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A B S T R A C T   

Microneedles as novel transdermal drug delivery systems have lately attracted extensive attention due to their 
distinguished properties, including improved patient compliance and self-administration, compared to tradi-
tional parenteral administrations such as intravenous injection, intramuscular injection and subcutaneous in-
jection. However, the great difficulties of precisely manufacturing those microneedles and patches within micro 
scale have strongly retarded their commercialization and clinical applications, particularly for the personalized 
medicine. Recently, numerous researches of utilizing 3D-priting process to fabricate transdermal drug delivery 
systems have been reported, not only adopting versatile printing methodologies, but also utilizing with different 
formulation strategies, to fabricate both artificial cargo delivery systems and sophisticated bio-inspired micro-
needles. This review aims to summarize those lately reported studies and to elaborate their advantages and 
limitations, discussing promising potential applications as novel drug delivery systems.   

1. Introduction 

Since the scopolamine transdermal patch was firstly approved in 
1979 for treating motion sickness (Scheindlin and Scheindlin, 2004), 
transdermal drug delivery system (TDDS) has attracted extensive 
attention owing to its tremendous advantages. On one hand, it is capable 
to avoid undesirable metabolism both in gastrointestinal tract and in the 
liver (Tsai et al. 2019; Indermun et al., 2014) during oral administration, 
not only producing a tunable drug release (Chen et al., 2018a), but also 
allowing an enhanced drug absorption, eventually leading to an 
improved bioavailability. On the other hand, the transdermal drug de-
livery system also possesses numerous benefits compared to the paren-
teral administrations, particularly the painless (Hegde et al., 2011), and 
easily operated self-administration process with improved patient 
compliance (Sanjay et al., 2018). However, the existence of stratum 
corneum in the outer-most skin layer (Gelker et al., 2019; Ita, 2015; 
Singh et al., 2010), brings a strong obstacle for the transdermal ab-
sorption of active pharmaceutical ingredients (APIs), especially for drug 
substances with Log P values below 1 or greater than 3 (Larrañeta et al., 
2016), leading to an inadequate plasma concentration for therapeutic 
effects. To ensure a satisfactory transdermal permeability, both chemical 
strategies with proper penetration enhancers, and physical approaches 
(Prausnitz and Langer, 2008; Lee et al., 2018b) such as iontophoresis, 

electroporation, sonophoresis, jet injection, have been utilized. None-
theless, those methods always associated with many limitations, 
including skin selective permeability towards charged particles, poten-
tial painful sensation induced by electrodes, deep skin tissue damage 
caused by high-frequency sonophoresis, and adverse reactions including 
bruising, bleeding generated by high-pressure spray (Zhang et al., 
2019b; Ita and Ashong, 2020). Those disadvantages have strongly 
retarded their clinical applications. Hence, the arrival of a novel 
permeability enhancing methodology with higher effectiveness, more 
skin-friendly procedure would be highly anticipated. 

Microneedle (MN), as a novel transdermal drug delivery system, 
lately has received great attention due to its distinguished properties, 
such as self-administration, minimally invasive and painless penetration 
resulted from its micro-scaled dimension (Larrañeta et al., 2016; Liu 
et al., 2020). The primary principle of drug transportation by micro-
needle involves creating a micro-channel by disrupting the skin barrier 
(Yang et al., 2019; Duarah et al., 2019) so as to deliver both small drug 
molecules, protein or peptide cargos and drug-loaded nanocarriers into 
the site of topical action or the site of absorption for systemic effect 
(Wang et al., 2017; Chang et al., 2020; Kim et al., 2012). Additionally 
and practically, a wearable monitoring device with multistage trans-
dermal drug delivery module consisting of microneedles is also of 
particular interest to researchers (Lee et al., 2017). Lately reported 
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microneedle systems with specific applications include solid, hollow, 
coated, dissolving and hydrogel-forming microneedles (Sharma et al., 
2019; Waghule et al., 2019), details of which have been provided in 
Table 1 with their traditional fabrication approaches. 

Despite those distinguished properties, the ongoing challenge of 
precisely manufacturing those micro-scaled devices has greatly hin-
dered their practically industrial applications (Bilal et al., 2020). 
Currently, traditional fabricating methods such as micromoulding 
(Gholami et al., 2019; Chen et al., 2019), laser cutting (Liao et al., 2019), 
lithography (Chen et al., 2018c), wet and dry etching (Ceyssens et al., 
2019; Li et al., 2019a) are commonly utilized to produce diverse 
microneedles. However, most of these technologies involve complicated 
multi-step manufacturing processes, highly complex and cost-added 
equipment, which have imposed strong restrictions on the industriali-
zation up-scaling of these versatile microneedles (Economidou et al., 
2018). Impressively, the emerging of three dimension printing (3D- 
printing) technology has ideally overcome these limitations of above- 
mentioned manufacturing methods, not only accomplishing continu-
ously one-step manufacturing, but also enabling a desirable microneedle 
for personalized customization (Ligon et al., 2017; George et al., 2017). 

3D-printing technology, commonly known as additive 
manufacturing (AM), is based on the computer aided design (CAD) 
module, which selectively places materials layer-by-layer to produce 
parts with arbitrary geometric complexity (Tay et al., 2016; Shirazi 
et al., 2015). In the past decade, different 3D-printing technologies such 
as material extrusion, photopolymerization, powder bed fusion pro-
cesses, material and binder jetting, have been proposed to precisely 
fabricate versatile drug dosages for diverse applications including 
printlets for oral administration (Ligon et al., 2017; Pandey et al., 2020) 
and implants for targeted drug delivery (Koffler et al., 2019; Cidonio 
et al., 2020), showing great potentials in preparing pharmaceutical 
products, especially for promising personalized medicines (Kjar and 
Huang, 2019). More recently, 3D printing has been extensively reported 
to produce both artificial and bioinspired microneedles for minimally 
invasive transdermal drug delivery. This review aims to summarize 
those 3D-printed microneedles with their respective advantages and 
limitations, and to provide future perspective for applying this novel 

manufacturing technology in the future pharmaceutical industry. Ref-
erences were searched and collected from comprehensive literature 
databases (PubMed, SCOPUS, Web of Science and Google Scholar) along 
with cross-referencing published articles. Although the search had an 
inclusion of year limit (from January 2015, to September 2020), typical 
earlier attempts also had been discussed in the review. Keywords 
included a combination of “3D printing”, “microneedles” and “trans-
dermal drug delivery”. 

