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Abstract: Current procedures for transdermal drug delivery (TDD) have associated limitations
including poor administration of nucleic acid, small or large drug molecules, pain and stress for
needle phobic people. A painless micro-sized device capable of delivering drugs easily and efficiently,
eliminating the disadvantages of traditional systems, has yet to be developed. While polymeric-based
microneedle (MN) arrays have been used successfully and clinically as TDD systems, these devices
lack mechanical integrity, piercing capacity and the ability to achieve tailored drug release into
the systemic circulation. Recent advances in micro/nano fabrication techniques using Additive
Manufacturing (AM), also known as 3D printing, have enabled the fabrication of metallic MN arrays,
which offer the potential to overcome the limitations of existing systems. This review summarizes the
different types of MNs used in TDD and their mode of drug delivery. The application of MNs in the
treatment of a range of diseases including diabetes and cancer is discussed. The potential role of solid
metallic MNs in TDD, the various techniques used for their fabrication, and the influence of their
geometrical characteristics (e.g., shape, size, base diameter, thickness, and tip sharpness) on effective
TDD are explored. Finally, the potential and the future directions relating to the optimization of
metallic MN arrays for TDD are highlighted.

Keywords: micro-sized needles; solid microneedles; metallic microneedles; additive manufacturing;
transdermal drug delivery

1. Introduction

There are many approaches currently used for the delivery of drugs and therapeutic
agents including oral administration, conventional hypodermic needles, topical creams
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and transdermal patches [1]. Oral drug delivery is considered one of the most desired
routes of administration when compared to other routes due to high patient compliance,
cost-effectiveness, less sterility constraints, flexibility in dosage delivery and the ease of
production. However, it results in the poor bioavailability of drugs due to factors relating
to dissolution, permeability, and solubility [2]. Conventional hypodermic needles can cause
pain to the patient as they penetrate deep into the dermis where pain receptors are present.
Their use is particularly challenging for needle phobic patients. The traditional use of subcu-
taneous injection for the delivery of macromolecules also has safety concerns for healthcare
workers as needle stick injuries are a common occurrence. In some cases, subcutaneous
injections are expensive as there may be a need for multiple or chronic administration by
trained medical professionals [3]. The topical application and administration of drugs,
using a topical cream, gel or ointment or a non-invasive transdermal patch, allows for the
penetration of the drug into the skin without pain [4]. These topical methods have a limited
ability to administer drugs with large particles (e.g., nucleic acids, large drug molecules)
as the stratum corneum layer of the skin acts as a natural barrier [5]. The ability of a drug
to penetrate the skin is influenced by the skin physiology and permeability, and various
other factors including the physiochemical properties of the drug (i.e., size, molecular
weight, concentration, partition coefficient and solubility) and formulation characteristics
(i.e., release rate, ingredients and the presence of permeation enhancer) [6]. Additionally,
the administration of ionic drugs, drugs of high concentrations or with very low/high
partition coefficient can create problems such as skin irritation, non-systematic circulation
and poor permeability [7]. Overall, while these topical methods have the advantage of
being painless, they lack bioavailability and can lead to skin irritations, allergic reactions or
non-controlled drug release [8].

As a result of the disadvantages of existing techniques, there is an increasing impera-
tive for innovative methods for the delivery of therapeutic agents. For this reason, many
studies have focused on the investigation of microneedle (MN) arrays as transdermal drug
delivery (TDD) systems. MN arrays are minimally-invasive devices that can penetrate
the stratum corneum, one of the most important barriers for topically-applied drugs, thus
creating a pathway for drug permeation to the dermal tissue below [9]. MN arrays can en-
hance skin permeability compared to non-invasive patches enabling a faster onset of action
and good bioavailability. The use of minimally invasive MN-based transdermal patches for
TDD offers several important advantages over traditional drug delivery methods. These ad-
vantages include: (1) easy and controlled drug delivery; (2) the enhancement of therapeutic
efficiency with fewer side effects; (3) less pain than with traditional hypodermic needles;
and (4) the maintenance of a steady plasma level of the drug [10,11]. To date, MN arrays
have been used in several biomedical applications including diabetes treatment [12], cancer
diagnosis and therapy [13], for infections, inflammation and chronic pain treatment and the
treatment and control of obesity [14], and also for other applications including the sampling
of blood and interstitial fluids [15]. However, current MN-based TDD systems have asso-
ciated limitations including incomplete insertion, particularly for polymeric MNs, which
results in limited drug delivery efficiency and the wastage of valuable medication [16].

Metallic MN offer potential to overcome the challenges associated with polymeric
MNs systems. However, several existing challenges limiting the translation of metallic MN
arrays as a successful TDD systems remain, including: (1) current methods for metallic
MN array fabrication involve a multi–step process that is not cost-effective; (2) the lack of
clinical data relating to cytotoxicity of the metals used for MN fabrication; (3) limited drug
loading; and (4) challenges in maintaining mechanical properties and piercing capacity.

Recent advances in Additive Manufacturing techniques offer an innovative platform
for design optimization and the cost-effective manufacture of medical-grade metallic MN
arrays [17]. This review describes the various types of MN currently in development and
their potential for use clinically in the treatment of diabetes, the diagnosis and treatment of
cancer, management of chronic pain and treatment of obesity. The potential advantages of
metallic MN are highlighted and the different methods that have been used for the devel-
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opment and manufacture of metallic MN arrays as potential TDD systems are discussed.
In particular, the recent advances in the Additive Manufacturing of metallic MN arrays are
discussed. Additionally, this review presents a synopsis of existing and in development
MNs that meet the clinical requirements with optimal design and effective mechanical and
geometric properties in the therapeutic drug delivery, diagnosis and treatment of damaged
or diseased tissue.

2. Types of Microneedle Arrays

MN arrays can be characterized as: (1) solid, (2) coated, (3) hollow and (4) dissolvable
(Figure 1) [18–20]. They can be further categorized based on their mode of drug delivery,
and the materials used for their manufacture [21]. In general, there are four different modes
of drug delivery: (1) ‘poke–detach–diffuse’ for solid MNs (Figure 2a); (2) ‘coat and poke’
for solid coated MNs (Figure 2b); (3) ‘poke and flow’ for hollow MNs (Figure 2c); and
(4) ‘poke and release’ using dissolvable MNs (Figure 2d) [22]. The ‘poke-detach-diffuse’
method involves the use of solid MNs to create micro-channels through the epidermis into
the dermis [14]. After the removal of the MN system, the drug formulation is applied to the
skin surface by applying topical creams or transdermal patches and the drug is delivered
through the created micro-channels [18]. Coated MN systems are solid MNs coated with a
particular drug formulation. They deliver the drug during the insertion of the needles into
the skin, termed the ‘coat and poke’ method [14]. The coating of the MNs can be achieved
by dipping or spraying the surface of the solid MNs with the solubilized drug [23]. For
coated MNs, following the penetration of the MN into the skin, the delivery of the drug is
achieved by the dissolution of the coating which allows diffusion of the drug and the MNs
are subsequently removed [23]. Solid MNs can be fabricated from metals (e.g. stainless
steel or titanium), ceramics (silicon) and polymers (poly D, L-lactic-co-glycolic acid (PLGA)
and poly-ethylene glycol (PEG)) using different fabrication methods [14,22,24]. The length
and the shape of the channels formed depend on the needle geometry and design. Martiano
et al. used triangular shape stainless steel MNs (height = 1 mm, width = 0.2 mm) for the
TDD of insulin based on the ‘poke–detach–diffuse’ method [25]. This study demonstrated
the potential for effective TDD of macromolecular drugs using solid MNs. The “coat and
poke” method has also been used with titanium solid MNs of 330 µm height in an area of 1
cm2 coated with protein antigen for vaccine delivery [25]. The study demonstrated rapid
and reproducible intracutaneous administration of dry-coated antigen [25].
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Figure 1. Types of MN array. (a) solid MNs, that require a transdermal patch for continuous drug
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(c) hollow MNs for the creation of a path to administer the drug using conventional needles and
(d) dissolvable that are filled with the drug and fully dissolved following skin insertion [14].



