromould based on the master 

structure was created. This master structure was employed as a template for multiple 

micromoulded PLGA replicas. Then, selective electrodeposition was applied to create a hollow 

MN structure, dissolving the sacrificial replicate structure to liberate the hollow metal MN. This 

hollow MN was later on integrated with a pressure device to enhance fluid delivery into the 

skin (James J. Norman et al., 2013). 

3D printing is a suitable alternative to conventional fabrication methods because it allows the 

realization of customizable and intricate MN architectures without the commonly required 

investments of other industrial-scale methods (Yeung et al., 2019). Within the last five years, 

various 3D printing methods, such as stereolithography (SLA), Fused Deposition Modelling 

(FDM), Selective Laser Sintering (SLS), CLIP (Continuous Liquid Interphase Printing), and 

Digital Light Processing (DLP) have been the focus of numerous studies for the fabrication of 

MN. 3D printing for MN was first examined in 2006 by Doraiswamy et al, following a two-

photon polymerization (2PP) technique. They used Ormocer® (an organic-inorganic 

composite material) with the Irgacure® 369 photoinitiator. Femtosecond laser pulses (60 fs) 

from a titanium:sapphire laser were focused using a 20× conventional microscope objective 

into a small focal volume within the photosensitive resin. The laser passes through the out-of-

focus resin without absorption, whereas non-linear laser breaks chemical bonds on 

photoinitiator molecules. The software-designed structures are constructed by polymerization 

along the trace of the laser focus, which is moved in 3-dimensions using a galvanoscanner 

and a micropositioning system. Once printed and to remove unpolymerized resin residues MN 

are cleaned using an alcohol solution. The two-photon polymerization threshold allows one to 

overcome the diffraction limit and achieve resolutions better than 100 nm in the polymerized 

structures, however, slow printing time limits its full potential for industrial scale manufacture  

of hollow MN (Doraiswamy et al., 2006). Similarly, Trautmann et al. fabricated pyramidal and 
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conical MN using 2-PP and internal laser-generated microchannels, as shown in Fig. 4 

(Trautmann et al., 2019). On the other hand, SLA-based 3D printing has been of interest and 

widely reported for fabricating hollow MN due to its high resolution, as solid structures smaller 

than 100 µm can be constructed. Moreover, printed structures with a resolution of 25 µm have 

been recently reported. In this technique, MN design and printing parameters are set in a 

software to then be fabricated. During the printing process, UV light is targeted (through the 

window on the bottom side of the SLA printer) and selectively cure each cross-section based 

on software input. These printed supports are removed and placed in an alcohol bath to 

remove the uncured resin by leaching (Farias et al., 2018). The main limitation of this 

technique lies on the lack of biocompatibility of unreacted photopolymers. Yeung et al, 

reported for the first time the fabrication of hollow MN mediated by microfluidics, using an SLA 

printer (Fig. 4). 3D-printing was used to achieve high print resolutions, allowing the creation of 

complex architectures with lower cost and higher printing speed in comparison to previously 

reported techniques. Up to 12 devices (dimensions of 1.5 × 1.2 × 3.1 cm) using a class IIa 

biocompatible resin in one single print, lasting 2.5 hours, were fabricated. This microfluidic-

enabled hollow MN architecture renders both hydrodynamic mixing and transdermal drug 

delivery within a single device for combinational therapy-based applications (Yeung et al., 

2019).  
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Fig. 4. Illustrations of CAD design (A) and SEM images of 2PP-printed pyramid-shape hollow MN, a 
side view (B) and a top view (C). CAD design (D) and SEM images showing thin (E) and thick (F) cone-
shaped microneedles. CAD design of a microfluidic-enabled microneedle device and a SLA printer (G). 
The printed device with the microfluidic inlets converging into a hollow microneedle array (H). Close-up 
of the inlet junction visualizing the convergence of red-dyed, clear, and blue-dyed solution mixtures (I). 
Close-up of the hollow microneedle array (J). Reproduced with permission from the cited reference 
(Trautmann et al., 2019; Yeung et al., 2019). 

Unlike dissolving, coated or swelling MN, hollow MN require a pumping device that allows the 

flow of drugs (in a liquid formulation) towards the skin layers. In that sense, most of the devices 

reported comprise a syringe, which acts as both drug “reservoir” and manual pump, being 

coupled to hollow MN using adhesives or adapters (Bolton et al., 2020; Ryan et al., 2012), as 

shown in Fig. 5A-5B. Other systems found in the literature describe the use of insertion 
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devices and automatic syringe pumps, such as the one developed by van der Maaden et al., 

allowing to tun the drug delivery rate (van der Maaden et al., 2018) (Fig. 5C). Lastly, systems 

that integrate insertion and drug administration have been also reported, such as the one 

developed by Burton et al., which allows self-administration upon manual activation of an 

actuator (Burton et al., 2011) (Fig. 5D). 
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Fig. 5. Illustrative picture of a hollow MN attached to a syringe containing FITC-insulin through a luer 
lock connector (A). Hollow MN arrays glued to a modified syringe (B). Digitally controlled hollow MN 
injection system (DC-hMN-iSystem) and its different components: microneedle applicator (1), 
micrometer actuator (2), capillary (3), hollow MN (4), CapTite™ connectors (5, 6), supporting plateau 
(7), applicator controller unit (8) and syringe pump (9) (C). Hollow Microstructured Transdermal System 
(hMTS) including an actuator (1’), glass injection cartridge (2’), delivery spring (3’), adhesive (4’), hollow 
microstructured array (5’), and application spring (6’) (D). Reproduced with permission from the cited 
references (Bolton et al., 2020; Burton et al., 2011; Ryan et al., 2012; van der Maaden et al., 2018).
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4. Biomedical applications of hollow microneedles