2. Microneedles printed with diverse strategies 

The strict requirements of microneedles for transdermal cargo de-
livery in terms of formulation strategies and manufacturing precision 
have largely hindered practical applications of commonly used 
manufacturing technologies. Impressively, two typical 3D printing 
techniques, i.e., fused deposition modeling (FDM) and photo-
polymerization, lately have been reported that they are sufficiently 
capable to fabricate those microneedles with high quality (George et al., 
2017; Vithani et al., 2018; Awad et al., 2018; Lay et al., 2020; Walker 
et al., 2019). On one hand, the FDM, based on the technique of hot-melt 
extrusion with polymer filaments fed through a heated nozzle and 
extruded into a building platform to form desired objects layer-by-layer 
(Bhushan and Caspers, 2017), is practically suitable for almost all 
polymeric materials, particularly for the thermally stable pharmaceu-
tical actives and excipients, leading to a fascinating applicable formu-
lation strategies (Prasad and Smyth, 2016). 

On the other hand, the photopolymerization with a tunable pro-
cessing by modulating the specific photo source and photoinitiator, has 
shown great advantages in precisely fabricating pharmaceutical im-
plants as well as dosages, especially those small-scaled printlets (Wang 
et al., 2020; Xu et al., 2020). Typical photopolymerization printing 
techniques including stereolithography (SLA), digital light projection 
(DLP), continuous liquid interface production (CLIP) and two-photon 
photopolymerization (TPP) have been lately reported in 
manufacturing transdermal microneedles (Vithani et al., 2018). 

2.1. Fused deposition modeling (FDM) 

In a typical FDM process (Fig. 1A), a polymeric filament needs to be 
firstly prepared by the holt-melt extrusion, following by a deposition 
process layer by layer to form a predesigned structure (Tan et al., 2018). 
This technique has shown tremendous potentials both in fabricating 
biomedical instruments, e.g., implants (Kempin et al., 2017), and in 
manufacturing pharmaceuticals, not only including orally administered 
preparations such as tablets capsules (Araujo et al., 2019), but also 
involving transdermal dosages such as patches and microneedles. 

For the FDM printing technology, both the printing materials and the 
printing parameters such as printer nozzle diameter, printing tempera-
ture and layer thickness, could significantly influence the final quality of 
the printed microneedles. One example utilizing the FDM to fabricate 
microneedle patches with milliprojections has been proposed by Tang 
and co-workers (Tang et al., 2019). With poly (lactic acid) (PLA) as the 
printing material, they investigated the influence of various printing 
parameters on the printed transdermal drug delivery system based on 
the surface finish and dimensional accuracy of the milliprojections. They 
found that the extrusion and printing process caused change in the 
molecular weights of the polymers, suggesting there was thermal 
degradation during the FDM printing process. It is interesting to note 
that the “stair-stepping” effect, which was clearly observed from the 
close-up images of milliprojection (Fig. 1B) and was caused by layer-by- 
layer manufacturing, would strongly affect the morphology properties of 
the printed transdermal patches. Their results indicated that a thinner 
layer led to a more accurate tip, and a thinner infill width resulted in 
more accurate part diameters. They also concluded that increasing the 
spacing between milliprojections with smaller nozzle orifice could 
achieve a better surface finish, but had no significant effect on the part 

Table 1 
Traditional fabrication approaches of microneedle.  

Fabrication methods Microneedle types 

Micro- 
moulding 

Centrifugal casting (Gholami 
et al., 2019) 
Double-penetration female mold 
(DPFM) (Chen et al., 2019) 
Hot embossing method (Andersen 
et al., 2018) 
Injection moulding (O’Mahony 
et al., 2019) 

Solid MN; 
Coated MN; 
Dissolvable MN; 
Hollow MN; 
Hydrogel-forming MN 
(Gratieri et al., 2013; 
Migdadi et al., 2018; Demir 
et al., 2017; Donnelly et al., 
2012; Courtenay et al., 
2019) 

Laser cutting Direct laser writing (DLW) (Liao 
et al., 2019) 
Laser ablation (Nejad et al., 2018) 

Lithography Magnetorheological drawing 
lithography (MRDL) (Chen et al., 
2018c), 
Inclined contact UV lithography ( 
Tomono, 2018) 
Soft lithographic patterning 
method (Jang et al., 2019) 
Drawing lithography 
technologies including droplet- 
born air blowing (DAB) and 
centrifugal lithography (CL) (Lee 
et al., 2018a) 
Three-step thermal drawing (Lee 
et al., 2019) 

Wet and dry 
etching 

Anisotropic etching (Ceyssens 
et al., 2019) 
Deep-reactive ion etching (DRIE) 
(Li et al., 2019b; Li et al., 2019a)  
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accuracy. 
FDM-produced microneedles could efficiently manipulate trans-

dermal drug delivery with desired distribution, depth and drug release 
rate, which could be accomplished either by a wireless smart monitoring 
system or by an intelligent responsive formulation. Derakhshandeh and 
co-workers (Derakhshandeh et al., 2020) reported an typical example 
applying the FDM to fabricate transdermal microneedle patch, aiming to 
infuse drugs, particularly the vascular endothelial growth factor (VEGF), 
through this 3D printed miniaturized needle arrays into deeper layers of 
the wound bed with a controlled distribution in a desired depth 
manipulating by a wirelessly controlled smart bandage (Fig. 1C). They 
concluded that the delivery method and their spatial distribution within 
the wound bed is equally important as the selection of suitable thera-
peutics. And the in-vivo results indicated that compared with the stan-
dard topical delivery of therapeutics, the transdermal administration of 
the VEGF to chronic dermal wounds of diabetic mice by this tunable 
platform had successfully enhanced the wound closure, re-epithelial-
ization, angiogenesis, and hair growth, demonstrating that this is an 
efficient alternative for the current wound care methods. Wu and co- 
workers (Wu et al., 2020) reported another microneedle patch system 
(Fig. 1D) produced by an extrusion-based 3D printing method with a 
post stretching process on the top surface of the cylindrical microneedle 
array, which successfully allowed a needle-like tip of the printed 
microneedles. With proper bioinks composed of alginate with 

hydroxyapatite as an additive, the printed microneedle patch performed 
a satisfactory glucose-responsive insulin delivery for diabetes treatment. 

However, the relatively low resolution of FDM 3D printer has 
continuously made it challenging to produce adequately high-precision 
microneedles. In an effort to overcome this limitation, Luzuriaga et al. 
(2018) adopted the FDM technique combined with a chemical etching 
post-process method to fabricate biocompatible and biodegradable 
microneedles with sufficient accuracy. Their results suggested that the 
use of the chemical etching method was capable to accomplish an 
acceptable tip size, of the printed microneedles, which was as small as 1 
μm. This study offered an efficient method to maintain a careful balance 
between high quality and low cost when manufacturing transdermal 
microneedles. A similar work has been proposed by Camović and co- 
workers (Camović et al., 2020), they also produced poly lactic acid 
(PLA) microneedles with a desirable shape and size by the FDM tech-
nique with a post-treatment of chemical etching process. They further 
investigated how to load pharmaceutical actives on the surface of the 
printed microneedles with different coating techniques. The result 
demonstrated that dip coating method was the best coating method for 
3D-printed microneedles because of its simplicity and ability to create a 
uniform load over the printed microneedles. 