Bioengineering 2023, 10, 24 4 of 29

Bioengineering 2022, 9, x FOR PEER REVIEW 4 of 31 
 

Figure 1. Types of MN array. (a) solid MNs, that require a transdermal patch for continuous drug 
administration after their insertion/removal, (b) coated, where the drug is coated around the nee-
dles, (c) hollow MNs for the creation of a path to administer the drug using conventional needles 
and (d) dissolvable that are filled with the drug and fully dissolved following skin insertion [14]. 

 
Figure 2. Delivery procedures of solid MNs through the (a) ‘poke−detach−diffuse’ method, in which 
the solid MNs are used only for the creation of holes and the drug administration is provided by a 
transdermal patch and (b) ‘coat and poke’ method where the drug is coated on the needles and the 
drug administration is provided from the MNs. (c) “Poke and flow” method in which the drug is 
inserted through hollow MNs and delivered in the body and (d) “poke and release” method for 
dissolvable MNs which are inserted and dissolved in the skin [14]. 

More recently, porosity have been introduced within the structure of solid MNs, 
made by metals, polymers or ceramics, to enhance their ability to delivery drugs and ther-
apeutic agents [26]. These porous MNs have different percentages of porosity, ranging 
between ~30% to 40% with average pore diameter 1.3 µm to 2.22 µm within their structure 
offering the unique ability to absorb drugs within their pores and release them upon in-
sertion into the skin [27–29]. While these MNs show potential for enabling improved TDD, 
the volume of voids within the structure can result in MN tip collapse due to the porous 
structure [27]. In particular, the porosity reduced the strength to only 2 N compressive 
force for titanium MNs and 0.6 N for polymeric MNs. In addition to the decrease of me-
chanical properties, decrease of tip sharpness was also observed with increased fragility 
during the fabrication process [28,30]. Thus, further optimization of the selected particle 

Figure 2. Delivery procedures of solid MNs through the (a) ‘poke-detach-diffuse’ method, in which
the solid MNs are used only for the creation of holes and the drug administration is provided by
a transdermal patch and (b) ‘coat and poke’ method where the drug is coated on the needles and
the drug administration is provided from the MNs. (c) “Poke and flow” method in which the drug
is inserted through hollow MNs and delivered in the body and (d) “poke and release” method for
dissolvable MNs which are inserted and dissolved in the skin [14].

More recently, porosity have been introduced within the structure of solid MNs, made
by metals, polymers or ceramics, to enhance their ability to delivery drugs and therapeutic
agents [26]. These porous MNs have different percentages of porosity, ranging between
~30% to 40% with average pore diameter 1.3 µm to 2.22 µm within their structure offering
the unique ability to absorb drugs within their pores and release them upon insertion into
the skin [27–29]. While these MNs show potential for enabling improved TDD, the volume
of voids within the structure can result in MN tip collapse due to the porous structure [27].
In particular, the porosity reduced the strength to only 2 N compressive force for titanium
MNs and 0.6 N for polymeric MNs. In addition to the decrease of mechanical properties,
decrease of tip sharpness was also observed with increased fragility during the fabrication
process [28,30]. Thus, further optimization of the selected particle size of the powder
material and the pore diameter of the final part, is required to achieve porous MNs that
meet the clinical requirements [27].

Hollow MN systems contain an empty cavity within the MN and a bore at the tip.
Drug delivery is achieved through the ‘coat and flow’ method whereby micro-volumes of a
drug can be delivered directly into the skin. They can deliver relatively large amounts of
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drugs with higher accuracy in dose, directly to the skin [14,18]. Hollow MNs are typically
fabricated from metals and ceramics with similar fabrication techniques as used for solid
MN arrays [21]. The final type of MN systems are dissolvable MNs, which are biodegrad-
able and can be manufactured from water-soluble materials or degradable polymers [20].
The matrix of the MNs contains the drug and has sufficient mechanical stability to enable in-
sertion into the skin, therein the matrix dissolves and the drug is released as a consequence,
thus achieving drug delivery via the ‘poke and release’ method [21].

3. MN Arrays for Disease Treatment

Each of the different types of MNs previously described (i.e., solid, hollow, dissolving
and coated) are fabricated from a range of different materials and have been used in drug
delivery applications (e.g., insulin, growth hormones), vaccines, genes, ribonucleic acid
(RNA) and proteins [14]. In biomedical applications, MNs have been used in diabetes
treatment, cancer therapy and diagnosis, the treatment of chronic pain, the treatment and
management of obesity and for other applications [23].

3.1. Chronic Diseases
3.1.1. Diabetes

The demand for therapies such as insulin is increasing among the adult population (9%
of diabetic patients) according to the World Health Organization, with diabetes projected to
be the 7th leading cause of death by 2030, with an estimated 439 million cases [31]. Diabetes
mellitus is a group of metabolic diseases characterized by hyper- or hypo-glycaemia
(approximately 250 million diabetic people) due to disorders in insulin secretion, action
or both [32]. Currently, the treatment of diabetes involves the use of insulin delivery
pumps or pens, insulin therapy, syringes, jet injectors and hypodermic needles to provide
transdermal delivery of a bolus delivery of insulin [33,34]. These methods of insulin
delivery pose challenges in terms of insulin administration and can lead to poor clinical
outcomes [35,36]. In particular, manual techniques involve human error and patient
noncompliance which can prevent optimum and accurate insulin administration from
being achieved. Furthermore, injections during self-administration lead to pain [37]. A
further challenge relating to insulin administration relates to the size of insulin which is a
large drug molecule (i.e., molecular weight of 5808 Daltons and contains 51 amino acids)
and it is difficult to deliver using transdermal delivery systems. In addition, insulin has a
negative charge at pH 7.4 (i.e., anionic cargo) and as a result insulin release into the systemic
circulation is slow and has poor bioavailability and cellular uptake. Limitations relating
to insulin release can lead to poor glucose control in diabetic patients causing high-risk
complications [12].

Therefore, due to the low accuracy and high risks of traditional insulin administration
methods, the development of new efficient and precise insulin delivery systems is required.
The development of “smart” systems capable of combining both diagnosis and therapy of
Type 1 and Type 2 diabetes in response to body signals would provide a distinct advantage
for patients suffering from the disease [37,38]. MNs offer the potential to deliver insulin
and at the same time measure blood glucose levels, as such these “smart” systems could be
an attractive solution for insulin delivery. Specifically, the MN-based arrays are capable
of carrying and delivering insulin molecules, significantly reducing tissue trauma and
pain [39].