4.1 Drug delivery 

To investigate the efficiency of hollow MN on drug delivery, studies have focused on skin 

deposition of different dyes using either ex vivo or in vivo set ups (Liu et al., 2017; Martanto et 

al., 2006b; James J. Norman et al., 2013; Norman et al., 2014; Patel et al., 2011; Po-Chun 

Wang et al., 2009; Wonglertnirant et al., 2010; Yeung et al., 2019). For instance, Lyon et al. 

fabricated a reservoir skin patch comprising hollow MN arrays and a liquid drug compartment, 

using a composite of vertically-aligned carbon nanotubes and polyimide (Lyon et al., 2014). 

The efficiency of the device delivering a methylene blue solution into porcine skin was tested, 

observing that approximately 4 μL of solution were delivered over a period of 5 min.  

Local anaesthesia is a field where MN can offer an alternative as, although very effective,  

hypodermic lidocaine can cause distress and are limited to use by competent medical 

personnel (Gupta et al., 2012). Venous access is usually time sensitive, and onset of 

alternative topical numbing agents is delayed due to the stratum corneum barrier, limiting 

passive diffusion (Zempsky, 2008). Gupta et al., compared anaesthesia depth and area 

following lidocaine delivery via either a 26-G hypodermic needle, or a lidocaine-loaded hollow 

MN. Pain of MN insertion, as assessed by visual analogue scale (VAS) pain scores, was found 

to be significantly less painful compared to the 26-G hypodermic needle. There was no 

significant differences between the depth and area of numbness produced by either method 

thus proving MN to be as efficient and rapid as hypodermic delivery but with the advantage of 

reduced pain (Gupta et al., 2012).

Ryan et al. explored the transdermal delivery of Escherichia coli-specific bacteriophages for 

the potential treatment of infectious disease, using poly(carbonate)-based microneedles 

fabricated via micromoulding, which were then coupled to a syringe (Ryan et al., 2012). In 

vitro release studies using Franz diffusion cells and excised neonatal porcine skin showed 

that, although a constant level of bacteriophages were detected in the receiver compartment, 

there was a small amount of liquid on the skin surface after application of 1 mL of the solution 

using the hollow MN device. As this could be related to the resistance exerted by the skin to 

the solution flow, in vivo studies in rats were conducted by injecting 250 µL at four different 

locations instead. Bacteriophages were detected in blood after 30 min of administration. This 

study confirmed that delivery of bacteriophages can be achieved transdermally and future 

studies should focus on E. Coli rat infection models.
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Lee et al. prepared hollow MN by wrapping NanoFil needles (Beckon-Dickinson, Rutherford, 

NJ) in Parafilm® and use them for the administration of a phenylephrine (PE)-loaded depot gel 

in the peri-anal skin of rats, evaluating its effectivity on anal sphincter pressure for its potential 

application on fecal incontinence (Lee et al., 2017). When compared to PE in phosphate-

buffered saline (PBS), depot gel led to a sustained increase in anal pressure for over 12 h. 

Later on, Jung et al. developed a gastric cancer model administrating human gastric cancer 

cells (NCI-N87) into mice and use the same abovementioned hollow MN (Jung et al., 2018). 

Peri-tumour administration of a controlled-release 5-fluorouracil (5-FU) gel was assessed, 

observing a significant inhibition of tumour growth (p<0.01). Indeed, after 4 weeks, tumours in 

5 out of 7 mice completely disappeared. 

4.1.1 Insulin delivery 

Due to the minimally-invasive nature of MN for drug administration, they have been explored 

for the administration of insulin. Although introduced in 1922 (Vecchio et al., 2018), insulin is 

yet still administered mainly subcutaneously, triggering in some cases poor patient compliance 

because of fear, pain, and the intricacies of subcutaneous needles use and disposal (Zhang 

et al., 2019).

Teo et al., fabricated hollow MN using silicon wafers submitted to photolithography and 

etching. Insulin was delivered into rats by coupling the MN array (10x10, 150 μm) with a 1 mL 

syringe containing 500 μL of 10 U/mL insulin (or buffer saline as control). Blood glucose 

concentration of rats in the MN group was not significantly different from those in the saline 

group. Even though the stratum corneum is only 10-15 μm, skin has a viscoelastic nature and 

so MN of only 150 μm were not sufficient to effectively deliver insulin in vivo (Teo et al., 2005). 

Davis et al., studied in vivo transdermal insulin delivery through hollow MN arrays in diabetic-

induced rats. Insulin was placed in a flanged glass chamber which was attached to the 

baseplate of the MN arrays thus creating a reservoir of drug. As the reservoir was not in 

contact with the skin, insulin could only be delivered through the bores on the hollow MN 

arrays. Insulin was placed on intact skin as a control. Blood glucose monitoring from tail 

lacerations showed a 47% reduction in pre-treatment glucose whilst the control group showed 

no significant changes, showcasing the efficiency of hollow MN on insulin delivery (Davis et 

al., 2005). 