FDM is low overall cost, easy to operate and universally applicable 
for all pharmaceutical materials including actives and excipients with 
adequate thermal stability, which have enabled this technique 

Fig. 1. (A) Schematic diagram of a fused deposition modeling printer with a) Spool, b) printer enclosure, c) extruder head, d) nozzle, e) build platform, f) motor, g) 
heater (B) Schematic diagram of representative milliprojections printed with each PLA type: PLA1, PLA2, PLA3. (C) Schematic diagram of a wearable bandage with 
integrated MNAs connected to the controlling module. (D) Schematic diagram of 3D-printed microneedle patch. Reprinted with permissions from (Tang et al., 2019; 
Derakhshandeh et al., 2020; Wu et al., 2020; Araujo et al., 2019). 
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increasingly popular in producing pharmaceutical solid dosages forms 
particularly tablets. However, there are still many limitations, such as 
lack of accuracy and low operating speed, which strongly retard its 
practical applications to precisely fabricate transdermal microneedles. 
In addition, the risk of heat-induced amorphization of crystalline drugs 
and eutectic mixture among the actives and the excipients during the 
extrusion based FDM process also potentially impact the stability of the 
products, which further impede its pharmaceutical applications. 

2.2. Stereolithography (SLA) 

Based on the photopolymerization technique and with appropriate 
photosensitive liquid resin as the printing material, photo-
polymerization 3D printing was reported as the earliest and one of the 
most widely used 3D printing technology at present (Quan et al., 2020). 
And SLA is the most commonly applied photopolymerization 3D print-
ing technique due to its high precision and accuracy, which has been 
extensively applied in current manufacturing industry. Fig. 2A shows a 
typical SLA printer, which basically consists of a printing platform and a 
resin tank. The printing platform is located in the top while the resin 
tank at the bottom, and the direction of printing is normally from the 
building platform down to the resin tank (Knowlton et al., 2016). 

The high precision and accuracy has enabled SLA technique to suc-
cessfully fabricate the hollow microneedles, which is capable to trans-
dermally deliver drug solution. One example employing SLA technique 
to print the hollow microneedles connected with a microfluidic system 
designed and developed by Yeung and co-workers (Yeung et al., 2019) 

for efficient transdermal drug delivery. The connection between the 
printed hollow microneedles and the microfluidic structure successfully 
allowed this architecture (Fig. 2B) with lower cost, higher speed and 
throughput compared to previously reported methods. Additionally, the 
whole device was capable to facilitate homogeneous mixing of multiple 
fluids under different flow rates, followed by transdermal delivery of the 
uniformly mixed solution. Their results showed this creative combina-
tion of the 3D-printed microneedles and microfluidics system is a 
promising alternative for quick and efficient transdermal drug delivery. 

Additionally, SLA technique is absolutely able to print solid micro-
needles. Xenikakis and co-workers (Xenikakis et al., 2019) reported a 
typical solid transdermal microneedle arrays using a polymer-based 
material. It is interesting to note that they had utilized the finite 
element analysis (FEA) to precisely simulate the insertion process of the 
printed microneedle arrays (Fig. 2C). Their in-vitro characterization 
results indicated that those 3D-printed microneedle arrays not only 
possessed a sufficient penetration ability on human skin, but also 
significantly promoted the transdermal transportation of the model 
dyes. 

Notably, appropriately loading the applied pharmaceutical actives 
within the printed needles is crucial for the followed drug release, ab-
sorption and bioavailability. For the solid transdermal microneedles, 
drug could either be filled and printed with the applied photosensitive 
liquid resin or be coated onto the surface of the finished microneedles. 
The former procedure not only requires that the applied drug possesses 
adequate photostablity, but also needs to carefully design the printing 
formulation to accomplish a satisfactory drug release from the printed 

Fig. 2. (A) Schematic diagram of a SLA 3D printer structure (B) Schematic diagram of 3D-printed microfluidic-enabled hollow microneedle devices. (C) a) Schematic 
diagram of 3D printed patch; b) Schematic diagram of simulation of penetration process using FEA model. (D) Schematic diagram of microneedles with different 
shapes, aspect ratios and spacings. a-c) cross shape, pyramid and spear MNs; Microneedles with the same height about 1000 μm and different widths about d) 450 μm, 
e) 350 μm, f) 250 μm; Microneedles measuring approximately 1000 μm in height and 450 μm in width with inter needle spacing of g) 600 μm, h) 400 μm and i) 200 
μm, respectively. Reprinted with permissions from (Knowlton et al., 2016; Yeung et al., 2019; Xenikakis et al., 2019; Uddin et al., 2020; Economidou et al., 2019; 
Johnson and Procopio, 2019). 
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microneedles. Consequently, the coating technique remains the prefer 
process to load the cargo. Uddin and co-workers (Uddin et al., 2020) 
reported SLA-printed microneedle arrays with a special cross-shape 
using an anti-cancer compound (cisplatin) as the model drug, which 
was inkjet-coated on the surface of the printed microneedles. Their 
experimental results indicated that the special cross-shape microneedles 
(Fig. 2D-a) allowed an excellent skin penetration capacity. And the vivo 
evaluation presented sufficient cisplatin permeabilization with high 
anticancer activity and tumor inhibition. 

More impressively, microneedles have also been reported as efficient 
strategies for transdermal delivery of cargos with high molecular 
weight, specifically protein and peptides (Ye et al., 2018; Kim et al., 
2012; Asfour), whose oral administration is extremely challenging 
currently. In particular, the SLA technique, with an advantageous mild 
processing temperature based on the photopolymerization process, is 
properly suitable to produce transdermal microneedles loaded with 
vulnerable proteins or peptides. Economidou and co-workers (Econo-
midou et al., 2019) designed and fabricated insulin-loaded microneedle 
arrays patch with cone- and pyramid- shaped needles (Fig. 2D b-c) for 
transdermal drug delivery using SLA technique with biocompatible resin 
as the printing material. The skin penetration capacity of the 3D-printed 
microneedles was significantly improved by optimizing the printing 
process. And the in-vivo results revealed a quick insulin action, allowing 
a successful hypoglycaemia control and lower glucose levels within 60 
min, combined with steady state plasma glucose over 4 h compared to 
subcutaneous injections. 

One of the ongoing challenges to practically apply the SLA printing 
technique to fabricate transdermal microneedles is the short of available 
printable materials, which must be photocurable to ensure an acceptable 
photopolymerization. Mansor and co-workers (Mansor et al., 2019) 
investigated the possibility of utilizing several commonly used polymers 
as candidate for the SLA process. Those materials include polyvinyl 
alcohol (PVA), polylactic acid (PLA), polyester resin and acrylonitrile 
butadiene styrene (ABS), which have been utilized to prepare different 
predesigned solid microneedle by SLA printing technology. They char-
acterized the mechanical properties including stress and force charac-
teristics of such microneedle and found that PVA had the highest ability 
to withstand force over other applied materials. 