Several studies have shown the potential of MNs to overcome the insulin adminis-
tration challenges that occur using traditional methods [37,40]. In one such system, a MN
array loaded with the diabetes therapy, exendin-4 (Ex4), was fabricated from hyaluronic
acid using micro-molding. This system allows penetration of the skin without causing
any skin damage, achieving accurate and rapid delivery [39]. Yu et al. [37] developed
a glucose-responsive MN array containing glucose-responsive vesicles (GRVs) (i.e., self-
assembled from hypoxia-sensitive hyaluronic acid (HS-HA)) that acts as a closed-loop
system to mimic the function of pancreatic cells by combining the diagnosis and therapy
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of diabetes. This system provides a potentially painless way to prevent hyperglycaemia
or hypoglycaemia and improve the health and life of Type 1 diabetic patients [37]. In
a further study, a portable electrochemical device for Type 2 diabetes therapy with the
capability to translate real time data and predict glucose levels was developed. In particular,
bioresorbable polymer-based MNs, coated with the required drug, release the drug into
the bloodstream when the programmed threshold temperature is exceeded. A reduction
in blood glucose levels in diabetic mice was demonstrated using this device [40]. A dual
mineralized MN array patch, consisting of Ex4 and glucose oxidase (GOx), enhanced the
skin penetration to 100% due to the strong crosslinking of alginate-based MN arrays [41].
The study showed that painless and non-invasive transdermal administration could be
achieved making it an attractive candidate for a long term, safe and on demand therapy.
However, an incomplete insertion of the MN array into the skin using this system was
observed. Finally, dissolvable starch and gelatin MN arrays have also been developed for
the release of the encapsulated insulin, leading to complete dissolution within 5 min of
insertion into the skin. This research confirmed the stability of the encapsulated insulin
and great potential for its TDD in a relatively painless, rapid and convenient manner [42].

One drawback of the methods previously described is the limited ability of the MN
arrays to fully penetrate the skin without plastic deformation on the tip. Therefore, research
efforts have been focused on enhancing the penetration properties and the tip sharpness
or failure forces of the MNs in order to improve insulin delivery. For instance, Invernale
et al. fabricated platinum-coated 316 L stainless steel 2D MN arrays with a length of 680
µm and width of 250 µm for continuous glucose monitoring [43]. The MNs penetrated
the skin without fracture of the needle and achieved continuous monitoring, and the
reduction of glucose levels for up to 7 days. Although cytotoxicity and biocompatibility
are among the greatest issues facing such MN-based sensors, the proposed technology
demonstrated no significant negative impact on cell viability. Finite element models have
also been applied to further investigate the performance of the metallic 2D MN arrays.
In a further study, a titanium hollow patch, consisting of needles with a length of 500
µm and a tip diameter of 75 µm, achieved pain-free administration and continuous drug
delivery in a diabetic rat model [44]. The MNs showed sufficient strength to pierce the
skin without breaking, improving the glucose levels by 50% within 4 h with a total of
0.43 ng/mL of insulin being released. An in vivo study, conducted by Martanto et al. in a
diabetic rat model, investigated transdermal insulin delivery using laser-cut solid stainless
steel MNs [45]. The MNs demonstrated full penetration into the rat skin with high skin
permeability to insulin. The decrease of blood glucose achieved was similar to that from
subcutaneous insulin injection (e.g., 0.05–0.5 U) with 0.5–7.4 ng/mL insulin concentration.
High insulin concentration with shorter insertion time was obtained within increased
transdermal insulin delivery and lower blood glucose levels by as much as 80%. Porous
titanium MNs have also shown promise for insulin delivery [46]. The force-displacement
graph during the penetration in the pigskin (with a thickness of 1–2 mm) indicated that full
penetration was achieved with a force of only ~3 N required without the fracture of the tip.
Successful and efficient insulin delivery was achieved in a diabetic rat model within 2 h,
decreasing the blood glucose levels to normal values.

The MNs described here have shown an ability to provide continuous drug delivery
without causing any pain compared to conventional hypodermic needles. Polymeric-based
MNs have difficulty penetrating the stratum corneum and they have a high risk of needle
breakage [42]. Mineralized MNs, formed by the chemical crosslinking of the polymer, have
limitations relating to the toxic traces from the crosslinking process, which can potentially
lead to skin irritation or infections [47]. However, the limitations related to the penetration
of the stratum corneum barrier and the amount of drug encapsulation that can be achieved
has shown an improvement with the use of metallic MNs [48]. Overall, despite the extensive
research in the field of MN technology for the treatment of diabetes, further research is
required to enhance their functionality and the control of release behavior.
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3.1.2. Obesity

According to the World Health Organization in 2016, more than 1.9 billion adults aged
18 years and older were overweight [49]. Of these, over 650 million adults were obese. The
number of incidents increased in 2019, with an estimated 38.2 million children under the
age of 5 years being overweight or obese [49]. Obesity is highly connected with several
diseases, namely leading to a high risk of diabetes and cancer, which are responsible for
20% of deaths in adults [50]. Different factors influence the development of obesity, such as
environmental and genetic factors, as well as an imbalance between calorie consumption
and energy expenditure [51].

Current approaches towards long-term weight management for patients suffering
from obesity include diet, physical exercise, pharmacological therapy and surgical ap-
proaches. However, these current treatments are associated with low effectiveness or
undesired systemic side effects. Many studies have been focused on the use of surgical
treatment approaches, which involve invasive procedures and have high risks. For instance,
the modification of the anatomy of the gastrointestinal tract can lead to a decrease in food
absorption and consumption [52]. Inflammation, infection, serious morbidity or even
death can also result from using surgical approaches. Other methods involve the use of
pharmacological agents, which have the benefit of not requiring invasive procedures. How-
ever, currently, these pharmaceutical approaches include limitations, leading to inefficient
results, undesired side effects on human organs such as gastro-intestine, liver and kidney
and limited applications [53].

There is a clear need for new approaches that can effectively treat obesity while
overcoming the significant risks arising from the traditional treatment approaches. MN-
based arrays have potential as minimally invasive devices that could provide an effective
approach for the treatment and control of obesity. The MN-based arrays could provide
a localized, convenient, and painless administration method for pharmacological agents
for the treatment of obesity. This approach would also allow the side effects relating to
current surgical procedures to be avoided. A recent study reported the development of
hyaluronic acid-based dissolving MN arrays for the TDD of caffeine for the treatment of
obesity [54]. The results indicated the significant improvement of lipolysis resulting in a
considerable weight loss leading to the 12.8 ± 0.75% reduction of obesity using the caffeine
loaded dissolving MNs three times per week in obese C57BL/6J mice [54]. A further
study reported the use of dissolvable MN-based arrays encapsulating rosiglitazone (Rosi)
nanoparticles for the delivery of browning reagents, for the long term management of
weight [55]. The browning reagents are capable of turning energy from food into heat in the
body in a safe and effective manner for the inhibition of adipocyte hypertrophy improving
the metabolism action. The delivery of browning agents reduced the inguinal fat pad of
the obese mice during a four-week treatment achieving approx. In all, 100% normalization
of the body weight and glucose levels of ~110 mg/dL from 140 mg/dL [55]. In addition
to obesity treatment, this TDD approach led to improved insulin sensitivity having a
positive effect not only in the fight against obesity but also against diabetes. Hyaluronic
acid-based dissolvable MN patches (10 × 10 arrays) with a height of 600 µm have been
used to deliver the anti-obesity compounds (i.e., β3-adrenoceptor agonist and the thyroid
hormone, triiodothyronine) transdermally to white adipose tissue (WAT) to increase energy
expenditure and transform the calorie-storing white fat into calorie-burning brown fat [56].
The optimal MNs required a lower effective dosage compared to systemic administration
with only 5 mg at day 1, resulting in a reduction of the side effects associated with the
over-activation of β3-adrenoceptors, such as increased heart rate and blood pressure. These
dissolving MNs effectively promoted WAT browning and suppressed body fat and weight
gain in a diet-induced obese mouse model, without the need for daily administration since
a slow release of β3-adrenoceptor agonist can be achieved [56].