Resnik et al., conducted in vitro studies, measuring drug successfully delivered into human 

skin using an insulin to C-peptide ratio, quantified by the Chemiluminescence Immune Assay 

(CLIA) method (Fig. 6A-6C). C-peptide is cleared by the kidneys, unlike endogenous insulin, 
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which is predominantly cleared by hepatocytes. As such, the ratio between the two should be 

less than 1.0 during fasting and feeding, unless exogenous insulin is administered. Based on 

this principle, a pre-infusion ratio was calculated, and any increase thereafter was attributable 

to exogeneous insulin delivery via hollow MN. Standard SC administration of insulin was 

conducted for comparison. The pharmacokinetics of hollow MN delivery portrayed 

comparative plasma concentrations as seen with multiple dosing regimens. Prolonged steady 

states of blood glucose were achieved due to the efficacy of hollow MN delivery, with a less 

substantial drop in glucose levels than SC delivery (Resnik et al., 2018).

Gupta et al. reported the fabrication of a 1 mm-length hollow MN by pulling fire-polished 

borosilicate glass pipettes with a micropipette puller and then use them for the injection of 

insulin in two subjects with type 1 diabetes (Gupta et al., 2009). It was shown that after a 

standardized meal, insulin delivered via MN led to an effective decrease in glucose levels and, 

moreover, subjects did not report any pain. Similar studies on patients with type 1 diabetes 

were conducted by Norman et al. Hollow MN arrays were inserted into patients’ abdomens 

and retracted to induce optimal infusion rate of insulin and subsequently removed when the 

infusion was complete (Fig. 6D-6G). Subcutaneous insulin delivery was used for comparison 

via 9 mm MiniMed™ infusion set (Fig. 6E). Pain of both insertion methods and insulin infusion 

were assessed by visual-analogue scale scores, of which MN were found to be less painful. 

MN had the advantage of a more rapid onset and offset thus could potentially enable tighter 

glycaemic control (James J Norman et al., 2013).

Bolton et al. fabricated an array consisting of 5 hollow MN using etching technologies, which 

was then glued to a syringe adaptor for the transdermal delivery of an insulin solution (Bolton 

et al., 2020). The active substance was fluorescently labelled using FTIC, and fluid injection 

tested ex vivo on excised human breast skin. The solution was able to flow through the bores 

of only 3 MN as the other 2 were blocked by the adhesive used. 
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Fig. 6. A picture containing the hollow MN array carrier and the pre-stretching fixture (A). Representative 
images of the bulge formation and application of the hollow MN array on pre-stretched skin (B), and 
penetration of the hollow MN array into the skin and insulin delivery (C). Single hollow microneedle 
used for intradermal insulin delivery (D) and a view of a hypodermic needle used to insert a 
subcutaneous insulin catheter (E), the represented scale bar is 1 mm. Device designed to hold and 
insert MN into skin, the arrow is indicating the location of the hollow MN (F). Intradermal bleb formed 
after hollow MN insertion and delivery on the abdomen of a study subject (G). Reproduced with 
permission from the cited reference (James J Norman et al., 2013; Resnik et al., 2018). 

4.1.2 Drug delivery to the eye

The eye is a delicate and sensitive organ, with some conditions requiring invasive treatments 

due to the low bioavailability of drugs after crossing the cornea (Jiang et al., 2007).  Due to 

their smaller size, MN can be more comfortable than conventional therapies, allowing also 

direct administration to target sites. This could enable significant dose sparing and reduce 

safety concerns associated with intraocular injections (Grzybowski et al., 2018; Watanabe et 

al., 2018).

To test the efficacy of targeting the supraciliary body, Kim et al., inserted hollow MN into the 

base of the sclera, which enabled targeting at the suprachoroidal space. Intentions of this 

study aimed to limit drug flow to unintended areas of the eye and subsequently reduce dosing 

requirements due to direct administration to the target site (Kim et al., 2014). Due to the 

success in a previous study (Morales et al., 2007), sulprostone, a prostaglandin antagonist, 

was delivered via hollow MN, assessing the decrease of intraocular pressure (IOP). 

Progression of the study included the delivery of brimonidine, an 2 adrenergic agonist, to 

further assess the functionality of the MN. Both drugs caused a drop in IOP by ~3 mmHg, with 

similar trends in a dose dependent manner. The untreated eyes also displayed a decrease in 

IOP but to a lesser extent. Hollow MN delivery enabled significant dose sparing to that of 

topical administration as analysis of drug exposure, by calculating area under the curve, 

showed ~ 100-fold dose reduction with hollow MN while producing a similar effect.  
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Jiang et al., investigated intrascleral delivery of solutions containing soluble molecules, 

microparticles and nanoparticles to overcome conventional invasive procedures. Hollow MN 

were inserted into the sclera of human cadaver eyes but infusion of the MN cargo showed 

minimal flow. However, upon retraction by 200-300 μm, 10-35 μL of the fluid was delivered 

into the tissue. Nanoparticles were also successfully delivered into the sclera but microparticle 

suspensions required the inclusion of hyaluronidase and collagenase for delivery, 

demonstrating that glycosaminoglycans and collagen fibres act as barriers to fluid flow from 

MN administration into the eye (Jiang et al., 2009). 

