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trademark of the company Aprecia Phar-
maceuticals, LLC., Ohio, USA. Recently, 
Triastek has received Investigational 
New Drug (IND) approval from the US 
FDA for T19, their first 3D printed drug 
product designed to treat rheumatoid 
arthritis.[13] As a result of this approval, 
research into 3D printing for drug delivery 
has continued to rapidly expand, with  
several commercially available 3D printers 
emerging.[14–19] More recently, 3D printing 
has shown its promising potential in the 
mass production of face masks and face 
shields in the middle of the 2020 global 
pandemic when these items were in high 
demand for protecting healthcare profes-
sionals in the fight against COVID-19.[20,21]

Generally, the fabrication of complex 
structures by 3D printing involves the 
creation of a prototype in computer-aided 
design (CAD) software, which is subse-
quently exported as a standard tessella-

tion language (STL) file and sent to the 3D printer.[16,22] The 3D 
printer’s software divides the 3D model data into consecutive 
2D slices to facilitate the fabrication of each structure in a layer-
by-layer manner. Additionally, 3D scanners can also be used to 
record objects or body parts in the form of digital 3D images.[23] 
Likewise, X-rays, magnetic resonance imaging (MRI) and com-
puterized tomography (CT) scans produce 2D radiographic 
images that can be converted to digital 3D model files for the 
fabrication of personalized anatomical structures.[1,2,6,24–28]

In recent years, the use of 3D printing technology to produce 
tailor-shaped MNs has gained great attention. MNs are a non-
invasive device consisting of multiple micron-sized needles on 
a single patch, ranging most commonly in height from 25 to 
2000 µm.[29] Upon skin insertion, MNs create temporary micro-
scopic channels in the epidermis to either deliver drug mole-
cules via diffusion into the microcirculation or to collect inter-
stitial fluid (ISF) for disease diagnosis and monitoring.[30–33] 
As a drug delivery platform, MNs combine the patient-friendly 
benefits of a transdermal patch with the potential delivery capa-
bilities of a hypodermic injection. The unique attribute of MNs 
is that they are strong enough to penetrate the resilient skin 
barrier, the stratum corneum (SC), sufficiently to enable access 
to the skin’s rich microcirculation, yet are short and narrow 
enough to avoid stimulation with nerve fibers or puncture blood 
vessels that primarily reside in the dermal layer. Painless appli-
cation is thus considered the principal benefit of MNs.[34–36]  

Microneedles (MNs) are minimally invasive devices, which have gained exten-
sive interest over the past decades in various fields including drug delivery, 
disease diagnosis, monitoring, and cosmetics. MN geometry and shape are 
key parameters that dictate performance and therapeutic efficacy, however, 
traditional fabrication methods, such as molding, may not be able to offer rapid 
design modifications. In this regard, the fabrication of MNs using 3D printing 
technology enables the rapid creation of complex MN prototypes with high 
accuracy and offers customizable MN devices with a desired shape and dimen-
sion. Moreover, 3D printing shows great potential in producing advanced 
transdermal drug delivery systems and medical devices by integrating MNs 
with a variety of technologies. This review aims to demonstrate the advantages 
of exploiting 3D printing technology as a new tool to microengineer MNs. 
Various 3D printing methods are introduced, and representative MNs manu-
factured by such approaches are highlighted in detail. The development of 
advanced MN devices is also included. Finally, clinical translation and future 
perspectives for the development of MNs using 3D printing are discussed.

1. Introduction

3D printing is an additive manufacturing technology capable 
of rapidly producing 3D prototypes based on the deposition 
of materials in a layer-by-layer manner.[1] The versatility and 
customizability of 3D printing allow for the manufacture of 
complex structures to be achieved with high accuracy and 
precision, such as; bespoke medical devices (e.g., implants 
and prostheses), personalized medicines (e.g., 3D printed tab-
lets), and tissue and organ regeneration.[2–10] In 2015, the US 
Food and Drug Administration (FDA) approved the use of the 
first 3D printed medicine, Spritam (levetiracetam), for oral 
administration to treat epilepsy.[11,12] Spritam is a registered 
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As a platform for diagnosis and monitoring, the collection of 
ISF by MNs is not only painless but also supports real-time 
sensing of biological analytes.[37–39] In comparison with hypo-
dermic needles, MNs offer several advantages. For instance, 
traumatic skin conditions can be minimized and bleeding after 
insertion completely avoided. In contrast to hypodermic nee-
dles, MNs are less likely to cause skin infections when applied 
on the skin appropriately, as they minimize microbial penetra-
tion through the skin.[40] Furthermore, MNs can be used as an 
alternative to hypodermic needles for those who experience 
trypanophobia—fear of needles. Approximately 3.5% to 10% of 
the general population are affected by trypanophobia.[41] It has 
been reported that there is an increased prevalence of trypano-
phobia in the younger population. The greatest prevalence was 
observed in children who are younger than 10 years old (>60% 
prevalence), followed by adolescents (20–50% prevalence) and 
20–40 years old adults (20–30% prevalence), respectively.[42] 
Another benefit of MNs is that they are simple use. Patients 
can self-apply a MN patch without any requirements for special 
instructions or additional tools.[36,43]

Several studies have shown that 3D printing can produce 
MNs in a reproducible fashion with high resolution and 
quality.[44–48] The fabrication of MNs by 3D printing allows 
the fast modification of key properties that play an important 
role on the performance of MNs. This includes needle height,  
tip-radius, base diameter, needle geometry, needle thickness, 
and needle density.[47,48] The use of 3D printing is not limited to 
supporting the creation of customized MNs. It has been shown 
to diminish some disadvantages of MNs.[49] For instance, the 
outer surface of MNs can be coated with an antibiotic drug 
using inkjet printing to prevent skin infections that may be 
caused by the MN-induced pore formation on the SC.[32,50] In 
addition, most 3D printing methods fabricate MNs from poly-
mers which the properties are tunable, biocompatible, and bio-
degradable.[51–54] With its huge potential, 3D printing technology 
has become a new promising tool to help create novel designs, 
improve efficacy and increase the functionality of MNs.

After describing the different MN delivery strategies, this 
review focuses on the fabrication of MNs using different 3D 
printing methods (Figure 1). Representative examples of MNs 
produced by each method will be included. In addition, the 
development of medical devices based on the integration of 3D 
printed MNs with other technologies will also be described. At 
the end of the review, future perspectives based on the usage of 
3D printing in MN fabrication will be discussed.

2. MN Delivery Strategies

MNs can be categorized into five main drug delivery strate-
gies, namely solid (Figure  2A), coated (Figure  2B), dissolving 
(Figure  2C), hollow (Figure  2D), and hydrogel-forming 
(Figure 2E). The numerous drug delivery strategies reflect the 
extensive nature of research in this field.

The use of solid MNs, also known as the “poke with patch” 
approach, requires a two-step application process. Initially, 
a solid MN is applied to puncture the SC to create temporary 
micropores. The MN is then removed, and a conventional drug 
formulation is placed over the site of MN insertion, typically 

in the form of a transdermal patch, cream or gel. The crea-
tion of micropores in the skin increases skin permeability and 
movement of drug molecules via passive diffusion. Solid MNs 
have been employed extensively for the transdermal delivery of 
macromolecules, such as insulin.[55–57] The materials used to 
produce solid MNs are typically silicon, metals (e.g., stainless 
steel, titanium, tantalum, and nickel) and polymers (e.g., poly-
carbonate, polymethylmethacrylate, poly-lactic-co-glycolic acid 
(PLGA), polyglycolic acid (PGA), polylactic acid (PLA), a copol-
ymer of methylvinylether and maleic anhydride (PMVE/MA),  
and photolithographic epoxy).[30,31] Despite solid MNs being 
mechanically strong and providing satisfying outcomes for 
drug delivery, the inconvenience of a two-step application pro-
cess is considered the main challenge associated with this drug 
delivery strategy. Furthermore, the micropores remain open 
only for a limited time resulting in incomplete delivery of the 
active substance. It has been reported that the skin treated by 
MNs recovered its barrier properties within 2 h.[58]

As the name suggests, coated MNs or the “coat and poke” 
approach relies on coating the micro-projections of the MN 
with the drug formulation, and subsequent insertion of the 
coated MN into the skin. Drug deposition occurs through the 
dissolution of the coating after being applied to the skin.[59] 
Coated MNs have been employed for the delivery of a number 
of different drug molecules and peptides, for example, salmon 
calcitonin,[60] desmopressin,[61] parathyroid hormone,[62] bleo-
mycin,[63] and lidocaine.[64] While this drug delivery strategy 
offers a more efficient route of transdermal drug delivery than 
that described for skin pre-treatment with solid MNs, a limita-
tion of this strategy is the amount of drug formulation that can 
be coated onto the MN array itself. Owing to the small size of 
the needles, the loading capacity of such needles is small. With 
dosing limited to typically microgram quantities, coated MNs 
are typically restricted to high potency drug molecules and  
vaccines.[65,66] In addition, the thickness of MNs post-coating 
with drug formulation possibly increases, reducing the sharp-
ness of the MNs.[67] As a result, the ability for these MNs to 
perforate the skin is minimized.

The use of dissolving MNs or the “poke and release” 
approach functions by incorporating the drug molecules within 
the structure of the MN. Following insertion into the skin and 
upon contact with the skin ISF, dissolution of the MNs and 
subsequent drug delivery occurs in a single step. In recent 
years, dissolving MN arrays have been fabricated primarily 
from FDA-approved biocompatible polymers. Materials that 
have been used to fabricate dissolving MNs are polyvinylpyrro-
lidone (PVP), polyvinyl alcohol (PVA), PLGA, hyaluronic acid, 
maltose, fibroin, carboxymethyl cellulose (CMC), chondroitin 
sulfate, dextran, dextrin, chitosan, poly-γ-glutamic acid, and 
sugars.[31] Given that the majority of polymers are water-sol-
uble, dissolving MN arrays are particularly amenable to drugs 
with a more hydrophilic character.[65] Dissolving MN arrays 
have been used to deliver a range of active substances, from 
small molecule drugs[68–73] to large biomolecules,[74–78] which 
showcases the ability of such a platform to enhance trans-
dermal drug delivery. Besides, dissolving MNs can be used as a  
controlled drug delivery device as the dissolution rate depends 
on the polymer constituting the MNs. Another main advan-
tage of dissolving MNs is that they dissolve completely in 
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Figure 1.  A schematic diagram of the key contents within this review. Various 3D printing methods classified by ISO/ASTM 52900 standard for addi-
tive manufacturing that have been utilized in the production of MNs are described. This includes material extrusion (FDM), vat photopolymerization 
(SLA, TPP, CLIP, and microstereolithography), and powder bed fusion (SLM). Additionally, this review also provides examples of devices fabricated 
by integrating the MNs produced by SLA, TPP, and microstereolithography 3D printing methods with microfluidics, carbon electrodes, or cell micro-
encapsulation technologies.

Figure 2.  Five different types of MNs used for transdermal drug delivery. A) solid MNs that are applied to the skin to create transient micropores, 
followed by application of drug formulation, B) coated MNs for delivering drug that is coated on the surface of MNs. The release of drug is based on 
drug dissolution in the skin, C) dissolvable MNs for rapid or controlled release of drug that is incorporated in the water-soluble MNs, D) hollow MNs 
puncture the skin and enable the delivery of liquid drug formulation via active infusion or drug diffusion through the MN bores and E) hydrogel-forming 
MNs imbibe skin ISF upon the application, which subsequently induces the diffusion of drug in the reservoir through the swollen micro-projections 
to the skin. Reproduced with permission.[30] Copyright 2016, Elsevier.

the skin and therefore leave no sharp tips behind after use, 
reducing needle-stick injuries. Also, costs relating to sharp 
waste management can be avoided. The disadvantages of dis-
solving MNs include the limited amount of drug encapsulated 
in the MN matrix and possible non-uniform drug distribution 
in the polymer. The latter leads to inconsistencies in the dose 

delivered to the skin. Moreover, it has been reported that dis-
solving MNs are hygroscopic and typically have low mechanical 
strength which prevents consistent and reliable penetration 
into the skin.[79]

The use of hollow MN arrays or the “poke and flow” approach 
allows delivery of drug molecules via the injection of a fluid 
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drug formulation through the central lumen of the hollow MNs 
into the skin. Hollow MNs facilitate continuous drug delivery 
by diffusion, pressure, or electrically driven flow of the active 
substance across the skin through the temporary pores created  
by the MNs.[29] Hollow MNs are typically fabricated from sil-
icon, metal, and glass.[80–82] In comparison to solid or coated 
MNs, which are capable of delivering small quantities of drug 
molecules or peptides, this drug delivery strategy enabled the 
infusion of larger amounts of drug molecules.[29] However, the 
successful use of hollow MNs can be hindered by potential clog-
ging of the needle bore with tissue upon insertion, reducing 
potential drug delivery.