In a further study, An et al. developed dissolvable MNs composed of the natural poly-
mer gelatin for the treatment of obesity [57]. The gelatin-based MNs showed a reduction
of local subcutaneous fat by up to 60% compared to non-treated control samples, demon-
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strating the direct effects of gelatin on the fat accumulation at the applied body part [57].
This was considered as an effective and simple method to target the local reduction of
subcutaneous adipose tissue.

3.2. Cancer Diagnosis and Treatment

Cancer is considered a major public health problem. According to GLOBOCAN
data, 18 million of the world population were diagnosed with cancer prior to 2018, with
0.5 million new cases in 2018 [58]. While cancer vaccination has been demonstrating
promising anticancer results, it is predicted that by 2040 cancer incidence will have increased
by 11.4 million new cases worldwide in total [23]. Traditional cancer treatment includes
surgery, chemotherapy and radiotherapy approaches, which often lead to side effects
(e.g. drowsiness, exhaustion, vomiting, etc.), acute toxicity or tumor recurrence [13]. An
appealing solution would be the use of a controllable and easily applicable minimal invasive
process (i.e., MN-based arrays) for immunotherapy and gene-based therapy for both cancer
vaccination and treatment [13].

The treatment of cancer using MN arrays has garnered significant attention by the
scientific community, resulting in many studies being conducted on the application of
MN patches containing immunostimulatory adjuvants and/or antigens as anticancer
therapeutic approaches capable of achieving the clinical requirements (Table 1). For instance,
drug-loaded dissolving MN patches comprised of hyaluronic acid have been developed
for the treatment of multiple tumors and the delivery of long-term treatments [59]. These
MNs were shown to be light-activated without affecting the structure of the MN array, or
their ability to penetrate the skin, able to achieve highly controllable on-demand delivery
and to dissolve after the release of cargoes within the tumor site. These dissolvable MN
arrays present a promising platform for the treatment of superficial skin tumors providing
safety, effectiveness, good handling properties, low-toxicity and a minimally invasive
approach [60]. Ye et al. reported the use of dissolvable hyaluronic acid-based MN arrays
for the delivery of immunotherapy for the treatment of melanoma [61]. Maaden et al.
used fused silica hollow MNs for the delivery of a therapeutic cancer vaccine, achieving
stronger functional cytotoxic and T-helper responses in mice, while requiring lower volumes
compared to traditional intradermal immunization [62].

Chablani et al. developed metallic MNs, 1100 µm in length, for the treatment of breast
cancer [63,64]. These metallic patches demonstrated the successful delivery of a particulate
breast cancer vaccine through 50 µm holes created in the skin. In vivo assessment using a
mouse model showed five times more tumor suppression in vaccinated animals, confirming
successful immune response activation and protection. The same metallic MN array system
were used for the transdermal delivery of an ovarian cancer vaccine by Tawde et al.,
achieving high tumor suppression [65]. The use of coated metallic MNs for the improved
delivery of a skin cancer drug has also been reported [66]. These MN arrays significantly
suppressed tumor growth within 5 min with a delivery efficiency of 90%. Gill et al.
fabricated and investigated coated stainless steel MNs for the delivery of different proteins
(e.g., calcein, vitamin B etc.) and DNA. The coating was absorbed within 20 sec, achieving
a controllable and rapid delivery into the skin [67].

Overall, these studies indicate that the use of MN array systems for immunotherapy,
gene-based therapy and vaccine administration can be considered as a highly attractive
approach, which requires further investigation.

3.3. Chronic Pain

Pain, acute and chronic, is the main reason for daily suffering for approximately
1.5 billion people, regardless of age [13]. Sources of pain are commonly the result of
trauma, infections, inflammation, tumors, metabolic disease or endocrine diseases [65].
Acute pain is usually associated with an injury and has a short duration, whereas pain
that persists for a longer duration, e.g., greater than three months is considered chronic.
The conventional method for the delivery of analgesics for the temporary relief of acute
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and chronic pain is through oral administration or/and injection. The use of MN patches
provides a promising technology for pain management offering additional benefits over
the conventional methods, including a reduced risk of systemic side effects. According
to Xie et al. [68] the fabrication of dissolvable MNs made of sodium carboxylmethyl
cellulose (SCMC, molecular weight ~90,000) has been shown to be safe and effective for
the local delivery of anti-calcitonin gene-related peptide (CGRP) that produces selective
anti-hypersensitivity through antagonism of peripheral CGRP receptors for the treatment
of neuropathic pain. In these studies, the use of the MNs resulted in significant pain relief
without skin irritations in contrast with traditional treatments, while avoiding the side
effects associated with systemic exposure [69]. Lidocaine works as an analgesic for both
chronic and acute pain, which is administrable via injection or non-invasive transdermal
patch. The topical delivery of lidocaine using non-invasive transdermal patches is less
efficient than traditional injections due to the low drug permeation (i.e., the undesired
delay of drug release) and the variability of drug absorption among individuals. Hence, to
address the clinical problem, a solid drug-loaded integrated transdermal polymer-based
MN patch was developed. Briefly, poly(ethylene glycol) diacrylate, (PEGDA (Mn = 258)),
2-hydroxy-2-methyl-propiophenone (HMP) were mixed and exposed to a high power
ultraviolet (UV) light source leading to a significantly higher amount of drug encapsulation
and a faster onset of drug permeation compared to commercial patches. These MNs
demonstrated an appropriate release and delivery of the active ingredient (lidocaine) for
the relief of acute and chronic pain [70]. The development and use of a photo-triggered
dissolvable polycaprolactone (PCL)/poly(l-lactide-co-d,l-lactide) (PLA) MN system for the
on-demand lidocaine delivery has also been reported [71]. Specifically, more convenient,
comfortable and effective pain control than standard injection was achieved with the use
of this system, with rapid absorption into the blood circulation and high bioavailability
(95%) reported.

Table 1. Microneedles used in vivo as vaccines for cancer therapy.

Materials No. of MNs Therapy Agent Height–Width Results

DEXTRAN/polyvinyl-
pyrrolidone, and
hyaluronic acid

2 × 12
STAT3 siRNA/

polyethylenimine
complexes

h: 650 µm
w: 300 µm

Reduction of tumor growth, tumor
volume and weight, by ~80% with

total dose of 264 µg of STAT3
siRNA and by ~50% total dose of

132 µg of STAT3 siRNA [72]

Polyvinyl alcohol 19 × 19 RALA/E6 and E7
pDNA

h: 600 µm
w: 300 µm

The use of MNs decreased the
tumor weight (i.e., 3.6 fold smaller)

compared to control mice [73]

Pluronic F127/Poly
(ethylene glycol) 7 × 7 OVA and R848 h: 350 µm

Administration of OVA/R848
using the MN patch, resulted in a

significant delay of tumour
growth (tumor size: ~500 mm3

after 25 days) compared to control
mice (tumor size: ~3000 mm3 after

25 days) [74]

Polyvinyl pyrrolidone 19 × 19 RALA-E6/E7 DNA
nanoparticles

h: 600 µm
w:300 µm

Increase the percentage of survival
by 40% after 40 days with the use

of nanoparticle-MNs [75]
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Table 1. Cont.