Thakur and collaborators explored the combination of hollow MN and in situ forming implants 

for sustained ocular drug delivery (Thakur et al., 2014). Different types and concentrations of 

poloxamer were investigated for the formulation of thermo-responsive implants, which 

contained fluorescein sodium as a model drug. Hollow MN were fabricated using intravenous 

catheters, cut and then coupled to 26, 29 and 30 G needles, obtaining hollow individual 

needles of 400, 500 and 600 μm length, in order to pierce rabbit scleral tissue. It was initially 

seen that 50 μL of poloxamer formulation demanded a lower force for injection when 30 G 

needles were used. Then, permeation studies using Franz cells and excised rabbit scleral 

tissue were performed. As scleral thickness varies around the eye circumference, 422 μm 

proximal to the lens, 531 μm near the orbit and 675 μm close to the optic nerve, permeation 

studies were conducted with tissue from the different areas and the closest MN length. It was 

seen that not only formulations but also MN length and region of injection in the scleral tissue 

affect the rate of drug release as percentages of fluorescein sodium found in the receiver 

compartment ranged between approximately 84%, 73% and 56% for injections with hollow 

MN of 400 μm, 500 μm and 600 μm length, respectively, confirming overall the minimally 

invasive advantage of this approach and its potential use as an alternative to common 

intravitreal injections. 

4.2. Vaccine delivery

Vaccines are an affordable and effective method of reducing mortality and morbidity in society, 

but they also have economic benefits, as it has been shown that immunisation reduces sick 

days from work (Barnighausen et al., 2014). Intradermal and subcutaneous injections are the 

routes used for vaccination, which can lead to pain and anxiety specially in the younger 

population (Birnie et al., 2015; Taddio et al., 2010). Moreover, the risk of needlestick injuries 

and needles’ re-use in developing countries can increase transmission of hepatitis B and C 

viruses and human immunodeficiency virus (HIV) (Popova and Ibarra de Palacios, 2016). As 

mentioned before, the dermis is rich in dendritic cells and so intradermal immunization has 

gain attention since an increased immune response may be achieved. 
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Van der Maaden and collaborators have deeply studied the use of hollow MN, produced by 

hydrofluoric acid etching of fused silica capillaries, for the administration of an inactivated 

poliovirus (IPV) vaccine (van der Maaden et al., 2014). Rats were vaccinated by intradermal 

injection with hollow MN, and intradermal and intramuscular injection with conventional 

hypodermic needles. Results showed that an immune response was successfully achieved 

via hollow MN and comparable to the ones triggered by hypodermic needles, as confirmed by 

IgG antibody levels and serum polio-virus neutralizing (VN) antibodies. Afterwards, authors 

investigated the correlation between defined insertion depths of hollow MN and immune 

response to IPV injection in rats (Schipper et al., 2016a). Within the range of 50 to 400 μm of 

injection depth, no significant differences were found in terms of immune response, which was 

also comparable to intramuscular injection. However, when adjuvants (CpG 

oligodeoxynucleotide 1826 and Cholera toxin) were added into the formulation and injected, 

IgG antibody levels increased by 7-fold. Later on, the effect of repeated applications of 

fractional IPV vaccine doses over multiple days (up to 8) were compared to a single vaccine 

administration in rats, seeing that fractional doses led to a significantly higher immunization, 

without the use of adjuvants (Schipper et al., 2016b). The same hollow MN prepared by 

etching were used by Du et al. to administer diphteria toxoid (DT), as a model antigen, 

encapsulating it in mesoporous silica nanoparticles and cationic liposomes (Du et al., 2018b, 

2018a). Immune response was evaluated in mice, showing an increase on DT-neutralizing 

antibodies when the antigen was encapsulated and administered using hollow MN. More 

recently, the same authors manufactured single hollow MN from fused silica capillaries, using 

a slightly different procedure (Fig. 7A), to administer a cationic liposomal HPV E743–63 synthetic 

long peptide in mice (van der Maaden et al., 2018). Stronger cytotoxic and T-helper response 

was achieved in mice with lower volumes in comparison to intradermal vaccination using 

hypodermic needles.  

Ogai et al. studied intradermal (ID) and subcutaneous (SC) delivery of vaccines using a hollow 

MN array and 27-G stainless needles, respectively (Ogai et al., 2018). Mumps and varicella 

vaccines were administered in rats, comparing antibody production. Surprisingly, it was 

observed that sufficient immune response was achieved ID with doses that did not lead to 

antibody production when administered SC, suggesting the activation of dendritic cells in the 

upper dermis. 

Mönkäre et al., fabricated dissolving and hollow MN with the intent to deliver vaccines using 

OVA and (poly(I:C)) (PIC) as an adjuvant (Mönkäre et al., 2018). Different formulations were 

studied: free-OVA-PIC, 50% OVA in soluble form and the other 50% loaded in NPs and finally 

100% OVA dose loaded NPs. Antibody response was quantified following insertion of MN in 
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mice using enzyme-linked immunosorbent assay (ELISA), showing comparable results for 

IgG1 and IgG2 responses with the free soluble formulation. However, hollow MN delivery was 

superior to dissolving MN with the 50:50 formulation for IgG1 and 2 responses. IgG1 is the 

most predominant antibody subtype, accounting for more than half the total IgG in the body 

(French and Harrison, 1984). With NP co-encapsulation, hollow MN evoked an improved IgG1 

effect, as well as IgG2a, but the latter was not evident with delivery from dissolving MN (Fig. 