The use of hydrogel-forming or swellable MN arrays is the 
most recent drug delivery approach, first described by Donnelly 
et al.[83] Following insertion into the skin, these MNs rapidly 
imbibe skin ISF and swell. As a result, continuous, unblockable, 
hydrogel conduits are formed. In this drug delivery strategy, the 
drug molecule is not within the hydrogel-forming MN array 
but in a separate drug-containing reservoir. The moisture from 
the swellable hydrogel-forming MN comes in contact with 
the attached drug-containing reservoir, causing it to dissolve/
disintegrate. This subsequently triggers diffusion of the drug  
molecule from the attached drug-containing reservoir through 
the hydrogel matrix. Hydrogel-forming MN arrays have been 
shown to deliver various drug molecules and biopharmaceu-
ticals of varying molecular weights.[72,83–88] Hydrogel-forming 
MNs have been fabricated from polymers, which are crosslinked 
to form the hydrogel matrix.[83–85] The most commonly used pol-
ymers for preparing hydrogel-forming MNs are Gantrez S-97, 
a copolymer of poly(methylvinylether-co-maleic acid) (PMVE/
MA) crosslinked by esterification using polyethylene glycol,[86] 
Gantrez AN-139, a copolymer of poly(methylvinylether-co-
maleic anhydride) (PMVE/MAH) crosslinked with PEG,[89] 
polystyrene-block-poly(acrylic acid) (PS-b-PAA),[90] PLGA,[91] 
PVA,[92] crosslinked methacrylated hyaluronic acid (MeHA),[93] 
and silk fibroin.[94] Gantrez is a registered trademark of the 
company Ashland, Kidderminster, UK. As the drug is prepared 
in a separate drug-containing reservoir, the loading capacity 
is not linked to the MN array itself, removing any limitations 
on dosing. This is particularly useful for high dose drug mole-
cules. Unlike coated or dissolving MNs, hydrogel-forming MNs 
release a drug from the drug reservoir located on the array after 
the needle section absorbs moisture from the skin. In general, 
the amount of drug that can be loaded on coated MNs is 1 and 
37  mg for dissolving MNs.[70] Since the drug reservoir is not 
part of MNs, drug loading is not restricted by the MN volume 
or surface area, unlike dissolving or coated MNs. Donnelly et 
al. highlighted this by showing that hydrogel-forming MNs 
could deliver up to 44 mg of ibuprofen to the skin.[84] Similarly, 
Migdadi et al. reported that hydrogel-forming MNs can deliver 
metformin in the range of 50–75 mg to the skin.[86] Courtenay 
et al. formulated lyophilized wafers containing 300 and 500 mg 
esketamine to be used with hydrogel-forming MNs.[88] Due to 
such advantages, this novel technology has potential to increase 
the range of drug molecules that can be delivered transder-
mally. Developed in response to the challenges of the previously 
described drug-delivery strategies, this unique MN array design 
has its own advantages. Instead of transdermal drug delivery 
being primarily controlled by the barrier properties of the SC, 

the control is now in the crosslink density of the hydrogel 
system. By altering the polymer crosslink density, the swelling 
rate of the hydrogel system can be controlled, thus conferring 
the ability to govern the drug release rate. This implies that 
drug delivery can be tailored on a case-by-case basis to meet 
the requirements of different drug molecules, thus confirming 
the versatility of this novel MN array design. Hydrogel-forming 
MN arrays are also removed from the skin completely intact.  
Therefore, no measurable polymer residue is left behind. 
Hydrogel-forming MN arrays are softened by the uptake of ISF, 
thus preventing reinsertion of the MN array. This reduces the 
risk of infection transmission that may arise from needle reuse.

In addition to their application in drug delivery, hydrogel-
forming MNs have also been used for monitoring and diagnosis 
purposes. Owing to their ability to uptake skin ISF, imbibed 
ISF containing analytes in the MNs can be detected and quan-
tified. Several studies have shown that hydrogel-forming MNs 
effectively uptook ISF from the site of application. The optimal 
application time is dependent on materials used to prepare 
MNs, analytes, and recovery methods. For example, Chang et al.  
used crosslinked MeHA MNs to extract skin ISF for 10 min. 
Approximately 1–10  µL of ISF was collected, which was suffi-
cient for glucose quantification.[95] The clinical study conducted 
by Al-Kasasbeh et al. demonstrated that hydrogel-forming MNs 
prepared from an aqueous blend of 20% w/w PMVE/MA and 
7.5% w/w polyethylene glycol (PEG) 10 000  Da were safe for 
human use since the MNs did not cause systemic reactions after 
repetitive application.[96] The study also showed that the plasma 
concentrations of key biomarkers, including C-reactive protein 
(CRP), interleukin1-β (IL-1β ), tumor necrosis factor-α (TNF-α), 
immunoglobulin G (IgG), and immunoglobulin E (IgE) were 
comparable between pre- and post-MN application. Caffarel-
Salvador et al. prepared MNs from an aqueous blend of 11.1% 
w/w hydrolyzed poly(methyl-vinylether-co-maleic anhydride) 
(PMVE/MAH) and 5.6% w/w PEG 10 000 Da which were then 
crosslinked by esterification.[97] The in vitro study using excised 
neonatal porcine skin showed that theophylline, caffeine, and 
glucose uptaken by the MNs could be extracted from the MNs 
post-application (5  min). In addition, caffeine in the skin ISF  
of human volunteers could be extracted by the MNs post-
consumption of 100 mg Proplus tablets. Proplus is a registered 
trademark of Lane Health Products Ltd, Gloucester, UK. After 
1 h wearing time, the quantification of caffeine was performed 
by vortexing the MNs in HPLC water followed by HPLC anal-
ysis. The recovery of analytes or biomarkers is a straightforward 
process, which can be achieved by centrifugation or heating. 
However, heating is not suitable for proteinaceous biomarkers. 
He et al. suggested that a decrease in crosslink density between 
PVA and chitosan allows the recovery of biomarkers to be 
performed at lower temperature, thus avoiding protein dena-
turation.[92] This solution could potentially be applicable with 
other polymers.

As mentioned previously, the type of MNs determines the 
materials used for MN production and defines the mechanism 
by which the active substance is released to the skin. However, 
MN type is not the only factor that influences the performance 
and therapeutic efficacy of MNs. Other parameters that should 
also be taken into consideration include geometry, shape, 
needle thickness, and needle density. In general, MNs ought to 
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penetrate into the skin without breaking or bending. Ideally, the 
optimal design should present a low insertion force and high 
fracture force. MN aspect ratio is defined as the ratio of the 
center-to-center interspacing between MNs to the MN radius.[98] 
This parameter significantly affects the mechanical strength 
of MNs. Gittard et al. reported that decreasing the aspect ratio 
of a MN array led to an increase in its mechanical strength. 
MNs with the aspect ratio of 2:1 had a superior stiffness when 
compared to those with the aspect ratio of 3:1 (7500 N m–1 vs 
1620 N m–1).[99] Likewise, Davis et al. reported that increasing 
tip diameter and decreasing aspect ratio of MNs resulted in 
greater mechanical strength.[100] Davidson et  al. reported that 
the main parameters that significantly affect skin penetration 
were needle height and center-to-center interspacing between 
MNs.[101] The study concluded that wider, longer, and more 
densely packed MNs lead to greater effective skin permeability.

Increasing the height of MNs is one of the approaches to 
provide more volume for drug loading and to achieve deeper 
skin penetration. As increasing the MN height reduces the dis-
tance that drug has to diffuse from the MN tips to the dermal 
microcirculation, resulting in an increase in the uptake of 
the drug by the dermal microcirculation. In terms of drug 
delivery, Donnelly et al. observed a significantly higher cumu-
lative amount of theophylline delivered across the skin from 
an array with a needle height of 900  µm when compared 
to an array of 350  µm height MNs (292.23  ± 16.77  µg versus  
242.62 ± 14.81 µg, p-value < 0.001).[102] However, there is a limi-
tation for this approach. The MNs with a height of greater than 
1500 µm were found to trigger the nerve ending in the deeper 
dermis and cause pain. Gill et al. reported that 10 healthy  
volunteers (18–40 years old) perceived less pain upon the 
application of the MNs with shorter height (5% pain score for 
480 µm height MNs versus 37% pain score for 1450 µm height 
MNs, p-value <  0.002).[34] The greater density of MNs on the 
array results in a higher amount of drug encapsulated but it 
negatively affects the insertion capability of MNs. Because of 
less interspacing between MNs, the insertion force required for 
the array containing more MNs is increased, which possibly 
stimulates pain receptors. Gill et al. found that skin insertion 
with the array of 50 MNs resulted in a 2.5-fold increase in pain 
perception when compared to the array containing 5 MNs.[34]

Loizidou et al. studied the effect of geometry on the skin 
penetration capability of MNs. The pyramidal MNs with three 
different base geometries including triangular, square, and 
hexagonal base were evaluated. Loizidou et al. observed that 
the penetration depth of the MNs with triangular base, square 
base, and hexagonal base were 340, 343, and 197  µm, respec-
tively.[103] The design of MNs with hexagonal base significantly 
inserted less than other designs (p-value <  0.01) because they 
withstand higher compressive stress and critical buckling loads 
than square and triangular MNs. Another study utilized an 
SLA 3D printer to produce two different designs, which were 
pyramidal and conical shapes MNs with 6  × 8 array, 1000  µm 
height, 1000 µm width, and 1.85 mm tip-to-tip interspacing. The 
conical MNs required less force to penetrate into the skin when 
compared to the pyramidal MNs.[45] The adjustment of the 
maximum load required for penetration can attribute to the dif-
ference in the MN-to-skin contact area between pyramidal and 
conical MNs. Other shapes of MNs have also been investigated 

(e.g., cross-shaped MNs), however, these shapes are less 
favorable due to complex fabrication processes, poor mechan-
ical strength, and difficulties during removal from the skin.

In summary, the performance and therapeutic efficacy of 
MNs depend on the interplay of multiple parameters including 
geometries, shape, and drug loading. Various geometries and 
shapes can be simply generated using designing tools (e.g., 
CAD software). The challenge is therefore not how to design 
MNs but how to produce the MNs with optimal properties for 
skin insertion and drug release. These MNs should at least 
have strong mechanical strength to ensure that the MNs can 
penetrate into the skin without breakage. Adjusting the aspect 
ratio and fabricating the MNs with strong materials should 
avoid needle damages. In addition, the MNs must not cause 
pain during insertion, wearing, and removal in order to gain 
patients’ compliance. To minimize pain, investigation of size 
and shape of MNs should be considered. To improve drug 
encapsulation and release mechanisms, other technologies can 
be integrated into the MNs. Extra accessories like a drug reser-
voir can be added to increase drug loading.

3. Use of 3D Printing Technology in the 
Fabrication of MNs
Herein, the fabrication of MNs will be discussed by dividing 
the methods of 3D printing into three groups which are based 
on the classification by ISO/ASTM 52900 standard for addi-
tive manufacturing. In each method, the principle and exam-
ples of fabricated MNs will be described. Table 1 summarizes 
the examples of MNs fabricated by FDM, SLA, and TPP 3D 
printing methods and Table  2 summarizes the examples of 
MNs fabricated by SLM, CLIP, and microstereolithography 3D 
printing methods.