Materials No. of MNs Therapy Agent Height–Width Results

Hyaluronic acid 9 × 9 aPD1, glucose oxidase,
anti-CTLA4 antibody

h: 600 µm
w: 300 µm

Treatment with aPD1-GOx-MN
patch show that 50% of mice

survived with undetectable tumor
after 40 days. Complete control of
melanoma & disease-free survival
of approx. 70% of mice in 60 days
with the use of aCTLA4 and aPD1

MNs [76]

Hyaluronic acid 15 × 15 1-methyl-DL
tryptophan and aPD1

h: 800 µm
w: 300 µm

Reduced tumor growth (tumor
area: less than 100 mm2) compared

to the control (tumor area:
~300 mm2). While at the same time
40 days after the treatment 70% of
mice survival was observed [61]

Methylvinylether and
maleic anhydride 19 × 19

Ovalbumin loaded
poly(D,L-lactide-

co-glycolide)
nanoparticles

h: 600 µm
Delay of tumor growth (tumor
volume: 10 mm3) during the

13 days of treatment [77].

Poly(D,L-lactide-
co-glycolide),

poly(β-aminoester),
poly(4-styrene
sulfonate) and

protamine sulphate

19 × 19

pDNA and
poly(D,L-lactide-

coglycolide)
nanoparticles

h: 650 µm
w: 250 µm

Complete loss of pDNA coating
from the surface of the MNs and
transferred in the epidermis after

24 h [78]

AdminPen 43

Microparticle loaded
with whole cell lysate

of ID8 ovarian
cancer cells

h: 1100 nm

Decreased tumor growth with
transdermal vaccination (tumor

volume: ~300 mm3) compared to
placebo vaccination (tumor
volume: ~500 mm3) after

15 days [65]

AdminPatch-1200 43
Microparticle loaded
with drug proteins

or DNA
h: 1100 nm

Five times more tumor
suppression than the control

animals confirming the immune
response activation and

protection [64].

3.4. Other Applications

MNs have also been extensively studied for a number of other biomedical applications,
including blood and interstitial fluid sampling and for biosensing applications. MNs can
be used for blood sampling since the blood capillaries are presented under the dermis at a
depth of 400 µm. However, the tips of the nerves are in a similar depth and thus some of
the MNs in the array might graze the uppermost nerve cells [12]. A study exploring the
effect of MN length on pain reported that needles ranging from 480 µm to 1450 µm resulted
in pain scores of 5% to 40% when using a 26-gauge hypodermic needle [79] and thus
minimizing the MN length is important to result in a minimum of pain. The use of MNs
for blood sampling resulted in a reduction of pain by up to eight times when compared to
conventional hypodermic needles [80]. In order to extract blood, MNs require mechanical
and penetration properties that can achieve skin penetration without buckling. For example,
an average force value for human skin puncture is 6.0 N, it is 2.0 N for subcutaneous fat
tissue and 4.4 N for muscles and therefore metallic MNs are usually used [81]. These MNs
require a large inner diameter (40 µm–125 µm) to allow the largest blood cells to pass while
at the same time preventing the risk of failure due to buckling [82]. Many factors can affect
the process of the blood extraction, such us the fluid density, the MN diameter and the
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material. The use of a microfluidic pumping device can improve the process as well as
the capillary action, a natural action, which is enough for the blood extraction process [12].
Kawanaka et al. developed titanium MNs (inner Ø 100 µm) with a vacuum chamber for
blood extraction [83]. The results show a good volumetric efficiency up to 90%. Another
study presented stainless steel MNs (outer Ø 210–250 µm) as a blood/interstitial fluid
extraction system for pharmacokinetic studies (Figure 3a) [84]. The in vivo studies on mice
presented the ability of the MNs (inner Ø 115 µm) to collect successfully the blood through
capillary action within a 1 µL steel reservoir.

Similarly, for the sampling of interstitial fluids, the MNs have to penetrate the stratum
corneum and reach the dermis layer where the blood vessels are [85]. The sampling can be
achieved through capillary action combined with a pumping device, however this method
is not cost-effective due to the price of the device [12]. While, for the MNs, the capillary
forces enhance the hydrophilicity and help with the extraction of the fluids leading to faster
and easier blood extraction without the use of any device that makes it cost effective [84].
Mishra et al. tested SU-8 microneedles with 500 µm height and 40 µm inner diameter for
the optimization of the hollow microneedles design [86]. The flow rate was tested resulting
in 0.93 µL/s through the microneedle lumen [86]. In contrast, Kim et al. developed hollow
metallic 10 × 10 MN arrays with a height of 400 µm and smaller inner diameter of 20 µm
for the extraction of interstitial fluids (Figure 3b) [87]. These type of MN arrays delivered
the fluids in a controlled manner with a fluid flow rate of 0.69 µL/s. For interstitial fluid
extraction, the inner diameter of the MNs plays a significant role, whereby decreasing the
diameter led to a decrease of the flow rate through the MN.

In addition, MNs have been used as biosensors providing the ability for minimally
invasive measurements of biological or chemical reactions and monitoring. Metallic-based
solid, hollow and solid porous MNs made by stainless steel, platinum, carbon and gold have
been fabricated as biosensors [88]. Biosensors are assembled using hollow MN by placing
wires of platinum, silver or carbons inside the channel of hollow needles. On the other
hand, solid MNs have been molded using the necessary biological recognition elements [88].
Cahill et al. fabricated porous 316 L stainless steel MNs designed for the storage, delivery
and absorption of fluids inside the porous network for biosensing (Figure 3c) [89]. These
MN arrays were fabricated using hot embossing of the patch followed by sintering at
1100 ◦C and electropolishing at 2 A and 10 V for 1 min. They achieved porosity up to 36%
with average pore size Ø 2.22 µm and 27 ± 5 µL of fluid was able to wick up through
capillary action.

Another challenging application is the accessibility of the inner ear for the delivery
of drugs due to the fluids that exist in the cavity within the temporal bone. The only
way to reach the inner ear without the breakage of bone is the round window membrane
(RWM) in the middle ear. Studies have explored the use of polymeric MNs, with tip Ø of
500 nm, for the delivery of drugs for this challenging application [90]. Due to the risk of
the tip/needle failure because of the lack of mechanical strength (~0.2 N/needle, typical
failure force under axial load [91,92]) of the polymeric materials, further research has led
to the development of gold-coated copper-based MNs for the penetration of the RWM
(Figure 3d) [93]. In this study, MNs with a height of 430 µm and tip radius of 1.5 µm were
fabricated using an electrodeposition process. The ultra-sharp MNs were tested in guinea
pigs and achieved a mean perforation force (i.e., maximum force that is exerted on the
needles during the indentation) of 3.8 ± 0.3 mN. While a minimal degree of trauma was
observed since the shaft diameter was 100 µm without introducing uncontrolled ripping of
the RWM and at the same time, the MNs remained undamaged.
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costs are initially required for the fabrication of metallic MNs and post−processing follow-
ing fabrication is normally necessary, they have shown considerable promise as efficient 
minimal invasive delivery systems [30]. Metallic MNs provide high mechanical strength, 
are biocompatible and offer potential for drug elution [66]. Due to their high mechanical 
strength, they can easily penetrate the stratum corneum without failing and can effectively 
create pathways across skin enhancing drug flux [66]. Metallic MNs have higher fracture 
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Figure 3. (a) Stainless steel MNs for blood extraction with outer diameter 210 mm and inner diameter
115 mm. Reprinted with permission from Ref. [84]. 2001, Royal Society of Chemistry. (b) titanium
hollow microneedle array used for interstitial fluids sampling with height of 400 µm and in wall
thickness 20 µm [87]; (c) porous 316 L stainless steel patches with 21 microneedles with a tip radius of
38 µm aiming to be used in biosensors. Reprinted with permission from Ref. [89] 2005, Elsevier Science
&Technology Journals; and (d) cold coated additively manufactured copper needle (height = 430 µm
and tip radius = 1.5 µm) aiming the inner ear application [93].