7B). PIC inclusion did not improve IgG1 response but elicited a more potent IgG2a response 

following hollow MN immunisation (Du et al., 2017). This principle was also exploited in the 

study reported by De Groot et al. (de Groot et al., 2017), in which poly (lactic-co-glycolic acid) 

(PLGA) nanoparticles with and without the toll-like receptor 3 (TLR3) agonist PIC were 

fabricated and injected using dissolving and hollow MN. Hollow MN produced a more robust 

CD8+ and CD4+ cellular responses compared to dissolving MN mediated delivery, which 

produced minimal CD4+ responses and no CD8+ response. Niu et al. (Niu et al., 2019), used 

a combination of TLR4 and TLR7 agonists, monophosphoryl Lipid A and imiquimod, 

respectively, to trigger antigen presenting cells. In vivo rat vaccination studies also used OVA 

as a model antigen, either as a soluble protein or loaded in nanoparticles. Similar results to 

Mönkäre et al., were obtained, as nanoparticles co-encapsulation inferred a significantly 

stronger IgG1 effect, implying that the physical form of the antigen had marked implications 

on the humoral response.

Pamornpathomkul et al. explored the use of hollow MN for the administration of plasmid DNA-

encoding ovalbumin (Pamornpathomkul et al., 2017). Immunization of mice using hollow MN 

led to significantly higher levels of IgG antibodies in comparison to subcutaneous 

administration using conventional hypodermic needles. Afterwards, the authors studied the 

use of cationic niosomes/plasmid DNA ovalbumin, as a complex, to enhance skin 

immunization (Pamornpathomkul et al., 2018b). Since DNA vaccines exhibit a negative 

charge, positive carriers can help enhancing their delivery and transfection. Indeed, 

intradermal injection in mice using hollow MN and the complex led to higher levels of IgG 

antibodies in comparison to naked plasmid. Furthermore, concentration of both IFN-γ and IL-

4 in mice immunized via hollow MN were superior to the values achieved by SC injections.  

Such results emphasise the potential of hollow MN in the delivery of antigens. Their utilisation 

could make vaccination a less painful experience for patients but also offer significant benefits 

for healthcare professionals as they could reduce the occurrence of needle stick injuries as 

well as the avoid the generation of hazardous biological waste (Permana et al., 2019).
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Fig. 7. Illustrative picture of a hollow MN produced from a fused silica capillary showing the most 
significant dimensions. These hollow MN were used to administer a cationic liposomal HPV E7

43–63
 

synthetic long peptide vaccine (A). Hollow MN were used to assess the potential of antigen loaded 
nanoparticles, with or without co-encapsulated adjuvant (B). Reproduced with permission from the cited 
references (Du et al., 2017; van der Maaden et al., 2018). 

A summary of substances administered via hollow MN reported in the literature is shown in 
Table 2. 

Table 2. Summary of compounds delivered using hollow MN

Hollow MN use Administered compound References 
Drug delivery Lidocaine (Gupta et al., 2012)

Bacteriophages (specfific for 
Escherichia coli)

(Ryan et al., 2012)

Phenylephrine (Lee et al., 2017)
5-Fluorouracil (Jung et al., 2018)

Insulin delivery Insulin (Bolton et al., 2020; Davis et 
al., 2005; Gupta et al., 2009; 
James J Norman et al., 2013; 
Resnik et al., 2018; Teo et al., 
2005; Wang et al., 2006)

Drug delivery to the eye Sulprostone and brimonidine (Kim et al., 2014)
Dye-loaded microspheres and 
nanospheres

(Jiang et al., 2009)

Poloxamer hydrogels (Thakur et al., 2014)
Vaccine delivery Inactivated poliovirus vaccine (Schipper et al., 2016b, 2016a; 

van der Maaden et al., 2014)
Diphteria toxoid (Du et al., 2018b, 2018a)
HPV E743–63  (Synthetic long 
peptide vaccine)

(van der Maaden et al., 2018)

Mumps and varicella (Ogai et al., 2018)
Ovoalbumin (de Groot et al., 2017; 

Mönkäre et al., 2018; Niu et 
al., 2019; Pamornpathomkul et 
al., 2018b, 2017)
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4.3 Monitoring purposes  

When used reversely,  MN can be used to extract both ISF and blood from the skin and be 

used for monitoring purposes (Miller et al., 2016). ISF can be used for the detection of 

biomarkers and drugs, representing a better alternative to blood extraction as, for instance, it 

does not contain red blood cells or platelets that could interfere with analytical methods or 

sensors (Madden et al., 2020)

Miller et al., studied biomarker analysis and extraction from serum, plasma and ISF, 

suggesting the latter to be a suitable alternative to direct blood sampling, with less pain and 

skin damage (Fig. 8A-8D). In particular, the study focused in the extraction of exosomes, 

important biomarkers for cancer, noticing that concentration from ISF was much greater than 

that from plasma sampling. MN were manufactured in a protective plastic needle housing, but 

this was cut concentrically to provide an opening around the rat skin when the needle was 

inserted (Fig. 8A). A glass capillary tube was used for ISF collection (Fig. 8B) and analysis of 

the fluid with standard exosome isolation kits was conducted. Qualitative and quantitative 

comparisons of exosome extraction between ISF, serum and plasma from rats, through 

proteomic analysis, proved to produce nearly 100% replication, thus proving MN to be 

effective in non-invasive monitoring of physiological conditions (Miller et al., 2018). 

Ribet et al., focused on real-time glucose monitoring by placing an electrochemical sensing 

probe in the lumen of single hollow silicone MN, which relies on capillary filling action rather 

than conventional invasive blood extraction. The device is 50 times smaller than current 

diabetic monitoring devices, which gives the added advantage of having minimal distance 

between the probe and the MN itself thus enabling in-situ monitoring, as the MN is in direct 

contact with the ISF. In vivo studies were carried out on the forearm of healthy volunteers, 

where MN was applied, and a glucose tolerance test was completed. The results were 

compared to capillary blood glucose samples, both of which were plotted in a two-point 

calibration curve, where it was seen that the curve shapes were the same. Such results prove 

the ability of this system to perform minimally invasive in-situ analysis of glucose levels by MN 

contact with ISF (Ribet et al., 2018).