Before precisely fabricating the versatile microneedles within a 
micro-sized scale, an even bigger challenge is how to controllably 
manufacture the mold, which is crucial for the following microneedle 
preparation but usually costly and time consuming. Lately, Krieger and 
co-workers (Krieger et al., 2019) proposed a new two-step “print & fill” 
method using a low-cost desktop SLA 3D printer. This method involves 
an easy operating processing neither requires complex and expensive 
manufacturing facilities nor expertise in microfabrication, but is 
impressively satisfactory for producing high-aspect ratio microneedle 
master molds. Practically, the quality of the fabricated microneedles and 
patches could be efficiently improved with adequate accuracy either by 
manipulating the printing process or by optimizing the printing pa-
rameters. For example, a common “stair-stepping” phenomenon in the 
SLA printing process could be mitigated by reducing the layer height 
(Janusziewicz et al., 2016; Tumbleston et al., 2015). And the printing 
resolution could be successfully improved by eliminating the anti- 
aliasing effect by introducing a 3D grayscale method (Park et al., 
2012; Ma et al., 2015). In addition, the light intensity from each indi-
vidual micromirror (through grayscale), which is critical for the pho-
topolymerization process, could be precisely tuned by a specific Matlab 
code (Johnson and Procopio, 2019). Owing to the competitive printing 
accuracy of the SLA technique, it also has been utilized to prepare 
pharmaceutical patches such as transdermal patches (Goyanes et al., 
2016) and hydrogel implantable patches (Melhem et al., 2016). This 
noteworthy strategy has been extensively applied to prepare vascular-
ized patches (Noor et al., 2019) and microfluidic chips (Knowlton et al., 
2016) for versatile biomedical functionalities. Those are not the main 
content of the present review. 

Despite those appealing progress that recently being proposed, there 
are still numerous limitations that strongly impede the SLA printing 
technique to be practically applied in producing marketed transdermal 
microneedles. Firstly, there is still an urgent requisition for the satis-
factory printing materials, not only possessing adequate photosensitivity 
but also being sufficient biocompatible for the potential pharmaceutical 
applications. In addition, the commonly used photo initiators and ab-
sorbers during the SLA process could potentially cause toxicity. Also, 
how to load the applied drug with a highly adequate loading rate still 
remains an ongoing challenge, which could largely impact the drug 
release and absorption as well as the resulted bioavailability of the 
printed products. 

2.3. Digital light processing (DLP) 

Digital light processing (DLP) is another stereolithography-based 
technique, employing an intelligent projector (digital micromirror de-
vice, DMD) (Quan et al., 2020) to translate an image signal of cross- 
section of an object into a digital signal and then to introduce this dig-
ital signal to a photosensitive liquid resin for a precise photocuring 
fabrication (Kadry et al., 2019). Fig. 3A provides a typical schematic of a 
DLP system. 

DLP has an edge over other printing techniques in quickly producing 
transdermal microneedles with smooth surfaces, high resolution at 
micrometer scale. One of the typical examples is the hydrogel micro-
needle (Fig. 3B) reported by Yao and co-workers (Yao et al., 2019). This 
DLP-produced microneedle was capable to accomplish multifunctional 
tasks including drug delivery and bio-detection owing to their beneficial 
sharp protuberance and micro-porosity. A balance between stiffness and 
precision of these DLP-printed microneedles could be successfully 
accomplished by optimizing the exposure time of each printing layer, 
which is capable to achieve both adequate mechanical properties and 
satisfactory penetration ability. Their results indicated that the bio- 
compatible microneedles prepared by the low cost and fast DLP pro-
cess are able to execute drug injection and drug detection, showing great 
potentials for clinical applications. Another example utilizing DLP pro-
cess was proposed by Lim and co-workers to fabricate a personalized 
dual-function microneedle splint (Fig. 3C) to deliver the diclofenac to 
treat trigger finger, which is able to deal with the problem of inability to 
deliver drugs effectively across the undulating skin surface by the 
traditional microneedle arrays fabricated through the onflat surfaces 
(Lim et al., 2017). Their assessment results demonstrated that the DLP- 
printed microneedle splint possessed proper physical characteristics 
with qualified mechanical properties and adequate skin penetration 
ability. And the use of this microneedle splint has largely promoted the 
skin permeability of diclofenac compared to intact skin. More recently, 
they also developed a novel DLP-printed microneedle eye patch 
(Fig. 3D) and investigated the influence of geometries and curvatures of 
these microneedles on their mechanical strength and skin penetration 
efficiency (Lim et al., 2020). The model drug is acetyl-hexapeptide 3 
(AHP-3), which is a small peptide with poor skin permeation because of 
its hydrophilicity and high molecular weight. In this study, the DLP- 
fabricated microneedles with optimized geometry and curvature was 
capable to effectively improve the ability of AHP-3 skin penetration for a 
satisfactory anti-wrinkle treatment. 

Additionally, the DLP was also applied to produce an acceptable 
mold for the microneedles. Two typical examples were proposed by El- 
Sayed and co-workers (El-Sayed et al., 2020) and by Fang and co- 
workers (Fang et al., 2020), respectively. Besides, the DLP technique 
has also been reported to fabricate microfluidic chip for biomedical 
applications such as biosensing and bio-detection (Samper et al., 2019), 
which is not the main content of the present review. 

Similarly with the SLA technique, one major obstacle to market DLP- 
produced microneedles is the concern of potential toxicity of the applied 
photocurable resins, which typically include a combination of photo-
sensitive monomers, oligomers, diluents, photoinitiator and 
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photoabsorbers. In addition, the incorporated drugs during the DLP 
process not only need to be photostable, but also have to be resistant to 
radical-induced damage during the polymerization reaction. 

2.4. Continuous liquid interface production (CLIP) 

Compared to the SLA and CLP techniques, continuous liquid inter-
face production (CLIP) is a faster and more advanced 3D printing process 
(Quan et al., 2020), which is developed based on the DLP technique by 
introducing oxygen to competitively consume the free radicals through 
an added oxygen-permeable window so as to eliminate unwanted pho-
topolymerization, leading to a desirable uncured liquid resin, which is so 
called “dead zone”, between the growing part and the exposure window 
(Janusziewicz et al., 2016), as shown in Fig. 4A. This specific design 
successfully avoid the use of the support during the printing process, 
which tremendously contributes to the reduction and elimination of the 
stair-stepping effect without compromising fabrication time and 
isotropic mechanical properties, leading to a finer surface quality as well 
as geometric properties (Tumbleston et al., 2015; Kelly et al., 2019). 
Those distinct advantages have enabled CLIP a better choice to precisely 
produce pharmaceutical and biomedical objects, particularly the trans-
dermal microneedles, with specific requirements of surface and geo-
metric properties. 