3.1. Material Extrusion

3.1.1. Fused Deposition Modeling (FDM)

FDM is the most affordable 3D printing method and con-
sequently the most accessible and widespread employed 
by researchers.[124] The FDM method is based on hot-melt 
extrusion of thermoplastic polymer filament at the print 
head.[1,14,22,125,126] While the movement of print head follows 
the pattern in 2D slice, the polymer filament is being extruded 
and deposited on the print station simultaneously.[14,22,125,127] 
The repetition of such process results in the formation of a 3D 
structure, which is built vertically by the fusion between the 
former and the latter polymer layers. Once the temperature 
is below the melting point of the polymer, the 3D structure is 
hardened and ready for the removal from the print station.

To date, this printing method has been used to prepare solid 
MNs.[104] The key advantage of FDM is that a wide range of 
thermoplastic polymers can be used such as poly(lactic acid) 
(PLA), acrylonitrile butadiene styrene, nylon, thermoplastic pol-
yurethane, glycol-modified version of polyethylene terephtha-
late, polyether ether ketone, and polyetherimide.[14,22,126,128,129] 
However, the surface of objects printed by FDM method is 
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Table 1.  Examples of MNs fabricated by FDM, SLA, and TPP 3D printing technology.

Fabrication method Conjunct technology Material(s) Design Application(s) Refs.

FDM Chemical etching PLA Cylindrical MNs Drug delivery Luzuriaga et al.[104]

SLA Micromolding Resin for master MNs; 
carboxymethyl cellulose 

for MNs

Conical MNs Drug delivery Krieger et al.[48]

SLA Isotropic shrinkage 
technique

RGD 720 resin for  
master MNs;

Polyvinylpyrrolidone  
for MNs

Slanted-needle arrays Drug delivery Ochoa et al.[105]

SLA Inkjet printing Class I biocompatible resin Conical and pyramidal MNs Insulin delivery Pere et al.[45]

SLA Inkjet printing Class I biocompatible resin Pyramidal and flat spear-
shaped MNs

Insulin delivery Economidou et al.[106]

SLA Inkjet printing Class I biocompatible resin Cross-shaped MNs Drug delivery for anti-cancer 
drug

Uddin et al.[107]

SLA – AnyCubic colored resin Triangular pyramidal MNs Drug delivery Lopez-Ramirez et al.[108]

TPP – Ormocer Conical MNs Medical devices Doraiswamy et al.[109]

TPP – Ormocer Hollow MNs Drug delivery and ISF 
collection

Ovsianikov et al.[110]

TPP Micromolding Polyethylene glycol (200) 
and irgacure 369 for master 

MNs;
eShell 200 for MNs

Conical MNs Insulin delivery Gittard et al.[111]

TPP Micromolding and pulsed 
laser deposition

SR 259 polyethylene glycol 
dimethacrylate and irgacure 

369 for master MNs;
Ormocer for MNs

Cylindrical MNs with conical 
tips

Drug delivery for
antibacterial agent

Gittard et al.[112]

TPP Micromolding Polyethylene glycol
600 diacrylate

Cylindrical MNs with conical 
tips

Drug delivery for
antibacterial agent

Gittard et al.[113]

TPP Iron sputtering deposition Photoresist Magnetic MNs in cylin-
drical, pyramidal, and 

conical shapes

Drug delivery, tissue 
engineering, and single-cell 

analysis

Kavaldzhiev et al.[114]

TPP – IP-S photoresist Hollow MNs Drug delivery Moussi et al.[115]

visibly not smooth due to low resolution and poor dimen-
sional accuracy.[126,127,130,131] In comparison with other common 
3D printing methods, FDM has the lowest printing resolu-
tion.[1] The additional postprocessing steps are required to 
smoothen the surface.[127,131] Moreover, the objects produced by 
FDM are inherently anisotropic as the strength is not uniform 
throughout the structure.[128,132–134] Due to the limitation of 
printer resolution, Luzuriaga et al. has shown that PLA MNs 
with fine details could not be reproducibly manufactured by 
FDM printing alone.[104] The inaccurate formation of needles 
was a result of poor adhesion between PLA layers. Conse-
quently, they produced PLA cylindrical shapes using FDM 3D 
printing instead (Figure 3). Such PLA cylindrical shapes were 
turned into MNs using post-fabrication chemical etching. This 
was achieved by allowing the cylindrical parts to immerse in 
potassium hydroxide (KOH) solution for different durations. 
The MNs with the tip diameters in the range of 1–55 µm were 
obtained while the length remained unchanged. The width of 
MNs, however, reduced by half of their original. The uniformity 
of the MNs could still be further improved as it would affect the 
performance and accuracy of drug loading per patch.

3.2. Vat Photopolymerization

3.2.1. Stereolithography (SLA)

The SLA method, developed by 3D Systems, Inc. in 1988, is 
based on photopolymerization of liquid resin in a vat using 
a UV laser beam.[22,135] The UV laser beam is focused and 
scanned to trace a pattern on the surface of liquid resin.[22,136,137] 
As a consequence, liquid resin is selectively cured and solidi-
fied after UV exposure. When the fabrication of the first layer 
is completed, the built platform is lowered to allow fresh 
liquid resin to cover the previous layer. The UV light-induced 
photopolymerization to fabricate the next layer out of liquid 
resin then begins. After the printing, the objects require an 
additional cleaning step to remove uncured resin.[135] There-
after, the mechanical strength of the objects is improved by the 
exposure to UV light.[135,137–139]

The application of SLA in the production of MNs has been 
explored in numerous studies. Considering different method 
capacities, SLA supports the early-stage development of MNs 
by allowing the fast modification of MN prototypes to be 
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Table 2.  Examples of MNs fabricated by SLM, CLIP, and microstereolithography 3D printing methods.

Fabrication method Conjunct technology Material(s) Design Application(s) Reference

CLIP – Trimethylolpropane triac-
rylate and diphenyl (2,4,6-tri-
methylbenzoyl) phosphine 
oxide; Polyethylene glycol 
dimethacrylate; polycapro-

lactone trimethacrylate;
acrylic acid

Square pyramidal MNs, 
arrowhead MNs, tiered 
MNs; and turret MNs

Drug delivery Johnson et al.[47]

Microstereolithography – 3DM-CAST resin MN splints Drug delivery Lim et al.[116]

Microstereolithography – Polyethylene glycol diacry-
late (PEG400DA)

Conical MNs Drug delivery and
ISF collection

Yao et al.[117]

Microstereolithography – Resin MNs with quadrangular 
pyramid tip and square 

pillar basement

Drug delivery Choi et al.[118]

Microstereolithography Pulsed laser deposition eShell 200 Flat conical MNs Drug delivery for
anti-bacterial agent

Gittard et al.[119]

Microstereolithography – Poly(propylene fumarate) 
and resin

Cylindrical MNs with conical 
tips

Drug delivery Yun and Kim[120]

Microstereolithography – Poly(propylene fumarate)/
diethyl fumarate

Cylindrical MNs Delivery of chemothera-
peutic drug

Lu et al.[121]

Microstereolithography Micromolding and inkjet 
printing

eShell 200 for master MNs;
Gantrez AN-139 for MNs

MNs with cylindrical base 
and conical shaped tip

Delivery of
quantum dots

Boehm et al.[122]

Microstereolithography Micromolding and inkjet 
printing

eShell 200 for master MNs;
Gantrez AN-169 BF for MNs

Pyramidal-like MNs Drug delivery for
quantum dots as an anti-

bacterial agent

Boehm et al.[50]

Microstereolithography – Polyethylene glycol
600 diacrylate

MNs with backward-facing 
barbs

Drug delivery Han et al.[49]

SLM – Stainless steel 316L Hollow MNs Drug delivery Gieseke et al.[123]

achieved in the desired dimension and shape. Moreover, SLA is 
perceived as a new effective tool to produce MN molds, which 
can be subsequently used in the fabrication of the various MN 
types.[22] Typically, MN mold fabrication is carried out in the 
clean room using microfabrication approaches, such as photoli-
thography and ultraviolet lithography.[140–145] These approaches, 
however, are considered time-consuming and expensive, 
resulting in high cost of production.[48,144] In this regard, SLA is 
a useful tool to fabricate on-demand master MN molds without 
the need of clean room. As a result, less expensive and faster 
production of MNs could be achieved, potentially promoting 
the mass production of MNs in the future.

SLA 3D printing has been used extensively for the fabrication 
of solid MNs. The first SLA-based MN fabrication was reported 
by Ochoa et al.[105] The master solid MN was fabricated by SLA 
3D printing and subsequently used as a template for casting 
agarose gel. The isotropic shrinkage of agarose gel preserved 
the structure of the MN. Subsequently, the dried agarose gel 
was used as a mold to produce MNs out of polydimethylsi-
loxane (PDMS) polymer. The study found that by coupling SLA 
3D printing with the isotropic shrinkage of a hydrogel, the reso-
lution of MNs was improved by at least fivefold when compared 
to the fabrication of MNs by SLA only. In addition, PDMS 
molds can be generated using the template of PDMS MNs. In 
this study, the authors demonstrated that polyvinylpyrrolidone 
(PVP) MNs fabricated by using the PDMS molds possessed the 

tip radius of 9.6 µm, which were adequately sharp to penetrate 
porcine skin.

The appearance and mechanical strength of SLA 3D printed-
MNs could be improved by adjusting the thickness in the 
Z-direction of each 2D slice and the aspect ratio of MNs, respec-
tively. Krieger et al. observed that the fabrication of solid MNs 
with thinner layers reduced stair-stepping defect, resulting in 
a smoother surface of MNs when compared to those produced 
with thicker layers.[48] Nevertheless, the printing time was 
prolonged as the number of slices increased. The aspect ratio 
was an important parameter impacting the mechanical strength 
and hence the skin penetration depth of the MNs. Insertion 
of higher aspect ratio MNs to the skin was easier, while lower 
aspect ratio MNs were mechanically stronger.

Krieger et al. introduced the “print and fill” technique for pro-
ducing customized MN molds (Figure 4). SLA 3D printing was 
performed to fabricate a master solid MN. After printing, the 
basin in the MN was filled with different amounts of photocur-
able resin in order to create different MN heights. The greater 
the amount of resin poured into the basin, the shorter the MNs 
and vice versa. While, using the master MN with wider needle-
to-needle distances increased the height of MNs when the 
equivalent amount of resin was filled in the basin. Following 
the curing by UV light, the master MN was subsequently used 
to produce silicone MN molds using the micromolding tech-
nique. This study demonstrated that the silicone molds were 
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Figure 3.  A–E) A schematic illustration of the fabrication of MNs by FDM 3D printing and chemical etching; optical images of F) MNs as FDM-
fabricated; G) after etching in KOH solution; SEM images of H) MNs as fabricated and I) after etching in KOH solution. Adapted with permission.[104] 
Copyright 2018, RSC.

versatile to the fabrication of MNs using different materials and 
methods; for example, carboxymethyl cellulose (CMC)-solvent 
casting method and PLA-thermal molding method.