The advantages of hollow MN delivering therapeutics has been demonstrated in many studies 

but there is limited information on the tissue changes following MN application and drug 

delivery. Shrestha et al., performed studies using optical coherence tomography to produce 

real time images of excised porcine skin upon insertion of hollow MN arrays. Water was 

injected into the skin model, using needle retraction to induce fluid flow after pressure 

application. Water was chosen due to its lack of imaging in the OCT, enabling the tracking of 
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fluid filled cavities following injection. OCT images showed initial expansion of the skin near 

the MN tip but upon expanding and coming into contact with the MN housing, this acted as a 

fixed boundary and caused the skin to flatten and subsequently expand laterally. Using the 

change in volume, strain fields could be quantified thus enabling this to be a plausible 

technique for real time tissue imaging, which can used to optimise the delivery of drugs into 

the skin and to better model fluid flow into biological tissue (Shrestha and Stoeber, 2018).

Nicholas et al., reported a device for the detection of glucose in ISF using an enzyme-based 

colorimetric glucose sensor attached to the backplate of polymeric hollow MN (Fig. 8E-8F). 

To simultaneously test insertion and ability of the system to monitor glucose levels, a set up 

comprised of a glucose solution covered by Parafilm® was used (Fig. 8G-8I). The device was 

able to penetrate this membrane and take up glucose into the sensor, discriminating between 

normal and hyperglycaemia (Nicholas et al., 2018).

Fig. 8. Single microneedle within a protective plastic housing with glass capillary tube (A). Glass 
capillary tube used for ISF collection (B). 3D printed microneedle holder (C). 3D printed microneedle 
holders attached to a human subject for ISF extraction and collection in glass capillary tubes (D). Picture 
of a polymeric hollow MN with metal wire through hollow bore (E). Micrograph picture of the hollow MN 
tip (F). Representative image of the in vitro glucose solution extraction (G). Digital pictures of backplates 
(H). Colorimetric response of glucose responsive backplates integrated with the hollow MN device, after 
30 s (n = 3) (I). Reproduced with permission from the cited references (Miller et al., 2018; Nicholas et 
al., 2018).

Li et al. fabricated hollow MN using lithography and laser-cutting techniques for minimally-

invasive blood extraction in mouse (Li et al., 2013). By coupling the MN to an elastic self-

recovery actuator, the force applied by a finger is converted into elastic energy, providing the 

power for blood extraction. The device was placed and pressed in mice’s tail artery, extracting 

20 μL of blood at a rate of 0.8 μL/s. Further optimization of this device have been reported by 

the authors. On one hand, the inclusion of a vacuum chamber for blood extraction (extracted 
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by a pressure gradient-driven force) and a cap to block hollow MN (and keep a closed pre-

vacuum system) is described (Li et al., 2015a). In vivo studies using rabbits confirmed the 

effectivity of the system on blood extraction as 31.3 ± 2.0 μL were extracted in 4 seconds 

when the device was placed into the ear artery of a rabbit. Later on, a paper-based sensor 

was coupled to the hollow MN device, aiming to detect both cholesterol and glucose (Li et al., 

2015b). The device was manually inserted in the ear artery of a rabbit and images taken over 

a period of 5 min to evaluate the colour change of sensors, confirming the effectivity of the 

device as the colour of paper-based sensors were correlated to a previously made calibration 

curve for cholesterol and glucose. 

4.4 Methods for enhancing drug delivery using hollow microneedles

Methods to determine the optimum way of hollow MN application to ensure maximum delivery 

of liquid formulations have been also explored, where studies have shown that retraction or 

vibration of the baseplate of MN promotes fluid flow into the skin (Fig. 9A-9C) (Martanto et al., 

2006a). 

Wang et al., inserted glass-made hollow MN into rat and human skin with a rotary device, 

which produced a uniform insertion pressure at specific locations. Fluorescently labelled 

microparticles, insulin and cells were delivered via glass MN, with infusions run over 30 

minutes. In the case of insulin delivery, before retraction of the MN, only 5 (1) μL was infused 

versus 29(12) μL with retraction. After a 4.5-hour sampling period, blood glucose levels 

dropped followed by a plateau in both studies, but it was distinctly lower in the retraction group 

than the group inserted without retraction. Such results verify the use of microinfused insulin 

as an alternative to hypodermic needles and pumps for insulin administration (Wang et al., 

2006).

Verbaan et al., developed an electrical applicator to analyse insertion impact of hollow MN at 

two velocities, 1 m/s and 3 m/s, whilst also assessing the effect of MN length (between 245 to 

300 m), density (arrays of 4 x 4, 6 x 6 and 9 x 9) and material (hollow metallic, solid metallic 

and silicone MN) on insertion capabilities (Fig. 9D-9I). Insertion studies using excised human 

skin were conducted for comparison, staining the pierced stratum corneum-side with Trypan 

Blue to help with the location of micropores formed (Fig. 9J). Studies on diffusion cells followed 

to ascertain the effectiveness of MN pre-treatment on cascade blue permeation, analysing 

samples from the acceptor compartment with a HPLC. The results confirmed that applicator-

aided insertion greatly enhanced the permeation of the model drugs, where a greater insertion 
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velocity generated a greater transport rate. MN type also affected the delivery of the dye, with 

superior flux rates produced by solid metal MN. Size of the array had no effect on transport 

rate (Verbaan et al., 2008). 