By adopting this CLIP strategy, Johnson and co-workers (Johnson 
et al., 2016) developed and accomplished a one-step manufacturing of 
microneedle arrays with tunable geometries in less than 10 min per 
patch. In this study, microneedles with various sizes, shapes, aspect 
ratios, spacings, and formulations (Fig. 4B) were quickly fabricated in 
minutes instead of hours. Their results indicated that this CLIP printing 
platform were suitable for producing square pyramidal microneedles for 
encapsulating and controlling the release of therapeutics with diverse 

compositions including trimethylolpropane triacrylate, polyacrylic acid 
and photopolymerizable derivatives of polyethylene glycol and poly-
caprolactone. Additionally, Caudill and co-workers (Caudill et al., 2018) 
reported a similar CLIP-printed microneedle, and they also proposed a 
versatile coating mask devices, which was also printed by CLIP, to 
precisely coat those printed microneedles (Fig. 4C) with protein cargos 
such as bovine serum albumin, ovalbumin, and lysozyme, so as to ach-
ieve transdermal delivery of such therapeutics. Their results suggested 
that these CLIP microneedles rapidly released coated protein cargo both 
in solution and upon insertion into porcine skin. And the in-vivo results 
indicated that the printed microneedles were capable to accomplish a 
sustained retention of protein cargo in the skin over 72 h. 

In terms of limitations, it is relatively expensive applying the CLIP to 
produce pharmaceutical objects, particularly these highly complicated 
transdermal microneedles. Also, the applied photosensitivity formula-
tions during the process can potentially cause toxicity to the final 
products. And there would be undesirable heat dissipation of dead zones 
during the printing process. Additionally, it is unsuitable for those 
oxygen-insensitive materials. 

2.5. Two-photon polymerization (TPP) 

Two-photon polymerization (TPP) is a cutting-edge 3D printing 
technology for manufacturing complex multifunctional structures 
within nanoscale. As a direct writing and maskless stereolithographic 
technique, TPP printing involves a raster scanning of the femtosecond 
laser pulses through a photoresist to produce the micro/nanoscaled 
structures within single step (Fig. 5A). With a 100 nm lateral resolution 
and a 300 nm axial resolution, TPP is the most accurate 3D printing 
technology up till now (Geng et al., 2019; Lay et al., 2020). TPP is not 
only capable to produce complicated micro/nano-objects with highly 

Fig. 3. (A) Schematic diagram of digital light processing (DLP) system. (B) Schematic diagram of hydrogel MNs with 30 ms exposure time. (C) Schematic diagram of 
the microneedle (MN) splint. (D) Schematic diagram of 3D printed personalized MN eye patch and images of different regions of the MN eye patch. Reprinted with 
permissions from (Tesavibul et al., 2012; Yao et al., 2019; Lim et al., 2017; Lim et al., 2020). 
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improved geometry and resolution control, but also able to largely 
reduce the overall cost from the equipment and facilities maintenance 
commonly associated to the post-etching process of the lithography- 
based methods. As a result, lately TPP has been extensively used to 
fabricate highly complicated micro- and nano- structures for a wide 
range of applications with a variety of printing materials such as ce-
ramics, water soluble polymers and hybrid polymers. 

Owing to its superior accuracy, TPP technique has the required 
capability to precisely manufacture those predesigned transdermal 
microneedles with specific structures and geometries such as ultrasharp 
solid microneedles as well as hollow microneedles. Aksit and co-workers 
(Aksit et al., 2018) designed and fabricated an ultrasharp polymer 
microneedles (Fig. 5B) by utilizing the TPP printing technique to 
perforate the round window membrane (RWM) for precisely inner ear 
drug delivery. These TPP-printed microneedles were sufficiently sharp 
with adequate mechanical strength to penetrate the RWM without 
ripping or tearing. As an early attempt, the results of this study were 
helpful to establish a foundation for the use of TPP printing technique as 
a means to fabricate microneedles to perforate the RWM and other 
similar membranes. More recently, Balmert and co-workers (Balmert 
et al., 2020) utilized a 3D laser lithography based on TPP to manufacture 
high-quality, tip-loaded dissolving microneedle arrays with undercut 
features and reproducibility. Their results further confirmed that TPP 
technique is capable to precisely fabricate dissolving microneedles with 
smooth edges and sharp tips (~2 μm tip radius), and at same time 
successfully eliminating unwanted residues (e.g., machining chips). 

Additionally and more impressively, Moussi and coworkers (Moussi 

et al., 2019) developed and fabricated a desirable hollow microneedles 
(Fig. 5C) by applying the TPP 3D printing technique, which was con-
nected to a reservoir, making it suitable for diverse applications 
including medical implants, transdermal sampling and drug delivery. 
The evaluation study demonstrated that both the mechanical properties 
and penetration ability of the TPP-printed hollow microneedles were 
sufficient, and the desirable biocompatibility of the microneedles had 
led to a high viability of cell culture. Another typical hollow microneedle 
printed by utilizing the TPP technique was reported by Trautmann and 
co-workers (Trautmann et al., 2019). Their work specifically created a 
microneedle-based microfluidic system, potentially having versatile 
promising biomedical applications such as accurate, and painless drug 
delivery and lab-on-a-chip diagnostics. Similarly, TPP technique was 
further explored in the following efforts to precisely fabricate thin- 
walled microtubes (Liao et al., 2019) with a tunable diameter (1–400 
μm) and pore size (1–20 μm). 

In general, TPP technique has emerged as the most promising 
alternative to practically manufacture transdermal microneedles owing 
to its distinct advantages over other 3D printing techniques such as 
ultra-accuracy, precisely controllability, super adaptability for very 
complicated microstructures with specific geometries and surface mor-
phologies, and impressively fast process. However, there is still a long 
road before TPP is actually applied to prepare a marketed microneedle 
product. As one of the widely used photopolymerization 3D printing 
techniques, TPP also has the common disadvantage of precluding the 
usage of many drugs due to the potential degradation caused by the 
applied photoirradiation. Although coating the drugs onto the surface of 

Fig. 4. (A) Schematic diagram of CLIP printer, the oxygen-permeable window creates a dead zone (persistent liquid interface) between the elevating part and the 
window; (B) Schematic diagram of different shapes of trimethylolpropane triacrylate (TMPTA) microneedles. (C) Schematic diagram of confocal fluorescence images 
of multilayer microneedles coated with AF488-BSA and AF647-OVA. Reprinted with permissions from (Janusziewicz et al., 2016; Tumbleston et al., 2015; Johnson 
et al., 2016; Caudill et al., 2018). 
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the printed microneedles could be an alternative to appropriately 
incorporate those actives, the coating process itself adds an extra step, 
which is not only time consuming, but also limits the ability to modify 
the drugs’ release properties. Additionally, more in-depth research and 
discussion on how photoresist formulations impact subsequent micro/ 
nanostructure fabrication and applications are necessary. 