All previous examples have involved the fabrication of a 
master solid MN using SLA 3D printing for the subsequent 
fabrication of MNs using the micromolding technique. SLA 3D 
printing has also been used in the fabrication of coated MNs. 
For example, Pere et al. coupled SLA 3D printing and inkjet 
printing to produce insulin-coated MNs.[45] Pyramidal and 
conical MNs were fabricated by SLA 3D printing and their sur-
faces were subsequently coated by insulin blended with one of 
the stabilizers (trehalose, xylitol, and mannitol) in the ratio of  
1:5 using inkjet printing. Based on picoliter pipetting in several 
jetting cycles, the total of 10 UI or 350 µg of insulin was accu-
rately coated onto the surface of the needles present in the MN 
array. The in vitro release of insulin from the MNs was rapid 
with approximately 57–69% of insulin released within the first 
5  min regardless of needle shape. Within an hour, approxi-
mately 90–95% of insulin was delivered across the skin. Further 
studies were employed by Economidou et al.[106] In this study, 
pyramidal and flat spear-shaped MNs were fabricated using SLA 
3D printing (Figure 5). Similar to the previous study, the outer 
surface of MNs was accurately coated with 10 UI (or 350 µg) of 
insulin using inkjet printing. Regarding the pyramidal-shaped 
MNs, more than 80% of insulin coated on the surface was  
rapidly released within 8 min in the in vitro study. Regarding 
the flat spear-shaped MNs, the in vitro release of insulin was 
slower due to their smaller surface area. Nonetheless, the  
sustained release of insulin from these MNs resulted in a 
steady hypoglycemic effect in streptozotocin-induced diabetic 
rats. The plasma glucose concentration in diabetic rats treated 
by insulin-coated MNs was comparable to those rats treated by 
subcutaneous injection of insulin at the same dose. The use of 
SLA coupled with inkjet printing was also observed in the study 
by Uddin et al.[107] In this work, cisplatin-coated MNs were pro-
duced for skin cancer treatment. The cross-shaped MNs were 
fabricated from resin by SLA and accurately coated with drops 
of cisplatin embedded in hydrophilic polyvinyl caprolactame-
polyvinyl acetate-polyethylene glycol polymer using a piezo-
electric dispenser (Figure  6). The cross-shaped MNs showed 
a penetration depth of more than 80% of their length in  

neonatal porcine skin and rapidly released approximately 
80–90% of cisplatin within 1 h. The in vivo study in Balb/c 
nude mice showed that the MNs could provide sufficient cispl-
atin levels to effectively exhibit anticancer activity.

Lopez-Ramirez et  al. used SLA 3D printing to fabricate a 
positive MN mold, which was subsequently used for producing 
a PDMS negative MN mold.[108] The array of MNs was spatially 
separated to create different sections of active and passive MNs 
(Figure  7). The active MNs were designed to provide a rapid 
burst release of drug, using magnesium microparticles as a 
trigger reagent. While the passive MNs were designed for slow, 
sustained drug release. Within the same MN patch, different 
polymers and drugs can be used to create a combinatorial MN 
patch, which is proved effective to enhance immune response 
and longer survival in the in vivo studies using a B16F10 mouse 
melanoma model.

SLA has proved very useful and effective to manufacture 
customized MNs. These MNs have a smoother surface and 
intricate details when compared to those produced by FDM 3D 
printing. Therefore, they offered a good performance on skin 
insertion, which is one of the critical properties of MNs. As the 
geometry of MNs is easily tunable by modifying the structure 
in the CAD file before printing, it significantly reduces cost and 
time during research and development stage. The information 
of different designs and parameters used during printing can 
be easily collected and pooled for future development. In addi-
tion, mass production of MNs is possible by producing molds 
from SLA-generated master MNs. The molds enable the use 
of other polymers rather than only resin materials, including 
water-soluble polymers and biocompatible polymers. There-
fore, the concern about the toxicity of some resins needed 
for SLA is alleviated. There are several examples that showed 
the capability of SLA-printed MNs as a drug carrier (e.g., anti-
cancer drug)/protein carrier (e.g., insulin). Due to the fact that 
SLA 3D printed MNs have smooth and uniform surfaces, this 
allows the surface modification to be manipulated by dropping 
drug/protein solution on the defined area of MN surfaces. As a 
result, specific dose and regimen can be reliably delivered to the 
patients. The last example has emphasized the potential of SLA 
to design and produce a more complex MN array than usual. 
By adding a wall between sections, different zones were created 
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Figure 4.  Overview of the “Print & Fill” fabrication method. A) needle array basin design followed by 3D printing of the design using a Form 2 SLA 
printer and B) MN master mold fabrication method in step i to viii. Reproduced with permission.[48] Copyright 2019, Springer Nature.

and used to serve as different drug release profiles. Overall, the 
production of MNs by SLA can be improved further in both 
physiological properties and functionality. This is not limited to 
the application in drug delivery. It was believed that SLA 3D 
printing will play an important role in the fabrication of MNs 
for the application in some other areas, for example, disease 
monitoring. The main limitation of SLA is that it requires pho-
toinitiators to facilitate photopolymerization.[146–149] Residual 
photoinitiator remained in the printed objects and uncured 
resin are potentially cytotoxic. Meanwhile, SLA brings about 
a safety concern due to potential toxic chemicals; the mate-
rial of choice to be used in FDM, on the other hand, is more 
versatile, hence toxic materials can be avoided. Table  3 pro-
vides toxicological information on the most commonly used 
photoinitiators, photopolymers and UV-curing agent. Several 

studies showed that commercially available resins have cyto-
toxic effects in various models.[150–152] The MTT viability assay 
showed that High Temp, Clear, Dental SG, Dental LT, Black and 
Flexible resins from Formlabs (Somerville, MA, USA) signifi-
cantly reduced cell viability of human mesenchymal stem cells 
(p-value < 0.0001 for all but p-value < 0.001 for Dental SG).[153] 
Clear and Dental SG resins also showed cytotoxic effects in gin-
gival fibroblasts and L929 cells in MTT cell viability assay.[154]

3.2.2. Two-Photon Polymerization (TPP)

TPP is the fabrication method involving photochemical reac-
tions induced by spatial and temporal overlap of photons.[156] 
TPP consists of three processes: initiation, propagation, and 
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Figure 6.  SEM images of A,B) uncoated 3D printed MNs at various magnifications and C) coated 3D printed cross-MNs. Reproduced with permis-
sion.[107] Copyright 2020, Elsevier.

Figure 5.  SEM images of the 3D printed MNs. A) Uncoated pyramid; B) uncoated spear; C) coated pyramid; D) coated spear. The thin films of insulin 
and xylitol (5:1) on the MNs were coated using an inkjet printer. Reproduced with permission.[106] Copyright 2019, Elsevier.

termination.[157] The initiation process involves the cleavage of 
chemical bonds with photoinitiator molecules by a femtosecond 
laser beam, which focuses into the small volume of the photo-
sensitive resins by a high-numerical-aperture microscope objec-
tive. In this step, the photoinitiators are excited, and then 
decompose to radical species. In the propagation process, these 
radical species interact with monomers to generate monomer 
radicals. The termination process is when two monomer radi-
cals combine together, ending the polymerization.

TPP has been typically used for the fabrication of hollow 
MNs. The first MNs produced by TPP were reported by 
Doraiswamy et al.[109] These hollow MNs (750  µm height and 
200  µm base diameter) were produced from organic–inor-
ganic hybrid materials in which the organic part is made 
from a mixture of photosensitive siloxanes and biocompatible 
organic monomers with other additives such as a photoini-
tiator; while the inorganic part consists of ceramics or glasses. 
Such materials are known as organic-modified ceramics or 
Ormocer.[22] Ormocer is a registered trademark of Fraunhofer 

ISC, Würzburg, Germany. These MNs showed the ability to 
penetrate porcine skin without fracture and could support the 
proliferation of HT1080 epithelial-like cells as similar to polysty-
rene and extracellular matrix. In the following year, Ovsianikov 
et al. showed the feasibility of using femtosecond laser TPP to  
rapidly produce hollow MNs (Figure  8).[110] MNs were again 
fabricated from Ormocer but contained 25 needles with the 
geometries of 800 µm height, 150–300 µm base diameter, and 
500 µm needle-to-needle distance. This study highlighted that 
the off-center positions of the channels relative to the tip led 
to sharper MNs. Therefore, less force was required to insert 
the MNs into the skin. The hollow MNs were biocompatibility 
with human epidermal keratinocytes, highlighting a promising 
approach for drug delivery or ISF collection.

More recently, Moussi et al. used TPP to produce hollow 
MNs connected to a drug reservoir in a single step.[115] The 
addition of a drug reservoir to the back of the MN increased the 
amount of drug delivered to the skin through the channels of 
the MNs. Four different MNs (200–400 µm height, 80–120 µm 
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Figure 7.  A) 3D printing and fabrication steps of polymeric combinatorial MN patch with spatially resolved active and passive MN zones. B) Schematic 
of square MN arrays as different active and passive compartments. C) Digital photograph of a 3D printed MN array by SLA and SEM images of MNs. 
Scale bars, 5 mm, 1 mm, and 500 µm respectively. D) Schematic of a combinatorial dissolvable MN patch with active and passive MN compartments. 
E) Side-by-side SEM image of active and passive MNs along with the corresponding EDX images illustrating the Mg in magenta, and C in cyan.  
F) Digital photograph of a combinatorial dissolvable MN showing active and passive MNs. Scale bars, 500 µm. G) Fluorescence patch loaded with 
FITC (passive MNs) and Rh6G + Mg particles (active MNs). Scale bar, 5 mm. H) Side-by-side optical and fluorescence microscopy images time-lapse 
images show the dissolution of an active MN tip at 10 s intervals. Scale bars, 500 µm. I) Fluorescence time-lapse images showing the dissolution of a 
passive MN tip. Scale bars, 500 µm. Reproduced with permission.[108] Copyright 2020, Wiley.

inner diameter, 5 µm tip wall thickness) alongside a drug reser-
voir (2 × 1 × 1 mm3) were all fabricated from IP-S photoresist. 
Approximately half of the needle length penetrated into the 

skin regardless of needle length. If the dimensions of MNs 
and spacing between needles were similar, the higher number 
of needles in the MN array led to the higher flow rate when 
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Table 3.  Toxicological information of photoinitiators, photopolymers and UV curing agent-photoinitiator. Adapted from[155] (N/A: not available).

Function Compound or Trade name Concentration [w/w] Manufacturer Toxicological information

Photoinitiator Phosphine oxide compounds (Type II) including 
diphenyl(2,4,6-trimethylbenzoyl)-phosphine oxide 

(TPO) and bis acyl phosphine oxide (BAPO)

0.1–5% Formlabs
Dental and E-Shell series

LD50 Oral rat - > 5000 mg kg–1

LC50 (48 h) Oryzias latipes - 6.53 mg L–1

Hydroxy-acetophenone (Type II) N/A N/A LD50 Oral Rat - 2.240 mg kg–1

LC50 (96 h) Salmo gairdneri - 25 mg L–1

Benzophenone compounds (Type II) including ben-
zophenone-3 (BP-3) and benzophenone-4 (BP-4)

<10% UV-cured inks LC50 (96 h) Pimephales promelas - 14.2 mg L–1

BP-3 and BP-4:
LC50 (48 h) Daphnia magna - 1.09 and  

47.47 mg L–1

1-hydroxy cyclo hexyl phenyl ketone (Irgacure 184) N/A Formlabs
CIBA-GEIGY CORP

LC50 (96 h) Danio rerio - 24 mg L–1

Photopolymer Acrylate monomers, acrylate and urethane acrylate 
oligomers

5–60% Formlabs
Autodesk

Envision Tec

LD50 Oral rat - > 5000 mg kg–1

LC50 (96 h) Cyprinus carpio - 1.2 mg L–1

LC50 (96 h) Pimephales promelas - 34.7 mg L–1

Methyl methacrylate monomers and oligomers 5–90% Formlabs
Envision Tec
Dental resin

LC50 (96 h) Cyprinodon variegatus - 1.1 mg L–1

LC50 (96 h) Lepomis macrochirus - 283 mg L–1

LD50 oral rat - 7900 mg kg–1

Tripropylene glycoldiacrylate N/A 3D Systems LD50 oral rat - 6800 mg kg–1

LC50 (96 h) Leuciscus idus - > 4.6–10 mg L–1

3,4-Epoxycyclohexylmethyl 
3,4-epoxy-cyclohexanecarboxylate

25–60% 3D Systems LC50 (96 h) Oncorhynchus mykiss - 24 mg L–1

LC50 oral rats - 5000 mg kg–1

1,6-bis(2,3-epoxypropoxy)hexane 15–30% 3D Systems LC50 (96 h) Leuciscus idus - 30 mg L–1

LD50 oral rats - 2190 mg kg–1

Tetraacrylate 30–60% Formlabs
Autodesk

Envision Tec

LC50 (96 h) Cyprinus carp - 1.2 mg L–1

LC50 (96 h) Danio rerio - 7.9 mg L–1

IP-S photoresist N/A Nanoscribe LD50 oral - 500 mg kg–1

IP-Dip photoresist N/A Nanoscribe LD50 oral rat - 1830 mg kg–1

LD50 dermal rabbit - 4000 mg kg–1

UV curing agent 
and photoinitator

Irgacure369 N/A CIBA-GEIGY CORP LD50 oral rat - > 5000 mg kg–1

Figure 8.  Computer-aided design diagrams of MNs with A) 0 mm, B) 1.4 mm, and C) 20.4 mm pore-needle center displacement values. SEM images 
of Ormocers MNs with D) 0 mm, E) 1.4 mm, and F) 20.4 mm pore-needle center displacement values. Adapted with permission[110] Copyright 2007, 
The American Ceramic Society.

compared to the array with less MNs. In addition, flow rate 
was reduced when the bore radius was decreased, and the shaft 
length was increased.