Fig. 9. The use of a single glass hollow MN (A) for the infusion of a sulforhodamine solution without (B) 
and with (C) needle retraction. The three different MN used in this work were: hollow metallic MN in a 
4 x 4 array (D) and a higher magnification of a single MN (E); solid metallic MN in a 4 x 4 array (F) and 
a higher magnification of single MN (G); and hollow silicone MN in a 4 x 4 array (H) and a higher 
magnification of single MN (I). Piercing of hollow metallic (4 x 4), solid metallic (4 x 4) and 4 × 4, 6 × 6 
and 9 × 9 hollow silicon MN arrays across full thickness human skin when applied with a velocity of 
1 m/s, 3 m/s or manually. The results of this study were visualized using Trypan blue dye (J). 
Reproduced with permission from the cited references (Martanto et al., 2006a; Verbaan et al., 2008). 

5. Novel approaches on microneedle technologies and marketed products 

Novel approaches to fabricate hollow MN arrays using hydrogels have been recently reported 

in the literature (Cao et al., 2017; Cárcamo-Martínez et al., 2021; Chen et al., 2017; Kim et al., 

2020, 2019; Yu et al., 2020). As such, drugs can be loaded directly into the empty cavities of 
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needles, offering a higher stability as chemical interactions are less likely to take place in the 

dry state, avoiding the burden of cold chain. Representative images of polymeric hollow MN 

arrays reported in the literature can be seen in Fig. 10. 
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Fig. 10. Top and side view of blank (A) and powder sulforhodamine B-coated micro-coating channels 
(MCCs) (B), the scale bar is 200 μm. Top view of powder zidovudine-coated MCCs before (left), 24 h 
after delivery (middle) and also of a blank patch (right) (C), the scale bas is 667 μm. Microscopic picture 
of whole micro-cavity arrays made with 10% (w/v) carboxymethyl cellulose (CMC) (D), the scale bar is 
1 mm. Single micro-cavity structure before and after loading Calcein powder, made with 10% (w/v) of 
CMC (E). Illustrative picture of a powder-laden, dissolvable microneedle array (PLD-MNA) loaded with 
OVA powder to deliver it into the epidermis (F). PLD-MNA made with carboxymethyl cellulose mixed 
with a trace amount of fluorescein isothiocyanate (green) (G) and laden with OVA-555 powder (red) 
(H). Pictures of a dissolvable and powder-laden microneedle array, and the cave of a enlarged single 
microneedle of this array (I). Reproduced with permission from the cited references (Cao et al., 2017; 
Chen et al., 2017; Kim et al., 2020; Yu et al., 2020)

Cao et al., studied the effect of microchannels formed in mice skin, using ablative fractional 

laser (AFL), on systemic drug delivery of zidovudine and insulin loaded in hollow MN arrays. 

The MN array patches were fabricated by irradiating a polycarbonate patch with the same AFL  

and then, powdered compounds were loaded by repeatedly pushing them inside the cavities 

until full. In vivo studies shown sustained delivery of zidovudine over a period of 12 h when 

hollow MN were applied in AFL-treated skin. Similarly, insulin delivery from MN arrays in 

diabetic mice treated with AFL showed prolonged release of insulin over a period of 12 h (Cao 

et al., 2017). 
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Chen et al., reported the fabrication of hollow MN arrays loaded with Bacille calmette-Guerin 

(BCG) vaccine, the only licensed vaccine for tuberculosis prevention. Sodium hyaluronate was 

used to form the dissolving MN, which, after a series of centrifugation steps, led to the 

formation of hollow cavities of 25-30 μm in depth. Loading of BCG in the arrays achieved 13.5 

μg, which shown to trigger an immune response in mice comparable to the response triggered 

by intradermal injections (Chen et al., 2017).

Kim et al., designed powder-loaded hollow MN arrays using carboxymethyl cellulose for the 

formation of the dissolving hollow MN array and then loaded with finasteride (FNS). Hollow 

MN arrays were coupled to an array of micropillars that helped on the successfully implantation 

of the device (Kim et al., 2019). Studies using Franz diffusion cells with excised porcine skin 

where conducted, inserting powder-loaded MN followed by the application of a diffusion 

enhancing formulation (DE). Extensive permeation of FNS was seen in the MN-DE group, as 

only limited white drug spots were visible 24 hours after administration. Moreover, in vivo 

studies comparing a gel containing FNS and FNS-loaded hollow MN was performed on mice. 

A significantly higher hair growth with MN was seen, indicating that powdered drug had been 

successfully delivered through MN application (Kim et al., 2019). Later on, the same authors 

reported the inclusion of approximately 250 μg of insulin on the hollow MN arrays coupled to 

the implantation device, assessing insulin and glucose levels in mice upon administration. 

When compared to a subcutaneous insulin injection, powder-loaded MN array showed a 

prolonged delivery of insulin (Kim et al., 2020).

Yu et al., fabricated hollow MN arrays for epidermal immunotherapy. Sodium carboxymethyl 

cellulose was used to fabricate the MN arrays, obtaining hollow cavities of 25-30 μm length. 

Peanut allergen (PA) was placed into the cavities (together with adjuvants), loading 

approximately 12 μg of PA. In vivo studies were conducted in a peanut-sensitised mice, where 

it was seen that the content of hollow MN arrays was released within 1 hour after application. 