4. Metallic Microneedles

Although MN-based arrays fabricated from a range of materials have shown promise
for clinical application in the treatment of a range of diseases, they still lack of mechanical
properties. Particularly polymeric MNs, presents challenges in terms of repeatable penetra-
tion, with incomplete insertion affecting the volume of drug loading that can be achieved,
resulting in inconsistent drug delivery [23]. The use of citric acid as a crosslinking method
to improve the mechanical properties can result in biocompatibility issues due to toxic
traces from the crosslinking process remaining on the MN surfaces [94].

Metallic MNs offer a number of advantages of polymeric MNs. While high start-
up costs are initially required for the fabrication of metallic MNs and post-processing
following fabrication is normally necessary, they have shown considerable promise as
efficient minimal invasive delivery systems [30]. Metallic MNs provide high mechanical
strength, are biocompatible and offer potential for drug elution [66]. Due to their high
mechanical strength, they can easily penetrate the stratum corneum without failing and can
effectively create pathways across skin enhancing drug flux [66]. Metallic MNs have higher
fracture toughness and yield strength values (greater than 200 MPa) than polymeric MNs.
They have been shown to exhibit a high degree of dimensional accuracy and reproducibility,
while their unique physical and chemical properties afford them the ability to deliver small,
lipophilic molecules through soft tissues such as skin to a range of organs [18,24].
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A number of manufacturing techniques have been employed including stereolithogra-
phy, laser cutting and ablation, wet/dry etching, metal electroplating, injection molding
and laser sintering, leading to metallic solid or hollow MNs with complex geometries [25].

Metals Used for Microneedles

A range of metals including stainless steel, titanium, palladium, nickel, tantalum,
platinum and palladium–cobalt alloys have been successfully used for biomedical appli-
cations [21,95]. For the manufacture of MN arrays, stainless steel and titanium are most
commonly used in research at the present time. Compared to stainless steel, titanium can
lead to lower corrosion rates combined with higher mechanical properties resulting in the
development of solid applications, while hollow applications can be also used as base of
the coated MNs [95]. In addition to their good mechanical properties and biocompatibility,
stainless steel and titanium offer high strength, allowing penetration of the skin without
fracture of the MN-based arrays, thus offering advantages compared to counterparts com-
posed of other materials [96]. Nickel has issues relating to biocompatibility, leading to the
risk of toxicity so requires careful use [45]. For instance, nickel sensitivity or development of
dermatitis have been observed following contact with alloys containing approximately 14%
nickel [97,98]. Meanwhile, even MNs containing a low percentage of nickel (8%) have been
reported to cause allergic contact dermatitis [99]. Palladium and platinum have not been
adequately studied for use in the manufacture of MNs [100]. A more detailed comparison
of the mechanical properties of the metals used for MN manufacture is presented in Table 2.

Table 2. Mechanical properties of metals used for the manufacture of metal-based MN arrays [96].

Metals Young’s Modulus
(GPa)

Ultimate Tensile
Strength (MPa)

Elongation
(%)

Nickel 207 45–450 30–47

Palladium 117 180–320 30–40

Platinum 171 125–165 35

Tantalum 175–190 760 30

Copper 130 193–262 30

Pure Titanium 102–120 240–550 15–30

Ti6Al4V 114 1170 10

Stainless steel 193–200 505–1000 60–70

Stainless steel is an iron-based alloy that contains a high percentage of chromium
(11–30 wt. %) and varying amounts of nickel [21]. For this reason, the composition of
stainless steel affects its biocompatibility. The optimal biocompatibility is provided by 316 L
stainless steel, which is also widely used for endovascular devices and surgical applications.
Nevertheless, this is not critical for MN arrays since their application does not require
long-term contact time with the body. Their use is similar to traditional stainless steel
(304 SS) hypodermic needles, which are commonly used and considered as biocompat-
ible [96,101]. Due to the high biocompatibility and mechanical properties (e.g., Young’s
modulus of 200 GPa) of stainless steel, it was the first metal used in the manufacture of
MN arrays [102,103]. The simplest method for the fabrication of stainless steel MN arrays
involves holding traditional hypodermic needles in a supporting material and changing
the length of needles [96]. More advanced stainless steel MNs with a variety of designs
and geometries (Figure 4) can be produced using microfabrication technology [103].
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Figure 4. Stainless steel (a) porous MNs used for storage, delivery of drugs and absorption of
fluids for biosensing produced by the hot embossing technique. Reprinted with permission from
Ref. [27]. 2005, Elsevier Science &Technology Journals, (b) solid conical–shaped MN electrodes in a
rectangular patch produced by direct metal laser sintering (DMLS) 3D printing process. Reprinted
with permission from Ref. [104]. 2020, Advanced Materials Technologies.

An alternative to stainless steel-based MN arrays, are those produced using titanium.
Titanium and its alloys (e.g., Ti-6Al-4V ELI) are used in applications such as hip prostheses
and pacemaker cases [105] and have a reduced Young’s modulus and percentage of elon-
gation (102–120 GPa), (10–30%), respectively, compared to stainless steel (193–200 GPa),
(60–70%) [102], while offering sufficient strength to avoid breakage during the implantation
process. Therefore, titanium and its alloys are suitable materials for the fabrication of
MN arrays. As a result, a range of titanium-based MNs are being developed as TDD
systems [106] and as biosensors [21]. Both titanium alloys and stainless steel offer high
levels of corrosion resistance due to the formation of a surface oxide layer, which makes
them safe for use in humans and animals [21]. Although there are many studies investi-
gating the clinical performance of titanium and titanium alloys more studies and work
for orthopedic and dental applications is required [107,108]. In addition, there are limited
clinical studies relating to the application of similar materials for the application of TDD
using MNs fabricated from titanium and titanium alloys.

5. Fabrication Methods for Metallic MNs

Technological developments in the microelectronics industry between 1990 and 1999
have led to new microfabrication tools suitable for producing MNs for medical appli-
cations [101]. The first MNs produced were manufactured from silicon and since then
different types of materials, such as metals, polymers, ceramics and glass, have been used
for MN fabrication. The fabrication of metallic MNs is focused on achieving the optimal MN
geometry, shape, size and tip sharpness to increase the mechanical strength and reduce the
required force for the MNs penetration into the skin [102]. Methods used for the fabrication
of MNs include AM techniques (3D printing), such as direct metal laser sintering (DMLS),
laser cutting, laser ablation, etching, electroplating, hot embossing and metal injection
molding (MIM). These fabrication techniques are summarized in Table 3. 3D printing
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offers particular advantages such as manufacturing versatility and customisability, as well
as the ability to manufacture complex structures to a high accuracy and precision (e.g.,
dimensional fidelity within ±5% of desired dimensions). Furthermore, the fabrication of
MNs using 3D printing enables the rapid modification of key properties that influence the
MN performance. To date, there are a number of different techniques that are used for the
fabrication of metallic MNs include laser cutting, laser ablation, etching, electroplating, hot
embosing and injection molding. All the different fabrication techniques are summarized
in Table 3.