Like SLA 3D printing, TPP has been used in conjunction 
with micromolding, pulsed laser deposition and iron sputtering 
deposition to promote MN fabrication and functionalization. 
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Gittard et al. developed polymeric MNs for insulin delivery 
using TPP and micromolding methods.[111] The master MN, 
constituted of polyethylene glycol 200 diacrylate and Irgacure 
369 photoinitiator, was fabricated using TPP into the following 
MN geometry; needle height 500  µm, needle base diameter 
150  µm, and needle center-to-needle center distance 500  µm. 
Irgacure is a registered trademark of Advanced Biomatrix Inc, 
Carlsbad, USA. PDMS negative molds were subsequently 
produced using the master MN array as a template. A solu-
tion of eShell 200, a photo-reactive acrylate-based polymer, 
was subsequently casted onto the PDMS molds to form MNs. 
The eShell 200 MNs were capable of penetrating the SC of 
human skin, showing the feasibility in the delivery of insulin 
to enhance the patient compliance and increase the efficacy 
of active substances. In another study from Gittard et al.,  
TPP-micromolding techniques were carried out to fabri-
cate MN with antibacterial properties.[113] Based on the same  
procedures from their previous study, polyethylene glycol  
600 diacrylate MN containing gentamicin sulfate at the concen-
tration of 2  mg/mL were obtained after casting drug-polymer 
solution on the PDMS molds that occupied the pattern of TPP-
printed MNs. The geometries of such MNs were 500  µm in 
length with 150  µm base diameter, >10  µm tip diameter, and 
45° tip angle. The growth of Staphylococcus aureus was visually 
inhibited in the presence of gentamicin sulfate-doped MNs in 
the agar plating assay.

Cordeiro et al. fabricated several highly detailed MN  
templates using TPP.[158] Using such templates, reusable MN 
molds were reproducibly fabricated. These MN molds were 
subsequently used to produce dissolving and hydrogel-forming 
MNs. A flexible fabrication method, as a result of the syner-
gistic combination of design and printing optimization, paved 
the way for producing high quality and mechanically strong 
master templates within a short period of time. Upon MN 
fabrication, promising results were obtained in terms of drug 
loading into dissolving MNs, insertion efficiency of MNs into 
skin stimulant, Parafilm M and in vitro drug permeation using 
hydrogel-forming MNs. Parafilm M is a registered trademark 
of Bemis Company, Inc, Wisconsin, USA. The flexibility and 
simplicity of this template fabrication method were key to facili-
tate the study of the impact of different MN array design para
meters in the final performance of MN arrays as drug delivery 
systems.

Kavaldzhiev et al. exploited TPP to fabricate a MN array, 
using iron coating technology or so-called sputtering depo-
sition, to coat iron on the surface of the MN array, resulting 
in magnetic MNs.[114] The magnetic properties of these MNs 
can be beneficial for biofunctionalization and visualization. 
To prepare a MN array, cylindrical, pyramidal, and conical 
MNs were fabricated based on dip-in laser lithography con-
figuration and the crosslinking of IP-DIP liquid photoresist  
(Nanoscribe) occurred only in the focal spot controlled by TPP. 
After printing, the outer surface of the needles was coated 
with a homogeneous layer of iron using the sputtering depo-
sition technique. As the size of cylindrical magnetic MNs  
(630 ± 15 nm in diameter) was relatively smaller than the size 
of HCT 116 colorectal carcinoma cells (15.4 µm in diameter), a 
single MN could be used to penetrate the cell body and facili-
tate the intracellular delivery with no harm to the cell.

The temporary formation of pores on the SC created by MNs 
could cause skin infections by microorganisms.[159] Gittard et al. 
combined TPP, micromolding and pulsed laser deposition to 
produce silver-coated MNs for preventing microbial infection 
after skin insertion.[112] The master MNs were initially fabri-
cated from the mixture of SR 259 polyethylene glycol dimeth-
acrylate and Irgacure369 initiator by TPP, possessing 200  µm 
base diameter, 500  µm length, and 500  µm center-to-center 
interspacing. Using the micromolding technique with heat, 
Sylgard 184 silicone elastomer negative molds containing the 
shape of the master MN array were obtained. Sylgard is a reg-
istered trademark of Dow Inc, Michigan, USA. Subsequently, 
Ormocer-based MN were fabricated out of the molds and a 
thin film of silver was deposited on their surfaces by pulsed 
laser deposition. The silver-coated MNs exhibited non-cytotoxic 
effects to human epidermal keratinocytes and could effectively 
inhibit the growth of Staphylococcus aureus, a common bacteria 
causing the skin infection.

The performance of TPP in the production of complex MN 
structures is somewhat remarkable due to its high resolution. 
For instance, TPP has been demonstrated to successfully pro-
duce hollow MNs while other printing approaches (e.g., FDM) 
failed. Since TPP is capable of crafting a device in small scales, 
there have been reports on using TPP to combine MN arrays 
with microfluidic units (vide infra). In addition, TPP can be 
used in conjunction with micromolding to produce MNs in 
a mass production scale. However, in this regard, it is worth 
noting that SLA can offer the same benefit with a compromised 
resolution, but in a faster manner. Although one of the main 
advantages of TPP is printing resolution, it does have limita-
tions, such as the shrinkage of the cured resin after photo
polymerization as observed in other vat photopolymerization 
printing methods. This can potentially result in structural 
defects of the end product.[160] Although many types of resin 
used in TPP are compatible with skin cells, there is a lack of 
human studies to determine any possible adverse effects of the 
resins. In conclusion, even though TPP can achieve high preci-
sion printing, there are also several factors to consider prior to 
adopting this technology for MN production. For example, its 
long processing time, cost of production, requirement of photo-
sensitive resins, and structural integrity of the objects.

3.2.3. Continuous Liquid Interface Production (CLIP)

Modified from SLA, CLIP replaces a UV transparent window 
with an oxygen permeable window.[47] CLIP proceeds via 
projecting a continuous sequence of UV images (gener-
ated by a digital light-processing imaging unit) through an 
oxygen-permeable, UV-transparent window below a liquid 
resin bath.[161] This oxygen permeable window creates a dead 
zone, a thin uncured liquid layer between the window and 
the cured part surface, which prevents the resin from curing 
and attaching to the window.[47] Unlike SLA, the fabrication of 
objects using CLIP is no longer in a layer-by-layer manner but 
instead the production occurs continuously and rapidly as the 
separation and realignment steps are removed.[161] The objects 
produced by CLIP therefore have a smooth surface with no 
stacking artifacts observed.
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Figure 9.  A) Continuous Liquid Interface Production (CLIP) process. B–D) TMPTA MNs of aspect ratio 2, 3, and 4, respectively. E) Arrowhead MNs.  
F) Tiered MNs and G) turret MNs. H) Confocal micrograph of a Janus MN, where the MN base is composed of polycaprolactone encapsulating rhoda-
mine (red) and the MN tip is composed of polyacrylic acid encapsulating fluorescein (green). I) Janus MNs with a water-soluble rhodamine containing 
tip before application to murine skin and J) Janus MNs after application to murine skin. Scale bars are 500 µm for all images except those for I and J 
which are 1 mm. Adapted with permission.[47] Copyright 2016, PLOS.

Johnson et al. has shown the feasibility of CLIP to rapidly 
fabricate MNs from various polymers in different geometries 
and shapes including pyramidal, arrowhead, tiered, and turret 
MNs (Figure  9).[47] Within 90 s, the array of MNs was pro-
duced with high accuracy. The MNs fabricated by CLIP in this 
study could penetrate the skin and rapidly deliver rhodamine 
B, which was encapsulated in MNs, into ex vivo murine skin. 
The benefit of CLIP is that it is not limited to the production of 
MNs from a single material. Johnson et al. demonstrated that 
by simply changing the resin in the vat at the predetermined 
printing time, the MNs could be produced with a rhodamine 
B-loaded PCL basement and a fluorescein-loaded acrylic acid 
tip. This potentially promotes the development of polydrug-
loaded MNs.

3.2.4. Microstereolithography

Microstereolithography is a high-resolution, rapid prototyping 
method capable of producing 3D microstructures with greater 
precision than SLA. The principle of microstereolithography is 
classified into three categories: scanning, projection and sub-
micrometer resolution. Herein, only projection-based microste-
reolithography will be described as it is the only approach used 
for MN fabrication to date. Similar to SLA, fabrication of pro-
totypes is based on the polymerization of resin but instead of 
using UV light to scan the vat point-by-point, projection-based 
microstereolithography illuminates a digital image of each 2D 
slice to cure the resin immediately. A series of 2D slices is used 
to generate sequential dynamic mask patterns for the projec-
tion of microsized laser beam on the resin surface, controlled 
by a digital micromirror device. Consequently, the UV curable 

resin solidifies into shape where exposes to the light. After 
the first layer is completely fabricated, the printed structure is 
immersed into the resin vat to allow the fabrication of a new 
layer on top of the former. It should be noted that projection-
based microstereolithography is also referred to as direct light 
projection (DLP) 3D printing technology.

Fabrication of MNs with different geometries using micro
stereolithography was first introduced by Choi et al. to study 
the effect of geometry on needle insertion and fracture force.[118] 
Three different MNs were designed to consist of two parts, a 
quadrangular pyramid and a square pillar, in various ratios 
(1:1, 2:1, and 1:2) as shown in Figure 10. The dimensions of all 
MNs were kept constant at 900 µm height, 200 µm base, and 
20 µm tip. In order to puncture the skin without breaking, MNs 
should have a fracture force higher than the insertion force. 
Sharp needle tips can reduce the insertion force and increase 
the fracture force as the stress is concentrated at the smallest 
cross-sectional area, which is the needle tip. Consequently, in 
this study, the MNs with the ratio of 1 quadrangular pyramid 
to 2 square pillars showed the best resistance against the load.

After this, researchers began fabricating MNs or MN master 
templates by microstereolithography using a biocompatible,  
commercially available acrylate-based polymer known as 
eShell, which is used in fabrication of thin-walled hearing aid 
shells. Firstly, Gittard et al. fabricated eShell 200 MNs by vis-
ible light dynamic mask microstereolithography, using pulsed 
laser deposition to coat a thin film of silver or zinc oxide on 
the surface of MNs.[119] Silver and zinc oxide coated MNs exhib-
ited anti-bacterial properties against Staphylococcus epidermidis 
and Staphylococcus aureus, two common gram-positive bacteria 
causing skin infections, in the agar diffusion assay. The MNs 
were able to insert the porcine skin, promote wound healing by 
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Figure 10.  Model and MNs fabricated by microstereolithography with the ratio of quadrangular pyramid and square pillar as A) 1:1; B) 1:2 and C) 2:1. 
Adapted with permission.[118] Copyright 2006, IEEE.