Table 2 (Derakhshandeh et al., 2020; Yi et al., 2016; Luzuriaga et al., 
2018; Yeung et al., 2019; Uddin et al., 2020; Economidou et al., 2019; 
Yao et al., 2019; Lim et al., 2017; Samper et al., 2019; Johnson et al., 
2016; Caudill et al., 2018; Aksit et al., 2018; Moussi et al., 2019) sum-
marizes lately reported 3D-printed microneedle arrays and patches for 
transdermal drug delivery with utilized printing materials and detailed 
geometric features. The variations of different printing approaches both 
in printing formulations and resulted resolutions have extensively 
differentiate each techniques, enabling them suitable for distinct phar-
maceutical actives and clearly bringing distinctions in advantages and 
limitations for those currently applied printing methods, which could be 
seen in Table 3 (George et al., 2017; Vithani et al., 2018; Awad et al., 
2018; Lay et al., 2020; Walker et al., 2019). Practically for each printing 
approach, the printing processes including modelling, imaging, slicing 
and post-processing largely impact the final qualities of the printed 
microneedles. As a result, those processing parameters need to be 
properly optimized to avoid printing defects (George et al., 2017). More 
importantly, functionalized printing formulations, particularly for 
photopolymerization printing, needs to be further developed. Addi-
tionally, most of the 3D printing process require trained professionals 
with specific expertise to design the printing model and to operate the 
printing instruments (Capel et al., 2018). Despite those requisitions, the 
simplicity of the continuous manufacturing process with adequate ac-
curacy is increasingly promising in fabricating complicated artificial 
microneedles and patches for personalized transdermal drug delivery. 

3. 3D-printed bio-inspired microneedle arrays 

Despite those tremendous advances in the area of artificial micro-
needles and their increasingly promising potentials for diverse appli-
cations, there are still crucial limitations that largely retarded their 
practical commercialization (Ma and Wu, 2017). These critical ongoing 
challenges include deleterious mechanical failure and inadequate 
penetration efficiency due to the poor mechanical properties (Resnik 
et al., 2018), low biocompatibility resulted from the utilized micro-
needle formulations (Escobar-Chavez et al., 2011), and poor skin 
adhesion owing to the smooth surface of the artificial microneedles (Han 
et al., 2020). Consequently, artificial microneedles eventually need to be 
optimized to ensure necessary qualities, while this optimization is 
actually a compromise between diverse influential factors, which is 
obviously not easy (Ma and Wu, 2017). Impressively and fortunately, 
various delicate bio-microneedles existing in animals and insects whose 
comprehensive property is far beyond the reach of artificial micro-
needles at present (Wu et al., 2014). Lately, bio-inspired microneedles 
by mimicking those specific natural microneedles with attractively 
excellent integrated characteristics have been reported, most of which 
typically mimicked the mouthparts of specific insects, particularly 
mosquitos and honeybees. The mosquito could painlessly pierce into a 
skin with a much lower force (about 18 μN) than those with artificial 
microneedles (about 0.1–5 N) (Li et al., 2019a; Economidou et al., 2019) 
due to its efficiently vibrated penetration behavior in a stealthy manner 
(Kong and Wu, 2009; Kim et al., 2018; Izumi et al., 2011). In a different 
way, researchers found that the honeybee stinger pierces into a skin 
directly without frequent vibration (Ling et al., 2016; Ling et al., 2017; 
Chen et al., 2018b). Besides, the caterpillar of the Parasa Consocia (Ma 
et al., 2011) and the quill of the North American porcupine (Cho et al., 
2012) also have inspired the design and development of related 
microneedles. 

However, traditional manufacturing techniques can hardly accom-
plish such complicated microstructures with exquisite geometries and 

Fig. 5. (A) Schematic diagram of optical configuration of the TPP fabrication system. M1: high-reflectivity mirrors; DM: dichroic mirror; BS: beam splitter; L1–L4: 
lenses (fL1, fL2, fL3, fL4 = 100, 250, 200, 200 mm, respectively) (B) Schematic diagram of images of a microneedle printed via two-photonlithography. (C) Schematic 
diagram of images of 3D printed hollow microneedles. Reprinted with permissions from (Geng et al., 2019; Aksit et al., 2018; Moussi et al., 2019). 
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surface morphologies. While the emerging 3D printing technologies, 
especially those polymerization-based printing techniques with high 
resolution and precision, has successfully provided new possibilities to 
satisfactorily fabricate those promising bio-inspired microneedles for 

enhanced transdermal drug delivery. The following parts provide a 
detailed review of such reported studies. 

Table 2 
3D-printed artificial microneedles for transdermal drug delivery.  

Printing 
Techniques 

Needle types Printing materials Geometric features Ref. 

FDM Hollow MN Vero Clear Lengths: 800–3000 µm 
Base diameter:500–1500 µm Spacings: 
1500–3000 µm 
Opening diameters: 200–500 µm 

(Derakhshandeh et al., 
2020) 

Drug loaded MN Polylactic acid Lengths: 200–2500 µm 
Widths: 400–600 µm 
Tip diameters: 170–220 µm 

(Luzuriaga et al., 2018) 

Drug loaded MN Sodium alginate (SA) Hydroxyapatite (HAP) Height: 800 μm 
Low diameter: 700 μm 
Spacing: 1100 μm 

(Wu et al., 2020) 

SLA Drug loaded MN Co-polymer of polyvinyl caprolactame-polyvinyl acetate- 
polyethylene glycol 

Height: 1 mm 
Width: 1 mm 

(Uddin et al., 2020) 

Drug loaded MN Dental SG (class I biocompatible resin) Height: 1 mm 
Base dimensions: 0.08 × 1 mm/1 × 1 mm 

(Economidou et al., 
2019) 

Hollow MN Dental LT Clear (class IIa biocompatible resin) Height: < 1 mm 
Base wide:800 μm 
Center bore:600 μm 

(Yeung et al., 2019) 

DLP Drug loaded MN 3DM-Castable resin® Height: 900 μm 
Base diameter: 300 μm 
Center-to-center 
spacing: 1800 μm 

(Lim et al., 2017) 

Hydrogel MN Polyethylene glycol diacrylate (PEG400DA) Height: 700 μm (Yao et al., 2019) 
Drug loaded MN 
patch 

3DM-castable resin Height: 800 μm 
Base diameter: 400 μm 
Interspacing: 800 μm 

(Lim et al., 2020) 

Bio-detection MN ABS white resist 
VeroWhitePlus (RGD835) 
Tango-Black (FLX973) 

N/A (Samper et al., 2019) 

CLIP Drug loaded MN Trimethylolpropane Triacrylate 
Poly (ethylene glycol) dimetha crylate 
Polycaprolactone trimethacrylate 
Polyacrylic acid 

Different geometries with various aspect 
ratio 

(Johnson et al., 2016) 

Drug coated MN Poly (ethylene glycol) dimethacrylate Height: 1000 μm 
Base wide: 333 μm 

(Caudill et al., 2018) 

TPP Solid MN IP-S photoresist Height: 200 μm 
Shank radius: 50 μm 
Tip radius: 500 nm 

(Aksit et al., 2018) 

Hollow MN Height: 400 μm 
Diameter: 80 μm 

(Moussi et al., 2019)  

Table 3 
Summary of the advantages and limitations of various 3D printing techniques.  