5.1. Direct Metal Laser Sintering (DMLS)

Direct metal laser sintering (DMLS) is an AM technique for the fabrication of metallic
parts. DMLS is a power bed fusion technology that can combine this single fabrication
step with the ability to produce three-dimensional parts [109]. It is one of the most widely
used technique due to the accuracy in the geometry, low cost and the ability to provide
parts close to the shape and aspect ratio of the final product (near net shaped parts) [110].
This technique has already been used in medical applications, particularly for orthopedic
and dental applications [111,112]. The process uses a laser beam in order to melt together
different layers of powder to a required layer thickness as specified in the computer-aided
design data (Figure 5) [110]. Krieger et al. reported the fabrication of 316 L stainless
steel MNs using DMLS technology followed by electropolishing [104]. In this study,
they developed 3D-printed dry MN electrodes, 5 × 5 MN arrays, using a laser power of
55 W, for the measurement of electrical muscle activity in humans (Figure 6). This study
presented high quality surface electromyography signals, with reduced electrode–skin
contact resistance at approximately 63%, showing the potential of these MN electrodes to
be used for the application of biosignal recording.

Bioengineering 2022, 9, x FOR PEER REVIEW 15 of 31 
 

customisability, as well as the ability to manufacture complex structures to a high 
accuracy and precision (e.g., dimensional fidelity within ±5% of desired dimensions). 
Furthermore, the fabrication of MNs using 3D printing enables the rapid modification of 
key properties that influence the MN performance. To date, there are a number of different 
techniques that are used for the fabrication of metallic MNs include laser cutting, laser 
ablation, etching, electroplating, hot embosing and injection molding. All the different 
fabrication techniques are summarized in Table 3.  

5.1. Direct Metal Laser Sintering (DMLS)  
Direct metal laser sintering (DMLS) is an AM technique for the fabrication of metallic 

parts. DMLS is a power bed fusion technology that can combine this single fabrication 
step with the ability to produce three−dimensional parts [109]. It is one of the most widely 
used technique due to the accuracy in the geometry, low cost and the ability to provide 
parts close to the shape and aspect ratio of the final product (near net shaped parts) [110]. 
This technique has already been used in medical applications, particularly for orthopedic 
and dental applications [111,112]. The process uses a laser beam in order to melt together 
different layers of powder to a required layer thickness as specified in the computer−aided 
design data (Figure 5) [110]. Krieger et al. reported the fabrication of 316 L stainless steel 
MNs using DMLS technology followed by electropolishing [104]. In this study, they de-
veloped 3D−printed dry MN electrodes, 5 × 5 MN arrays, using a laser power of 55 W, for 
the measurement of electrical muscle activity in humans (Figure 6). This study presented 
high quality surface electromyography signals, with reduced electrode–skin contact re-
sistance at approximately 63%, showing the potential of these MN electrodes to be used 
for the application of biosignal recording. 

 
Figure 5. Schematic illustration of the DMLS process which is a layer by layer sintering process 
using a computer control to import the CAD file, while a laser beam directly melting the first layer 
of metal powder. A powder delivery system and a roller are used to apply the next layer of metal 
powder until the final part is produced [113]. 
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powder. A powder delivery system and a roller are used to apply the next layer of metal powder
until the final part is produced [113].
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5.2. Laser Cutting

Laser cutting is applied in different manufacturing processes due to its high cut
quality [103]. This process is cost-effective due to the large amounts that can be produced
in industry. This method is widely used for the manufacturing of solid metallic MN arrays.
Firstly, the appropriate geometry and dimensions of the needles are designed in a computer
aided drawing (CAD) software (e.g., SolidWorks, AutoCAD, etc.). Stainless steel MN
arrays are usually produced by laser cutting while a laser beam melts the material and
an assist gas (i.e., oxygen, nitrogen, etc.) blows the melt in the shape of the needle into a
plane sheet and then bends them, usually at a 90◦ angle, out of the plane of the sheet [105].
However, this procedure leads to poor surface finishing of the MN arrays. To decrease the
surface roughness from deposited oxides, the MN arrays have to be cleaned with detergent
followed by rinsing in running water [106]. Post-processing (i.e., electropolishing) is
required for the cleaning of the edges of the MN arrays as well as for sharpening of the
MN tips.

MN arrays with different dimensions have been successfully produced with the use of
the laser cutting process. Uddin et al. built micro-sized needles with 700 µm length, 200 µm
width and 50 mm thickness from stainless steel sheets (SS 304) by the laser cutting process
(Figure 7) [114]. Initially, a CAD model was desined with the desirable needle geometry,
and then the laser beam traced the shape of the needles on the metal sheet creating the MNs.
In order to create the final MN arrays with 50 MNs in total, the needles were manually bent
at 90◦ out of the sheet plane. The MN arrays were then drug coated for the examination
of drug release via the “coat and poke” method through murine skin [115]. Rapid release
rates were obtained with approximately 85–90% of the drug being released after 1 h and
100% of the drug released within 3 h. It was also observed that application marks, and
drug residue on the skin, disappeared after 24 h.

5.3. Laser Ablation

Laser ablation techniques are usually used for thin metal films (e.g., stainless steel and
tantalum) where the excimer laser ablation is able to isolate adjacent MN arrays [30,114].
Laser ablation can be used to fabriacte clean and precise structures due to direct solid-
to-vapour transformation in low pulse energy and heat [116]. In this process, the laser is
focused on the metallic sheet and after a single-shot, a protuberance appears at the centre
of the metallic sheet (Figure 8a) [100]. The light pulses are able to give the suitable shape in
the sheet and after three pulses the protuberance takes the shape of a MN with a 10 µm
height approximately. The height of the needles changes with the deposition of more or
less light pulse [117].
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shape in the sheet [118], (b) produced metallic needles by the laser ablation technique with max
height of 8.6 µm using three light pulses [119].

MN fabrication on a metal surface based on laser ablation using twisted light with
spin was demonstrated, for the first time by Bhattacharya et al. [117]. The resulting needle
showed a height of at least 10 µm above the target surface and a tip diameter of less than
0.3 µm. The needles were uniformly well shaped with an average length and tip diameter
of approx. 10 µm and 0.5 µm (Figure 8b).
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5.4. Etching

Etching techniques are used for the fabrication of titanium-based MN arrays but also
for the sharpening of the tips of already fabricated MNs [19]. There are two types of the
etching process, i.e., (1) wet and (2) dry etching. The material that is used for the fabrication
of the MNs defines the selection of the process [120]. For the wet etching process, liquid
chemicals or etchants are used to remove the material from a wafer [21]. During the process
of wet etching, the specific shape (e.g., of the MN) is defined by photoresist masks on the
wafer. The liquid chemicals etch the pattern that is not covered with the photoresist masks.
In this way, the liquid chemical reacts with the material and then the oxidized material is
dissolved. At this stage, the photoresist mask will become detached leading to the form of
the final product (i.e., MN arrays) [118]. The dry-etching process involves usually a plasma
of reactive gases (e.g., fluorocarbons, oxygen, chlorine, nitrogen and argon), while the ions,
that the material is exposed to, are able to etch the surface and remove the material in a
specific pattern giving the final shape of a MN [120].

In a recent study, two different shaped needle structures, i.e., pyramidal (Figure 9a) and
flattened (Figure 9b) needles, were fabricated using wet etching for the determination of the
mechanical characteristics [121]. The height and pitch of both needle types were 120–250 µm
and 170–280 µm, respectively. The compression strength achieved was approximately 40
mN for individual MNs and 10 N for a total array of 160 needles.
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5.5. Electroplating

The electroplating process, also known as electrodeposition, is suitable for the fabri-
cation of both solid and hollow MNs (e.g., palladium and copper) [19,100]. This process
is based on a liquid solution of ionic species, in which a charge transfer during the depo-
sition occurs to produce the metal or oxide layer in the electrode [123]. An electrolytic
bath solution with positively charged ions is used, in which the positively charged ions
are reduced from an applied external electric field in a way that the metallic material is
electrodeposited to individual solid or hollow MNs [124]. The thickness and the deposition
rate of the material can be controlled with the change of the electrodeposition time. The
increase of the time of the reaction leads to the consumption of more material resulting in
increased final product thickness [122,123].