Figure 11.  SEM images of Gantrez AN 169 BF MNs within a five-MN array produced by visible light dynamic mask microstereolithography micro-
molding. A) Three Gantrez AN 169 BF MNs; B) An individual Gantrez AN 169 BF polymer MN and C) the tip of an individual Gantrez AN 169 BF 
polymer MN. Reproduced with permission.[50] Copyright 2012, IOP Publishing.

holding the skin around the wound area together and inhibit the 
growth of bacteria at the application site. Second, Boehm et al.  
introduced a scalable and low-cost approach for producing 
quantum dot-coated MNs based on three technologies; visible 
light dynamic mask microstereolithography, micromolding 
and piezoelectric inkjet printing.[122] A master MN mold was 
fabricated out of eShell 200 by microstereolithography and 
subsequently used as a template for PDMS mold production 
by micromolding method. Gantrez AN-139 MNs with cylin-
drical base and conical shaped tip were produced from such 
PDMS molds and the outer surface of MNs was later coated 
with quantum dots by piezoelectric inkjet printing. The surface 
coating by piezoelectric inkjet printing was highly reproduc-
ible, offered minimal contamination, and could be performed 
at room temperature. The Gantrez AN-139 MNs created tem-
porary pores on the porcine skin, enabling the delivery of 
quantum dots into the skin with a penetration depth greater 
than 200 µm. Following on from this, Boehm et al. fabricated 
pyramidal-like MNs from Gantrez AN 169 BF for skin infec-
tion treatment (Figure  11).[50] The MNs coated with Qtracker  
705 non-targeted quantum dot solution by inkjet printing 
exhibited anti-bacterial properties against the growth of Escheri-
chia coli, Staphylococcus aureus, Enterococcus faecalis, and Bacillus 
subtilis in agar plating test after 24 h incubation. Qtracker is a 
registered trademark of Life technologies, New York, USA.

Yun and Kim showed the use of projection-based microste-
reolithography in the fabrication of multimaterial MNs.[120] The 
MN base was manufactured from general resin, while the body 
of MNs was constituted of biodegradable poly(propylene fuma-
rate). These MNs were designed to release drug encapsulated 
in the MN body at a fixed rate. Lu et al. utilized digital micro-
mirror device-based microstereolithography to produce dacar-
bazine-loaded poly(propylene fumarate)/diethyl fumarate MNs 

for the potential treatment of skin cancer.[121] Dacarbazine was 
uniformly blended into the poly(propylene fumarate)/diethyl 
fumarate solution prior to crosslinking. The MNs were conical-
shaped (700  µm height, 200  µm width) with a conical tip of 
300 µm height and 20 µm tip radius. Following in vitro release 
kinetic studies, a burst release of dacarbazine from the MNs 
was observed in the first week, followed by a sustained release 
over a 5 week period. These results highlighted the ability of 
microstereolithography to be used as a suitable technique to 
fabricate drug-loaded MNs.

Lim et al. interestingly fabricated personalized MN 
splints targeting joint inflammation in trigger finger dis-
ease (Figure  12).[116] Initially, the finger was “patched” with a 
liquid formulation of diclofenac diethylamine. Subsequently, 
a MN splint containing solid MNs was applied to the finger 
to perforate the SC for transdermal drug delivery. MNs in the 
splint were fabricated from resin. The MN height was 900 µm, 
base diameter was 300  µm, and the center-to-center spacing 
between each needle was 1800  µm. Significantly higher per-
meation of diclofenac diethylamine (ca. fivefolds, p-value 
<  0.01) was observed in the skin treated with the MN splint 
when compared to topically applied diclofenac diethylamine 
only.

More recently, Yao et  al. prepared MNs from a mixture of 
polyethylene glycol diacrylate (PEG400DA) monomer and 
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide.[117] By 
varying the light exposure time, mechanical properties of MNs 
changed accordingly. The stiffness of MNs was increased when 
the exposure time was longer. Additionally, Yao et al. observed 
that the DLP fabricated MNs contained many micro-pores, 
which promoted the transdermal delivery of rhodamine B into 
the skin and also facilitated the extraction of rhodamine B from 
the artificial skin within 30 min.
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Figure 12.  Images of the MN splint. A) top view of the splint (scale bar = 2 cm); B) side view of the splint (scale bar = 2 cm); C) top view of the arrays 
of MN 3D printed on the inner surface of the splint (scale bar = 1 cm); D) side view of the splint fitted onto the hand model (scale bar = 1 cm); E) SEM 
image of MNs on a personalized contoured surface of the splint and F) a single MN on personalized contoured surface. Reproduced with permis-
sion.[116] Copyright 2020, Wiley.

3.3. Powder Bed Fusion

3.3.1. Selective Laser Melting (SLM)

Selective laser sintering (SLS) 3D printers are based on a laser 
beam, which acts as a concentrated heating beam to sinter 
tightly thermoplastic powders. Sintering refers to the process 
of heating powder particles so that they stick together to form 
a solid structure without reaching the melting point of the 
powder. SLM 3D printing uses a similar technique to SLS, but 
in this 3D printing method, sintering is taken a step further 
and a laser is used to achieve a full melt of the materials 
used.[162] SLM has been used to fabricate hollow MNs. For the 
first time, Gieseke et al. developed a micro SLM system to pro-
duce biocompatible hollow MNs from stainless steel alloy 316L 
powders (Figure 13).[123] Complex structures were fabricated by 
using a small laser spot diameter (19.4  µm) and fine particles 
(5–25  µm). The MNs fabricated by this method had a grainy 
surface due to non-uniform powder spreading. Moreover, some 
parts of hollow MNs were blocked because of high energy 
input-induced powder adherence along the wall. Although 

it is recognized that the depositing mechanism needs to be 
improved in order to enable a smoother MN finish, this study 
highlighted the huge potential of fabricating hollow MNs using 
a SLM 3D printer.

SLM is a powder bed-based layer-by-layer fabrication method 
with high resolution.[163] One of the advantages of SLM printing 
is that various materials can be used and their properties can 
be easily tuned during manufacturing. In addition, the costs 
associated with this method are budget effective.[164] On the 
contrary, the materials used in powder-based printing methods 
include metallic alloys (e.g., stainless steel, nickel, aluminum, 
and titanium). The biocompatibility of these metals therefore 
needs to be considered. Moreover, the end product of the SLM 
method is formed by laser-guided powder melting. This can 
cause a microscopic anisotropy of material along the building 
direction, hence brittle products are obtained. Due to the use 
of powders as the raw material, as previously discussed, MNs 
fabricated by SLM possess undesired rough surfaces. As a 
result, an extra polishing step is required. Generally, the surface 
roughness of SLM printed parts can be improved by different 
post-processing approaches. This includes sand blasting, 
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Figure 13.  SEM image of hollow MN produced by micro SLM. Repro-
duced with permission.[123] Copyright 2012, De Gruyter.

shoot peening, electropolishing, chemical polishing, grinding, 
machining, vibratory finishing, and drag finishing.[165,166] How-
ever, it is worth noting that these approaches require a skilled 
operator and are difficult to apply uniformly on complex-shaped 
parts. As a consequence, it is challenging to improve the sur-
face roughness of MNs produced by the SLM method due to 
complexity and miniscule sizes of the MN structure.

Shortly after the advent of 3D printing technology, it has 
become popular in the field of drug delivery as a tool for MN 
production. Various 3D printing techniques have shown that 
they can manufacture MNs in different manners, such as 
different sizes, shapes, and features. Each technique offers dif-
ferent benefits in MN fabrications. For example, SLA and TPP 
can provide a well-controlled geometry of MNs. However, it 
also inevitably comes with some caveats, such as long produc-
tion time and an unsmooth surface of the finished objects. The  
current development on 3D printing techniques aims to elimi-
nate those limitations while attempting to achieve better  
outcomes, such as strong and sharp MNs. Standing out from 
other 3D printing methods, CLIP offers shorter processing times, 
smoother surface of MN, and more flexibility in MN geometry. It 
is believed that this method will become the future of MN produc-
tion, particularly in the field of drug delivery. Meanwhile, micros-
tereolithography also provides higher precision and faster produc-
tion than SLA. Nevertheless, the undesired stacking effect which 
causes uneven edges of the objects is always observed due to the 
nature of layer-by-layer fabrication. However, the MNs manufac-
tured by this method often possess decent mechanical strength and 
sharpness. Moreover, post coating of the MNs with drugs can be 
done for transdermal drug delivery. SLM is the method that allows 
powder materials to be used as a printing material. However, the  
produced MN has rough surfaces, which can badly affect their 
performance on skin insertion. Additionally, the mechanical 
strength of MN tends to be too low due to the anisotropic property 
after printing. The tips of the MN may snap and remain in the 
skin. The safety aspect should be carefully considered if the fabri-
cation of MN is based on this method.

Considering that the height of MNs is typically less than 
2000  µm to avoid pain receptor stimulation, the printers 

available on the market with Z-axis resolution in the range of 
10 nm to 10 µm are the most promising tool to produce sharp 
MNs with heights below 2000 µm. This is because the printers 
with a higher resolution can slice a CAD design of MNs into 
more and thinner layers compared to those with a lower reso-
lution. As a result, much finer detail of MNs can be achieved, 
especially the tip section, which significantly impacts the inser-
tion ability. Römgens et al. investigated penetration depth into 
ex vivo human skin of single solid MNs with different tip diam-
eters (5, 15, 24, and 37  µm) and force required by these MNs 
for skin insertion.[167] It was observed that the MNs with 5 µm 
tip diameter could insert into the skin deeper and required 
less force for the skin insertion when compared to the MNs 
with larger tip diameters (20 mN for 5  µm tip diameter and  
167 mN for 37  µm tip diameter). Khanna et al. also showed 
that increasing the sharpness of hollow silicon MNs resulted 
in lower insertion force required to insert the MNs into human 
cadaver skin (10.97 gf for 119.8 µm tip diameter and 475.14 gf 
for 153.9 µm tip diameter).[168]

Table  4 shows the Z-axis resolution, accuracy, speed, and 
relevant costs of 3D printing methods. Except for FDM, most 
3D printing methods possess good resolution and accuracy 
for printing MNs. This is in accordance with several precedent 
studies that FDM printers cannot independently produce intri-
cate MNs. Hence, additional steps or techniques are required to 
refine MN shapes, such as chemical etching.

4. 4D Printing

While 3D printing becomes more popular, the term, 4D 
printing is a new and emerging printing technique.[175] 4D 
printing enables a printed structure to change its form or func-
tion with time following external stimulation such as pres-
sure, temperature, wind, water, or light.[176] Therefore, this new 
dimension provides great potential to further widen the appli-
cation areas of 3D printing.

Interestingly, MNs have been recently manufactured using 4D 
printing. In a study by Han et al. (2020), MNs containing back-
ward-facing bards were fabricated using 4D printing in order to 
increase MN adhesion to the skin.[49] In this study, to achieve the 
concept of 4D printing, projection-based microstereolithography 
was used in conjunction with a programmed shape deforma-
tion of barbs employing printing process-induced crosslinking 
density gradient (Figure  14). MNs were fabricated from 
poly(ethylene glycol) diacrylate (PEGDA 250), phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide, and Sudan I that served as a 
monomer, photoinitiator (PI), and photoabsorber (PA), respec-
tively. While PI concentrations controlled the reactivity of the 
precursor, the PA played a critical role in the penetration depth 
of light. The thickness of barbs increased with longer light expo-
sure time, higher PI concentrations and lower PA concentra-
tions. Also, since the light irradiation intensity reduced while 
traveling through the precursor solution, this resulted in gra-
dient crosslinking density through the layers. The upper layers 
were relatively more crosslinked than the lower layers. Some 
uncrosslinked monomers in the lower layers could be removed 
by immersing the MN in ethanol (desolvation), hence void 
areas beneath the bards were generated. Upon drying, the barbs 
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Table 4.  Information of Z-axis resolution, accuracy, speed, and relevant costs of different 3D printing methods[149,161,169–174] (N/A: not available).

Method Z-axis resolution [µm] Accuracy [µm] Speed Equipment costsa) Material costsa) Labor needs/production 
time

FDM 50–2000 100 N/A $199–$185 000
Budget printers start 

from few hundred 
dollars.

Higher quality mid-
range desktop printers 

start from $2000.
Industrial systems start 

from $15 000.

$15–$180 per kg for filaments
$100–200 per kg for support 

materials

Manual support removal
Lengthy postprocessing is 
required for a high-quality 

finish.

SLA 10–200 0.5–50 N/A $170–$490 000
Professional desktop 

printers start form 
$3500.

Large-format benchtop 
printers start from $11 

000.
Large-scale industrial 
machines start from 

$80 000.