Printing Techniques 
(Resolution) 

Advantages Limitations Ref. 

FDM (0.1–0.3 mm) Low-cost; 
Easy to use; 
Multi-material printing 

Low speed; 
Lack of accuracy; 
Risk of drug degradation; 
Models can be permeated by liquids owing to layer adhesion 
imperfections; 

(George et al., 2017; Vithani et al., 
2018; Awad et al., 2018) 

SLA (0.025–0.125 
mm) 

Smooth surface; 
High precision and accuracy; Suitable for 
hollow structure 

Potential toxicity; 
Single-material printing; 
Requires post processing and support; Mechanical properties 
decrease over time 

DLP (0.012–0.2 mm) Higher resolution; 
Smooth finish for small objects 

Requires support; 
Potential toxicity; 
Restricted by pixel size; 
Mechanical properties decrease over time 

CLIP (0.05–0.1 mm) Fastest 3D printing 
technology; 
High precision; Continuous production 

Expensive; 
Potential toxicity; 
Heat dissipation of dead zone; 
Unsuitable for oxygen-insensitive materials 

(George et al., 2017; Vithani et al., 
2018; Awad et al., 2018; Walker et al., 
2019) 

TPP (<0.00015 mm) Ultra high precision; Direct writing and 
maskless generate; 
Multifunctional micro/nanostructures 
generate from various photoresist materials 

Lack of in-depth discussion on how photoresist formulations 
impact subsequent micro/nanostructure fabrication and 
applications 

(Lay et al., 2020)  
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3.1. Mosquito proboscis- inspired microneedle 

With a specialized and complicated structure consisting of labrum, 
labium, pharynx, two maxillas and two mandibles, the mosquito’s 
mouthpart could efficiently penetrates into a skin in a vibrated manner 
and draw small volumes of blood (Ramasubramanian et al., 2008). 
Numerous studies have been reported focusing on the details of the 
complicated structures of mosquito’s mouthpart, especially its pene-
tration behaviors as well as the functionalities of its different parts. One 
of the typical example is that the mechanics of a fascicle insertion into a 
skin by an aedes aegypti type mosquito has been studied by Ramasu-
bramanian and co-workers (Ramasubramanian et al., 2008) both 
experimentally using a high-speed video (HSV) imaging and analytically 
using a mathematical model. Their results showed that the lateral sup-
port of the fascicle which provided by the labium is critical for successful 
penetration. This understanding is capable to provide fundamentals in 
designing painless needle insertion systems as alternatives of the mini-
aturized hypodermic needles. Another example was proposed by Kong 
and co-workers (Kong and Wu, 2009), they found that the insertion force 
(average 18 μN) for mosquito fascicle to penetrate into human skin was 
at least three orders of magnitude smaller than the reported lowest 
insertion force for an artificial microneedle with an ultra-sharp tip to 
insert into the human skin. Considering the extraordinary characteris-
tics, it is easily to find that the excellent properties of the mosquito’s 
needlelike proboscis benefit from the combination of elegant micro-
structures and intelligent insertion modes (Ma and Wu, 2017). 

Most of the earlier attempts to fabricate these mosquito’s proboscis- 
inspired microneedles for multiple functionalities focused on the etching 
techniques, such as wet/dry etching (Oka et al., 2002) and electro-
chemical etching (Izumi et al., 2011). However, the complex structure of 
these microneedles was not sufficiently precise and needs to be further 
improved. In order to precisely fabricate the mosquito’s proboscis- 
inspired microneedles, Suzuki and co-workers (Suzuki et al., 2015; 
Suzuki et al., 2018) proposed an ultra-precision 3D laser lithography 
system (LLS) based on two-photon absorption phenomenon. They firstly 
built a model (Fig. 6A and B) of the microneedle by optimizing its 
complicated structure, which consisted of two parts integrating the 
three-piece mosquito’s proboscis (one labrum and two maxillae). These 
two parts acted as one hollow microneedle, which was capable to draw 
up human blood by capillary action. Their results indicated that the 
reduction in number of microneedles simplifies both fabrication process 
and drive system for puncturing (Fig. 6C), and they also experimentally 
confirmed that the printed needle had successfully penetrated the PDMS 
skin. 

3.2. Honeybee- inspired microneedles 

As a self-defense tool, honeybee stingers can pierce the hostile ani-
mal’s skin and release venom. The structure, mechanical properties of 
the stingers of both wasp and honeybee and their mechanical behaviors 
during insertion have been investigated by Das and co-workers (Das 

et al., 2018) by utilizing a micro-computed tomography, followed by a 
proposal of a wasp and honeybee stringer inspired micro syringe-needle 
for biomedical applications. 

There are also reported studies focusing on the 3D printing technique 
to fabricate the honeybee inspired microneedles. One typical example 
was proposed by Chen and co-workers (Chen et al., 2018b). They uti-
lized a novel 3D printing approach, named magnetorheological drawing 
lithography (MRDL), which employing an external magnetic field to 
draw a parent microneedle on the pillar tip, followed by the formation of 
tilted micro barbs on the four sides of the parent microneedle (Fig. 7 A- 
C). Their results indicated that the micro-structured barbs had success-
fully enabled the bio-inspired microneedles with promising properties of 
easy skin insertion and difficult removal. And the stress concentration 
generated by the barbs on the microneedle was not only capable to 
reduce the friction in the process of needle insertion, but also able to 
increase the pull out force during retraction by the interlock between the 
barb and tissue. Those attractive finds may provide fundamentals for 
design and developing similar bio-inspired microneedles for tissue 
adhesion, transdermal drug delivery and bio-signal recording. 

The same strategy employing the barbs of the honeybee stinger was 
reported by Sahlabadi and co-workers (Sahlabadi and Hutapea, 2018). 
They designed and developed a similar microneedle (Fig. 7) utilizing the 
3D printing technology. Particularly, they investigated the effect of 
design parameters such as barb shape and geometry (i.e., front angle, 
back angle, and height) on the insertion force. Their results also indi-
cated that the barbs inspired by the honeybee stinger could efficiently 
reduce the friction force and significantly minimize the insertion force of 
the microneedle by using the polyvinyl chloride (PVC) gels as a 
specially-designed insertion test. And the ex-vivo insertion tests showed 
that the penetration force of honeybee inspired microneedles both in 
hydrogel and in bovine liver tissue decreased by 21–35% and 46% 
respectively than artificial microneedles. 