To achieve a complete immune response (measured by clinical symptoms, Immunoglobulin 

E, mast cell and eosinophil count), intradermal injections were applied 12 times whereas 

hollow MN arrays required to be applied only 6 times, showcasing the enhanced immune 

response achieved with this system (Yu et al., 2020).

Recently, we reported the use of crosslinked hydrogels (made of polymeric blends containing 

methyl vinyl ether and maleic acid and poly(ethylene glycol)) for the fabrication of gold 

nanorods-coated MN arrays, where it was seen that once removed from the skin, the coating 

could be detached but keeping a hollow needle-like structure (Cárcamo-Martínez et al., 2020). 

This discovery led to the idea of fabricating hollow MN arrays using crosslinked hydrogels, 
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which were then loaded with tofacitinib citrate to enhance drug deposition in the skin 

(Cárcamo-Martínez et al., 2021). Hydrogels were modified by adding NaCl (among other 

excipients) into the polymeric blends in order to alter the crosslinked network, which may then 

increase the amount of drug able to diffuse. Skin deposition of tofacitinib was evaluated using 

Franz diffusion cells and excised porcine skin, including also an Aqueous cream BP as control. 

Results showed that hollow MN arrays loaded with tofacitinib led to a higher deposition of drug 

in both dermis and epidermis as well as in the receiver compartment. Indeed, maximum drug 

release from Aqueous cream BP and hollow MN arrays modified with NaCl were 1393 μg and 

2158 μg, respectively. 

To date, the only intradermal devices on the market using the rationale behind MN are 

Soluvia® and Micronjet® (Fig. 11). The first, developed by Becton Dickinson (BD), consists on 

a single hollow metallic needle of 1.5 mm length for intradermal injections (Rzhevskiy et al., 

2018). The technology was acquired by Sanofi Pasteur who obtained the marketing 

authorisation from the European Medicine Agency (EMA) for Intanza®, an inactivated 

influenza vaccine administered with the aforementioned device (European Medicines Agency, 

2018). Similarly, Micronjet® is a silicon device designed by Nanopass Technologies consisting 

of 3 pyramid-shaped microneedles of 600 µm length indicated for use in intradermal injections 

of any drug substance approved for intradermal delivery. As such, approval from the U.S. 

Food and Drug Administration (FDA) for MIcronjet® was granted within the regulatory 

framework of medical devices. The safety, efficacy and equivalence between MIcronjet® and 

previously approved injection devices (known as “predicate devices”) was shown in clinical 

studies for the administration of lidocaine, a flu vaccine, and insulin (FDA, 2010). Moreover, a 

recent study has shown that Micronjet® can be used for intradermal delivery of nucleic acids, 

achieving an efficient and reproducible gene expression in human skin (Dul et al., 2017). On 

the other hand, Kindeva and Clearside Biomedical are examples of companies who are 

currently developing hollow MN. Kindeva, formerly known as the 3M drug delivery systems 

division, was launched as an independent company under the name of Kindeva Drug Delivery 

in May 2020, where one of the focuses is skin delivery aid by a hollow MN device (Kindeva 

Drug Delivery, 2020). Consisting of a circular array of 1.5 mm length hollow needle, liquid 

formulations in doses from 0.5 to 2 mL can be delivered. As mentioned, the device is currently 

under development and not available for commercial sale. On a similar path is Clearside 

Biomedical and its focus on ocular drug delivery. They have developed a suprachoroidal 

space microinjector (SCS Microinjector®), consisting of syringe and a hollow microneedle of 

less than 1.2 mm in length, which is used to apply injections in the boundary between the 

sclera and the choroid allowing for the drug to travel to the back of the eye (Clearside 

Biomedical, 2020a). Within the company’s pipeline there are three phase 2-clinical studies on-
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going using the hollow MN device for the treatment of neovascular age-related macular 

degeneration, diabetic retinopathy and choroidal melanoma (Clearside Biomedical, 2020b).

A

B C

Fig. 11. Representative images of hollow MN available in the market. Schematic diagram of the different 
components of Soluvia® (A) and image of the device (B). Comparison between an hypodermic needle 
(26-gauge) and NanoPass’s MicronJet® microneedles (brightfield microscopy) (C). Reproduced with 
permission from the cited references (Dul et al., 2017; Frenck et al., 2011). 

6. Conclusions 

Within the past years, several studies have confirmed the ability of hollow MN on enhancing 

drug delivery as well as their use for monitoring purposes. Interestingly, a considerable 

amount of research has focused on exploiting the advantages of hollow MN for the 

administration of vaccines, as an enhanced immune response can be achieved. This is further 

supported by the interest of different companies on translating hollow MN into clinical practice, 

with successful examples such as Soluvia® and Micronjet®. Furthermore, the work done by 

Kindeva Drug Delivery and Clearside Biomedical could potentially lead to the approval of 

further medicines administrated using hollow MN. In comparison to other types of MN, such 

as dissolving or hydrogel-forming, hollow MN require an additional pumping device that allows 

the administration of drugs. Moreover, as molecules are administered in liquid formulations, 
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stability issues have to be considered in future developments as well as microbiological 

content and/or aseptic manufacturing conditions. Nonetheless, current academic research, 

pre-clinical and clinical studies could all help on paving the way for the use of hollow MN  for 

painless and minimally invasive drug delivery of a range of molecules (small, large, hydrophilic 

and hydrophobic) as well as for monitoring purposes. 
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