$50–$250 L–1 for resins Washing and postcuring
Simple postprocessing to 

remove support marks

TPP 0.08–0.15 0.5–50 100 µm s–1 $350 000+ N/A Processing time > 3 h for 
MN arrays

CLIP 50–100 0.5–50 1–5 µm min–1 $64 000–$162 500 $99–$399 per L for resins Washing and post-curing

Microstereolithography 0.6–200 10–62 60 mm h–1 $450–$250 000 $50–$435 per L for resins Washing and postcuring
Postprocessing to remove 
any support and to polish 

the printed part

SLM 20–500 N/A N/A $250 000–$500 000 $5 per kg for aluminum
$50 per kg for nickel
$75 per kg for steel

$150 per kg for titanium

Postprocessing to improve 
surface quality

Part separation can take 
from an hour up to 2 d

a)Estimated equipment and material costs are from the website of manufacturers and suppliers, latest updated in January 2022.

shrunk and bended downward. The MNs with barbs improved 
the skin adherence and displayed an 18-fold increase in mechan-
ical strength when compared to MNs without barbs. Addition-
ally, the MNs with barb structures could carry a high quantity of 
drug, promoting drug delivery through the skin.

5. Integration of 3D Printing with Other 
Technologies to Develop and Produce Novel MNs
The diversity and versatility of operations enabled by 3D 
printing can be segmented through the integration of other 
technologies to fabricate MNs. In this section, examples of con-
junct technologies, such as microfluidics, electrodes, and cell 
encapsulation in combination with 3D printing are described. 
Table  5 summarizes the examples of MNs fabricated by 3D 
printing methods combined with conjunct technologies.

5.1. Integration of 3D Printing with Microfluidic Technology

Microfluidic is a technology designed to manipulate a minuscule 
amount of fluids that are confined in a network of microscopic  

channels, which are embedded in a small device.[182,183] The 
miniaturization of microfluidic technology offers several advan-
tages. The key benefit is that the manipulation of such a device 
requires a small volume of fluid (picoliter to nanoliter).[183,184] 
The ease of use and low production cost make microfluidic 
technology very attractive. Other advantages include high 
analytical throughput, high sensitivity and specificity, facile 
parallelization through multiplexing, and minimal contamina-
tion.[184–186] Microfluidic devices can be fabricated from several 
methods (e.g., laminate, photolithography, soft lithography, hot 
embossing, injection molding, laser ablation, and 3D printing) 
and materials (e.g., metal, glass, quartz, and polymers).[183,186,187] 
In the past decade, the applications of microfluidic technology 
are widely expanding to the pharmaceutical field, medicine and 
biology, such as bioassays, drug screening and analysis, tissue 
engineering and medical diagnostics.[182,184] Recently, the inte-
gration of microfluidic technology with a MN has gained a 
huge interest due to their similarity in size range. 3D printing 
has highlighted the possibility of merging both technologies 
together. This not only can reduce the cost of production, but 
it also adds new features to the device to facilitate more precise  
drug delivery or more effective interstitial fluid extraction. 
Although microfluidic devices have been reported to be  
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Figure 14.  4D printing of bioinspired MN using projection-based microstereolithography. A) Schematic illustration of the projection-based microste-
reolithography process. B) Schematic illustration of 4D printing approach to program deformation of horizontally printed barbs into a backward-facing 
shape. C–E) SEM images of 4D printed MN array with backward-facing barbs. Reproduced with permission.[49] Copyright 2020, Wiley.

produced by FDM, only SLA and TPP are the preferred options 
for manufacturing microfluidic-MN devices. This is perhaps 
due to the low resolution of FDM, which leads to high sur-
face roughness of the end product when compared to SLA and 
TPP.[187] SLA-microfluidic and TPP-microfluidic technology will 
now be discussed in turn.

Yeung et al. demonstrated the use of SLA 3D printing to 
manufacture intricate microfluidic-enabled MN devices in a 
single step (Figure 15).[46] Different geometries of hollow MNs 
resulted in different penetration depths. The printed geom-
etries included two of the most commonly reported 3D printed 
MN designs: a pyramidal MN with a triangular base and tip 
orthogonally aligned with a vertex of the base and a conical MN 
with tapered sidewalls. With this, a fine-tip syringe-shaped MN 
design was also manufactured. Conducting insertion studies 
using Parafilm M, it was concluded that the syringe-shaped 
MN design maximized depth and ease of insertion compared to 

other designs tested. Therefore, the syringe-shaped MN design 
was taken forward for further studies. An ex vivo transdermal 
drug delivery study was performed. In this work, this MN 
design was integrated with microfluidic modules. Model drug 
solutions, rhodamine B, fluorescein isothiocyanate, and meth-
ylene blue were injected through the device and into porcine 
skin. Homogeneous mixing of multiple fluids was achieved at 
various flow rates and ex vivo confocal laser scanning micros-
copy validated the device’s ability to transdermally deliver these 
model drug solutions in a controlled manner.

Cylindrical-shaped hollow MN-open microfluidic channel 
devices integrating TPP, micromolding, soft embossing 
and microfluidic technology were produced by Rad et al. 
(Figure 16).[178] Along the body of the MN, an open channel was 
aligned at the side from the tip to the base of the MN. This 
open channel was subsequently extended to a reservoir at the 
base of the MN. After preparing master templates using PDMS, 
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Table 5.  Examples of MN embedded devices fabricated by 3D printing technology and other technologies.

Fabrication method Conjunct technology Material(s) Geometry Application(s) Refs.

SLA Microencapsulation Resin Hollow MNs Cell delivery Farias et al.[177]

TPP Microfluidic IP-S photoresist  
for master MNs;

cyclo-olefin  
polymer for MNs

Cylindrical hollow MNs Drug delivery and collection 
of subcutaneous fluid

Rad et al.[178]

TPP Microfluidic Resin Hollow MNs Drug delivery Yeung et al.[46]

TPP Microfluidic OrmoComp Hollow MNs Drug delivery and
fluid extraction

Trautmann et al.[179]

DLP Carbon fiber electrode eShell 200 Hollow MNs Electrochemical sensor Miller et al.[180]

Microstereolithography Electrodes eShell 300 Hollow MNs Biosensor for pH, glucose 
and lactate detection

Miller et al.[181]

Figure 15.  3D printing of microfluidic-enabled hollow MN devices. A) CAD model of a representative microfluidic-enabled MN device as an input to 
the SLA printer. B) The printed device with three microfluidic inlets converging into a 3D spiral chamber and to a hollow MN array outlet. C) Close-up 
of the inlet junction visualizing the convergence of red-dyed, clear, and blue-dyed solution streams. D) Close-up of the hollow MN array and E) The 
schematic diagram of the experimental setup and the CLSM imaging area. Adapted with permission.[46] Copyright 2019, AIP.

MNs were fabricated from thermoplastic pellets, cyclo-olefin 
polymer, Zeonor 1060R. Due to the hydrophobic nature of this 
polymer, oxygen plasma treatment was carried out to make the 
surface of MNs and open channels more hydrophilic. This step 
was conducted so that the MN could encourage passive filling 
of the open channels and reservoir of ISF from the skin in 
future experiments. After performing physical characterization 
tests on these novel MNs, the delivery of model drug, fluores-
cein was investigated. MNs were dip-coated into a concentrated 

aqueous solution of fluorescein. The penetration of fluores-
cein into a rabbit ear was visualized by two-photon optical sec-
tioning. This proof-of-concept study demonstrated the potential 
application of 3D MN prototyping, TPP, micromolding and 
embossing for drug delivery.

In another example, Trautmann et al. combined TPP with 
microfluidic technology to create hollow MNs connected with 
microfluidic channels for drug delivery and fluid extraction.[179] 
These MNs were fabricated by TPP into conical and pyramidal 
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Figure 16.  A) SEM image of fabricated single open-channel MN connected to a reservoir by 3D laser lithography. B) A MN array with side channels 
connected to reservoirs, MNs have 700 µm total height, 150 µm tip height, 150 µm flange height. C) A MN array with side channels connected to 
reservoirs, MNs have 700 µm total height, 350 µm tip height, 150 µm flange height. D) MNs having two side-opened channels connected to different 
reservoirs and E) Ultrasharp MN tip. Adapted with permission.[178] Copyright 2107, Springer Nature.

shapes with a truncated tip, and subsequently connected to the 
microchannels which were generated in the internal polyme-
thyl methacrylate bulk material by a femtosecond pulse laser 
system. Each MN geometry was further modified to have dif-
ferent wall angles which were 11° for thin MNs and 24° for 
thick MNs. Owing to the property of photosensitive material, 
OrmoComp, the MNs were mechanically strong enough to 
penetrate porcine skin and remained intact after several skin 
insertions. OrmoComp is a registered trademark of micro 
resist technology GmbH, Berlin, Germany. The functionality of 
MNs-microfluidic channels was demonstrated by running rho-
damine B and distilled water through the structure. This study 
showed that both low viscous rhodamine B in distilled water 
solution (≈1 mPa s at 20 °C) and viscous ethylene glycol (20.81 
mPa s at 20 °C) could run through an opening orifice of 30 µm 
and fill up the microchannels.

5.2. Integration of 3D Printing with Carbon Electrodes

To continuously monitor the level of metabolites (e.g., glucose, 
lactate, uric acid) in a non-invasive manner, many wearable bio-
sensors have been extensively developed to detect biomarkers 
in saliva and sweat.[188–190] Biosensors are devices that enable 
a real-time analysis of analytes in a biological sample.[190] An 
electrode used in biosensors can be made of a variety of mate-
rials (e.g., silver, gold, nickel, platinum and carbon).[191] The 
choice of material for making an electrode is dependent on the  
purpose of the sensor. Since carbon is inert, biologically com-
patible, cheap, electrical conductive and possesses a high  
surface area, it is most commonly used for making an electrode 
in electrochemical biosensors.[191–194] Interestingly, 3D printing, 
particularly microstereolithography, has been used in combina-
tion with carbon electrodes to monitor analytes in situ. In this 
regard, two examples will now be discussed.

Firstly, Miller et al. fabricated tetrahedron-shaped hollow 
MNs out of eShell 200 using microstereolithography and 
manually inserted carbon electrodes into the inner structure 
of hollow MNs to generate a real-time electrochemical sensing 
device.[180] These MNs exhibited biocompatibility to human 
dermal fibroblasts and neonatal human epidermal keratino-
cytes, and the integrity of these MNs remained intact after the 
removal from the skin. The carbon electrodes integrated within 
the hollow MNs also showed the ability to detect the presence 
of ascorbic acid and also hydrogen peroxide via palladium-cat-
alyzed oxidation. Second, Miller et al. developed a MN-based 

biosensor for multiplexed in situ detection of pH, glucose, 
and lactate.[181] A hollow MN was fabricated out of eShell  
300 acrylate-based polymer using projection-based micro
stereolithography. Subsequently, the MN was aligned on a 
flexible flat cable that contained a laser-ablated opening well 
filled with specially formulated carbon paste for pH, glucose, 
or lactate detection. The device was capable of selectively 
detecting changes in pH, glucose and lactate over physiologi-
cally relevant concentrations, offering the potential applica-
tion for detecting metabolic acidosis and monitoring tumor 
microenvironment.