3.3. Other bio-inspired microneedles 

In addition to the mosquito and honeybee, this bio-inspiration was 
also extended to other insects and animals. One of the latest report was 
proposed by Jeon and co-workers (Jeon et al., 2019) focusing on the 
development of a hydrogel-forming double-layered adhesive micro-
needle (MN) patch by mimicking the endoparasites, whose proboscis 
could swell and anchor to a host’s intestines, which potentially over-
come the limitation of the wound closure in internal organs. Another 
lately reported study (Zhang et al., 2019a) was inspired by the serrated 
microstructure of mantises’ forelegs with excellent grasping and holding 
properties. 

3D printing techniques have also been reported to fabricate bio- 
inspired microneedles (shown in Table 4). Initially, the TPP technique 
was utilized by Plamadeala and co-workers (Plamadeala et al., 2019) to 
manufacture pyramidal microneedles with ornamented lateral sides 
inspired by the external scent efferent system of some European true 
bugs. More recently, Han and co-workers (Han et al., 2020) employed 

Fig. 6. Representative examples of mosquito proboscis inspired microneedle fabricated by 3D printing technology (A) Schematic diagram of mosquito’s proboscis (B) 
Schematic diagram of 3D-CAD images of three-piece microneedle imitating one labrum and two maxillae of a mosquito (C) Schematic diagram of magnified SEM 
images of microneedles made of IP-DipTM polymer. Reprinted with permissions from (Izumi et al., 2011; Suzuki et al., 2018). 
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the DLP technique to fabricate bio-inspired microneedles with 
backward-facing barbs (Fig. 8) for enhanced tissue adhesion capability. 
The backward-facing barbs on the microneedles were successfully 
created by the desolvation-induced deformation utilizing cross-linking 
density gradient in a photocurable polymer. By adjusting the printing 
parameters and material composition, the thickness and bending cur-
vature of the barbs were precisely controlled. The results demonstrated 
that the tissue adhesion of a backward-facing barbed microneedles was 
18 times stronger than that of barbless ones. Additionally, a desirable 
sustained drug release was accomplished with barbed microneedles in 
tissue. Their results concluded that the significantly improved tissue 
adhesion of these printed bioinspired microneedles is capable to achieve 
more stable and robust performances for transdermal drug delivery. 

Compared to the promising and broad future of 3D-printed bio- 
inspired microneedles, currently relevant researches are actually not 
many, and most of the reported works were still in their early stage. This 
is either caused by the numerous difficulties in stimulating the specific 
biostructures, or resulted from the shortage of the available printing 
materials that capable to provide satisfactory performance with both 

adequate biocompatibility and sufficient tunable drug delivery 
functionality. 

4. Conclusion and future perspectives 

The distinguished characteristics of pain-free, minimal invasion, and 
easy-to-use nature have continuously enabled transdermal microneedles 
to be increasingly popular for diverse biomedical applications, partic-
ularly for drug delivery. More impressively, those advances in 3D 
printing techniques, either elicited by the recent breakthroughs in 
electronical mechanicals and intellectual engineering or inspired by the 
progress in photopolymerization, have successfully made it realizable to 
precisely manufacture such microneedles and patches both artificial and 
bio-inspired ones with functionalized yet complicated structures. 
Additionally, the proposal of 3D printing approaches to produce 
microneedles also provide tremendously promising potentials for indi-
vidual drug administrations. More recently, numerous efforts have been 
made to utilize different 3D printing techniques to prepare multifunc-
tional microneedles. Those efforts mainly focused on two different ways, 

Fig. 7. (A) Schematic diagram of magnetorheological drawing lithography (B) Schematic diagram of SEM image of honeybee-inspired microneedle with barbs (C) 
Schematic diagram of image of honeybee-inspired microneedle (D) Schematic diagram of 3D printed honeybee-inspired microneedles with different diameters. 
Reprinted with permissions from (Sahlabadi and Hutapea, 2018; Chen et al., 2018b). 
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fused deposition modeling and photopolymerization, the latter further 
includes stereolithography, digital light projection, continuous liquid 
interface production and two-photon photopolymerization. These 
advanced techniques allowed a diversity of design and development of 

printed microneedles both artificial and bioinspired ones from the na-
ture, with increasingly sophisticated structures yet dramatically 
improved manufacturing precision and printing resolution. And the 
increasing availability of printing materials as well as printable phar-
maceutical actives is another additional benefit from the breakthroughs 
of 3D printing techniques. All these mentioned advances ensure that the 
3D printing technology is capable to play a key role in practically 
manufacturing transdermal microneedles in the near future. 

Despite the booming progress, clinical translation of 3D-printed 
microneedles is still retarded, largely by the following limitations. 
High precision microneedle fabrication requires an integration of ge-
ometry design, material selection, and optimization of printing param-
eters, along with the expertise of operators. Considering the printing 
requirements and potential toxicity of materials, it is easy to understand 
that despite the sustainably growing availability of printing materials in 
the past decade, there is still a shortage of such proper formulations 
particularly for 3D- printed microneedles owing to their special re-
quirements both biologically and mechanically. Moreover, current 3D- 
printing technologies are not yet suitable for mass-production, espe-
cially for microneedles and patches in such small scale. Although the 
rapid prototyping and precise manufacturing are promising in produc-
ing small-dosed personalized medicine, traditional methods are still 
necessary when large-scaled mass production is required. 

Table 4 
3D-printed bio-microneedles.  

Printing 
Techniques 

Printing Materials Needle 
Types 

Ref. 

LLS Epoxy-resins (IP-Dip™ and IP- 
S™) 

Hollow 
MN 

(Suzuki et al., 
2015; Suzuki 
et al., 2018) 

MRDL Iron particles; 
Epoxy novolac resin 

Solid MN (Chen et al., 
2018b) 

SLA Acrylic monomer; Isobornyl 
acrylate; Phenol Diphenyl-2 
Titanium dioxide; Acrylic acid 
ester; 
Phosphoric acid; 
Propylene glycol monomethyl 
ether acetate 

Solid MN (Sahlabadi and 
Hutapea, 2018) 

DLP Poly (ethylene glycol); 
Diacrylate; 
Phenylbis (2,4,6- 
trimethylbenzoyl) phosphine 
oxide; 
Sudan I 

Solid MN (Han et al., 2020) 

TPP OrmoComp®; 
Ciba® IRGACURE® 2959 

Solid MN (Plamadeala 
et al., 2019)  

Fig. 8. Representative examples of 4D printing of bio-inspired microneedle array (A) Schematic diagram of a 3D printing bio-inspired microneedle with horizontally 
barbs (B) Schematic diagram of 4D printed microneedle array with backward-facing barbs (C) Schematic diagram of 4D printing approach to program deformation of 
horizontally printed barbs into a backward-facing shape. Reprinted with permissions from (Han et al., 2020). 
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