5.3. Integration of 3D Printing with Cell Microencapsulation

The microencapsulation of cells in a biocompatible matrix has 
gained a lot of interest in the fields of drug delivery and regen-
erative medicine. This technology involves the encapsulation 
of cells in a semipermeable membrane (commonly made of 
biocompatible polymer), which allows the exchange of nutri-
ents, oxygen, waste, and therapeutic factors secreted by the 
entrapped cells.[195,196] This semipermeable membrane also 
protects against the elimination of delivered cells by immune 
cells, antibodies and high molecular weight molecules. As a 
result, the rejection of graft is decreased and immunosuppres-
sants are not required for transplantation.[197] In the regard of 
regenerative medicine, cell microencapsulation can be used for 
the direct delivery of cells to the targeted wound area. These 
cells will subsequently promote the wound healing process by 
secreting cytokines and growth factors to induce the formation 
of new tissue. Regarding drug delivery, cell microencapsula-
tion has been used in combination with the fabrication of MNs 
through 3D printing. For example, Farias et al. investigated the 
feasibility of using hollow MNs fabricated from biocompatible 
resin (FLGPCL02 photoresin) by SLA 3D printing as a platform  
to deliver human hepatocellular carcinoma (HepG2) cells 
encapsulated in crosslinked alginate capsules.[177] FLGPCL02 
photoresin is a registered trademark of Formlabs Inc, 
Massachusetts, USA. The device consisted of a cylindrical cell 
reservoir and MN in which the shape and tip radius of MNs 
were conical and 162.5 µm ± 20 µm, respectively. The device was 
not cytotoxic and the viability of HepG2 cells post-extrusion at 
24 h from the device was not significantly different (p = 0.500) 
from nonextruded control cells. Hence, this could be considered 
as a new approach for cell delivery to enhance wound healing at 
a specific site.
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6. Conclusion 

3D printing technology shows promising feasibility in fast pro-
duction of complex MN structures for drug delivery and skin 
fluid extraction. 3D printing methods which are based on light-
induced polymerization can produce MNs in higher resolu-
tions and with smoother surfaces when compared to hot-melt 
extrusion-based and powder bed-based 3D printing approaches. 
Various 3D printing methods enhance the performance of 
MNs in skin penetration by shape and geometry modification, 
facilitating the delivery of drug to the deeper layers of the skin. 
Emergence of 3D printing with conventional techniques such 
as hydrogel shrinkage and micromolding results in MNs with 
smaller sizes or finer features. Moreover, 3D printing inte-
grated with other technologies can create customized drug 
delivery systems for multiple drugs or real-time biosensors  
utilizing skin biomarkers.

7. Expert Opinions

MNs were conceptualized in 1971 and since then, the field of 
MNs have grown considerably. In terms of the transdermal 
market, the market growth between 2019 and 2023 is predicted 
to reach $1.79 billion.[198] With this, the World Economic Forum 
has included MNs as number one on the top 10 most relevant 
emerging technologies of 2020.[199] Using various 3D printing 
methods for the fabrication of MNs has recently become more 
popular. Owing to several benefits of 3D printing, the fabrica-
tion of high-quality MNs with complex designs or integrated 
MN devices comprising of a MN and other technologies  
(e.g., microfluidics, electrodes, or cell microencapsulation) is 
now feasible. However, the capabilities of 3D printing in the 
fabrication of MNs could be further expanded. As previously 
discussed, in addition to transdermal drug delivery, MNs have 
been considered for a range of other applications, including 
therapeutic drug monitoring. To illustrate the potential of MNs, 
one can envisage that the outer surface of MNs fabricated by 
3D printing provide an area for drugs/proteins to deposit. As 
a result, liquid formulations of drugs/proteins could be coated 
on the MNs by inkjet printing or pulsed laser deposition. In 
the same vein, electrospinning could be used as a coating 
technology for depositing solid drug formulation in the form 
of nano- or microfibers onto the MNs after 3D printing. In 
addition, by modifying the properties of polymer solution and 
tuning process parameters, electrospinning can be transformed 
to electrospraying, which, instead of generating fibers, pro-
duces minuscule particles.

The formation of personalized MN devices based on the 
individual physiological structures is currently possible. Com-
monly, MNs are designed to align on a small baseplate in a 
square or circular shape. With more advanced technologies 
and knowledge, MNs can be now fabricated on or as part of 
a device, such as drug eluting balloons and vascular couplers, 
to provide more surface area for drug coating and to diminish 
the inefficacy of the current treatment.[200,201] Therefore, MN 
devices have potential to be applied on various organ’s sur-
faces apart from the skin. In general, 3D printing systems are 
becoming more affordable, therefore, 3D printers are now more 

accessible to people. Nowadays there are also 3D printers in 
several hospitals for crafting parts of some medical devices or 
even making personalized treatment such as 3D printed casts 
for patients. In this regard, a common 3D printing method, 
like FDM, can be used. On the other hand, the production of 
MNs is too demanding for the common method to be used, as 
it requires much higher resolution to achieve appropriate MN 
sharpness. Furthermore, the materials used in the 3D printing 
process must also provide satisfying mechanical strength 
after the production process to obtain strong MNs. Currently, 
most of affordable printers are FDM- and SLA-based printers  
(see Table  4). Although the materials used with these printers 
possess strong mechanical strength, they lack the ability to pro-
duce well-defined structures like MNs, especially the sharp tips 
that require high precision. As a result, the higher-resolution 
3D printing methods that can accommodate such requirements 
are significantly more expensive and time consuming. In addi-
tion, the majority of these systems (e.g., TPP and CLIP) require 
photosensitive resins reducing the selection of available mate-
rials. This is an important limitation as these techniques can 
produce sharp solid MN arrays or hollow MNs. Accordingly, in 
order to use these devices to deliver drugs/vaccines they need 
to be coated into the surface, use a “poke with patch” approach 
or, for hollow MNs, directly injecting a formulation. This is a 
significant limitation considering that a large portion of MN 
applications described for drug/vaccine delivery use dissolving 
MN system. Currently, the only possible ways of producing a 
dissolvable 3D printed objects using water-soluble polymers, 
such as PVA, PVP or other pharmaceutical excipients, are 
extrusion-based technique[3,202,203] or SLS.[204] However, these 
types of 3D printing technologies present limitations in terms 
of resolution to prepare MN arrays. Additionally, to incorpo-
rate the therapeutic compound into this type of systems high 
temperatures are required that could potentially damage the 
cargo. Accordingly, there is a clear need to improve available 3D 
printing techniques to be able to prepare dissolving MN arrays.

In addition to the technical limitations described in the 
previous paragraph there are some extra hurdles that must 
be overcome before 3D printed MNs can transition from the 
laboratory to the end-user. These can be categorized into three 
groups: safety, acceptability, and regulatory. Although these 
hurdles have been previously discussed elsewhere,[205,206] their 
focuses have not specifically been toward 3D printing. The 
safety of MNs is crucial to the acceptance by both healthcare 
providers and patients. To the best of our knowledge, there are 
currently no studies that directly investigate the safety of MNs 
fabricated using a 3D printer. Despite previous safety studies 
demonstrating that the risk of a skin infection caused by MNs 
is minimal,[96,207,208] ultimately, the safety studies need to be 
investigated to confirm the implication of MNs fabricated by 
3D printing. The US FDA has issued a guidance for industry 
and food and drug administration staff regarding regulatory 
considerations for microneedling products in November 2020. 
This guidance suggests that safety data should be collected in 
a clinical study to ensure that use of the MN device is safe. 
The safety data include the risks of infection, nerve and blood 
vessel damage, scar formation, hyper-/hypo-pigmentation, 
skin inflammation, allergic reactions, skin irritation, and other 
adverse events related to the use of the MN device.[209] Although 
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the guidance recommends the manufacturers to consider the 
risk of skin infection from the use of MN device, it is unclear 
whether the final product will need to be sterilized, prepared 
under aseptic conditions, or simply host a low bioburden. 
If the sterilization or use of aseptic techniques in MN device  
production is a legally enforced requirement for marketing, the 
costs and complexity of production will considerably increase. 
Selecting an appropriate sterilization method will also be  
crucial, since the most common approaches (e.g., moist heat, 
gamma radiation, ethylene oxide) can cause undesirable trans-
formation of the MNs themselves and/or any contained active 
ingredient (e.g., small drug molecules and biomolecules). In 
this regard, any contained microorganisms and pyrogens may 
need to be identified and quantified, and the MN device may be 
acceptable for use as a low bioburden product.[210] It is impor-
tant to note that the sterilization of certain types of 3D printed 
objects, such as PLA-based objects, can be challenging.[211,212] 
However, it has been demonstrated that certain types of 3D 
printing techniques can be used to prepare sterile compo-
nents using non-sterile materials without further sterilization 
steps.[213] However, more research is needed in order to evaluate 
if this can be applied to the production of sterile parts under 
FDA regulations.

In addition, healthcare providers and patients must be 
willing to prescribe, use and accept MNs as an alternative  
pharmaceutical device. In particular, for patient acceptance, 
MNs must be as convenient, if not more so, than a patient’s 
current treatment regimen. For instance, efforts have been 
made to assess that patients can easily self-apply MNs, with 
through counseling or through the use of a pressure-indicating 
sensor film.[36,43,214]

Many of the studies referenced in this review demonstrate 
the ability of 3D printing to be used for the fabrication of MNs. 
Whilst it is shown that 3D printing technology offers rapid MN 
fabrication with high resolution and flexibility, there are spe-
cific regulatory challenges associated with 3D printed MNs. 
One main challenge in this regard is the commercial scale-
up of 3D printed MNs. To date 3D printing is still far from  
perfection due to the high cost of 3D printing systems and the 
time that 3D printing takes to produce products in bulk. As a 
result, the expensive cost of using advanced printing method, 
like TPP, to craft high quality MNs has to be contemplated in 
mass-scale commercialization. 3D printed MNs can be highly 
useful for other applications, such as modifying the device to 
best suit the patient’s need. This type of application can be  
feasible if they are applied to serious conditions such as cardio-
vascular disease.[215] However, it is important to note that some 
materials required for 3D printing are not suitable for human 
use due to toxicity. Furthermore, the fabrication methods 
which are based on the exposure to light or using heat could 
accelerate the degradation of drugs and biomolecules. In this 
regard, blending drugs or biomolecules with printing materials 
can be challenging. For FDM-based printers, organic solvents 
are generally required to dissolve most of polymeric filaments 
or pellets to homogenously mix with drugs or biomolecules.  
Moreover, there will be an additional step to reproduce  
filaments with specifically defined diameter from an active  
molecule–polymer blend using hot-melt extrusion. This heating 
step is prone to result in the degradation of heat-labile drugs/

biomolecules prior to printing. Another two crucial points to be 
considered are the dissolubility of MNs and the period, which 
MNs are in contact with the skin. Since most of printing mate-
rials are hydrophobic, they are less likely to be dissolved by the 
fluid in the skin. As a result, prolonged application time may 
be required to allow MNs to dissolve in order to release active 
drugs or biomolecules. Therefore, more appealing approaches 
such as using water-soluble printing materials, or coating active 
ingredients on the surface of MNs are more commonly used. 
Consequently, the selection of 3D printing methods and mate-
rials during the development of MNs should be thoroughly 
considered if mass production is desirable in the future. It is 
more likely that using 3D printing to produce a master MN, 
which will be subsequently used to produce molds, will be 
more realistic for commercialization. These molds can then 
be repeatedly used to produce many MNs in a short time-
scale, with favorable FDA-approved polymers employed rather 
than toxic resins. Moreover, the molds can also function as a 
simple device for coating solutions (e.g., drug solution, protein 
solution) on the surface of MNs. By simply filling the holes of 
each mold with coating solution and reinserting the MNs into 
the molds, the coating material will be adsorbed/absorbed on 
the MNs depending on the types of material constituting the 
MNs. An alternative approach for depositing drug or protein 
on the surface of MNs involves an inkjet printer to precisely 
dispense a defined amount of drug or protein solution on the 
surface of MNs in a reproducible manner. With this method, 
dose of drug/protein can be adjusted to meet the need of the 
individual for their course of treatment. While the MNs bypass 
the SC to enhance the success of drug delivery, the composi-
tions of coating material will determine the release rate and 
order of active ingredients to the skin. One limitation is pos-
sibly the amount of drug/protein that can be loaded on the sur-
face of MNs. The thickness of the coating material should not 
be too thick to change the capability of skin insertion of MNs. 
Therefore, highly potent drugs and proteins are generally more 
suitable in this regard when compared to drugs/proteins with 
lower potency. In this case, vaccines are the most promising 
substances as their effective doses are relatively small (e.g., 
Spikevax: 50–100  µg mRNA,[216] Comirnaty: 30  µg tozinam-
eran,[217] influenza vaccines: 7.5–15 µg,[218] etc.). Other examples 
of potent drugs and proteins and their effective doses that have 
been delivered by coated MNs are pilocarpine (5.5 µg),[219] dox-
orubicin (0.6  µg),[220] desmopressin (82  µg),[61] OVA (1  µg),[221] 
and 5-aminolevulinic acid (350  µg).[222] Therefore, the inkjet 
printer-mold combination is considered to be the future of MN 
mass manufacture.
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