In a study, Sachan et al., manufactured copper hollow MNs with an Additive Manu-
facturing approach based on the electroplating process [125]. This method combines fluid
scanning probes with the 3D printing process. During the process, copper ions are injected
through a cantilever aperture inside of the printing chamber of the 3D printer (e.g., CERES
system), and the ions impound the electrochemical copper reduction into a small region
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creating a unit building block (voxel) (Figure 10a). When this reduction reaches the can-
tilever, which is located within the printing head, it is deflected and starts positioning to
the next location. Once a voxel is completed the tip moves to the next position to create the
MN. In this study, the printing time was approx. 6 h and needed 42.682 voxels to produce
the hollow MN with a height of 431 µm (Figure 10b).
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5.6. Hot Embossing

The hot embossing process is a simple technique, similar to metal injection molding
that include the use of heat and a PDMS mold to create a MN patch and can provide
complex parts with high aspect ratios [126]. Cahill et al. fabricated 316 L stainless steel
porous MNs with 36% of porosity using hot embossing of a patch of stainless steel-based
feedstock. After fabrication, the MN were sintered at 1100 ◦C and electropolished [27].
Due to the porosity of 36% the MNs were able to wick-up 27 ± 5 µL of fluid through
capillary action. The drug delivery performance of the porous 316 L stainless steel MNs
(22.4 ± 4.9 mg/cm2) appeared to be three times higher than the topical administration
(7.1 ± 4.3 mg/cm2). Furthermore, the metallic porous patches were able to penetrate
porcine skin under a load of 19 N without leading to a failure despite the existence of
porous. Porous stainless steel MNs using the hot embossing process were also developed
by Ullah et al. and were coated with a thin polymer layer achieving porcine skin penetrate
without fracturing, delivering calcein dye to a depth of 750 µm [127]. Comparing the coated
with non-coated MNs a significant improvement in mechanical properties was observed,
with the failure force reaching the 25 N. In addition to mechanical properties, the porous
polymer-coated stainless steel MNs were able to store higher amount of rhodamine B and
lidocaine 5 to 25-fold higher drug delivery.

5.7. Metal Injection Mulding (MIM)

The metal injection molding (MIM) process can be used as a mass-production tech-
nique for MN arrays fabrication. This technique provides the ability to manufacture
parts with high precision and complex structure [128], with micro and nano featureand
replication capabilities [129]. MIM is not a one-step process, since it requires numerous
stages including feedstock preparation, injection molding, binder removal and the sintering
(Figure 11a). The initial raw materials are metal powders combined with the binder that is
injected into the mold. The metallic part is formed by the injection molding process [28].
In order to obtain parts with interconnected porosity without destroying the shape, the
binder has to be removed. This process is divided into two parts, the solvent de-binding
and the thermal de-binding. For the extraction of the binder, chemicals (such as heptane
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and hexane) can be used in the solvent de-binding process, while for the thermal process
the green compact is heated up in a furnace [130]. Finally, the sintering process reduces the
pore volume that has been created by the binder and that can lead to a 10–20% of shrinkage
of the final part [130]. Titanium-based porous MNs (6 × 6 microneedle array with 500 µm
microneedle height) were fabricated by Li et al. using MIM (Figure 11b). The titanium
MNs had an average porosity of 30.1% and a pore size of 1.3 µm diameter [28]. These MNs
demonstrated the ability to penetrate human forearm skin without fracturing and were
able to diffuse dry rhodamine B, which was stored in the porous MNs, into rabbit skin.
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Table 3. Overview of the MNs fabrication techniques described in the “Fabrication Methods for
Metallic MNs” section.

Fabrication
Technique

Types of
MNs Material Used Key Geometric Features Advantages Limitations References

Laser Cutting Solid, hollow Stainless steel

Height: 700 µm,
width: 200 µm
Outer and inner

diameter of 50 µm
and 20 µm

Mass productivity,
Low cost

Post-processing (i.e.,
electropolishing) is

required (poor
surface finishing)

[114,131,132]

Laser Ablation Solid Stainless steel
Tantalum

Height >10 µm
Tip diameter: 0.3–0.5 µm

Aspect ratio: 1–4.5
Thickness: 2.5–10 µm

No time consuming

Required thin
metallic sheet,

Might cause cracks
in the final structure

[118,119]

Etching Solid
Hollow

Titanium
Nickel

Height: 120–250 µm
Pitch: 230–280 µm

Simple process,
Controllable etching rate

Chemical
contamination

High cost
[19,122,133]

Electroplating Solid
Hollow

Palladium
Copper

Height < 500 µm
Base diameter:
100–250 µm

Controlled thickness and
the deposition rate High cost [125,134]

Hot embossing Solid Stainless steel
Titanium

Porosity:
d90:1.56–2.93 µm
Height >300 µm
Tip: 30–90 µm

Mass production,
Cost effective,
Complex parts

Multi-step process [27,126]

Metal Injection
molding (MIM) Solid Stainless steel

Titanium

Porosity: d50: 1.3 µm
Height: 460 ± 40 µm

Tip diameter: 20 ± 4 µm
Mass production Multi-step process [28]

Direct Metal Laser
Sintering (DMLS) Solid Stainless steel

Titanium
Height: 250–700 µm
Tip radius < 50 µm

Single fabrication step,
Near net shaped parts,

Mass production

High cost,
Post-processing is

required
[30,104,109,110]

6. Optimization of MN Structure

Several important design criteria require consideration when designing and fabricat-
ing metallic MNs. The material that is used for the MN fabrication combined with the force
required during the application plays a significant role in MN insertion into the skin and in
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the fracture properties. The geometric characteristics of individual MNs and MN arrays
have a significant effect on their mechanical and penetration properties. The most vital fac-
tors (with the exception of material type) that affect the mechanical strength are the height,
diameter, thickness, aspect ratio and the shape of the MNs (summarized in Table 4) [135].
The needle height controls the depth to which a drug/vaccine may be delivered, while
the aspect ratio of the needle influences ease of insertion and mechanical integrity. The tip
diameter is also a key parameter influencing MN skin insertion. The penetration properties
are also affected by the number of vertices of the individual MNs [136].

Moreover, the MN design can affect the delivery of therapeutic agents in vivo and the
pain experienced by the patient during insertion. The increase of MN height can improve
the drug loading, but this can be more painful during the insertion in the human body.
Factors such as MN length, tip angle, thickness and width can also affect the insertion
pain. Gill et al. [79] examined the effect of MN design on the pain levels experienced by
human volunteers. Geometric characteristics, such as MN length, tip angle and thickness
and width, were tested using different MN dimensions. The study showed that MNs
with a length between 450 µm and 700 µm did not cause any pain for 100% volunteers
tested and 90% of volunteers experienced pain when the MN length was increased to
1450 µm. For MNs with a length of 480 µm, changing the tip angle from 20◦ to 90◦ led
to a painless penetration. Furthermore, there was no significant (p > 0.05) difference in
pain levels reported when changing the MN width (from 160 µm to 465 µm) or the MN
thickness (30 µm to 100 µm) [137]. However, the array pattern presented influenced the final
characteristics in terms their application. For instance, a 5-microneedle arrays reduced the
pain levels by 10% compared with hypodermic needles while 50-microneedle arrays show
10 times higher levels of pain (which corresponded to 25% of the hypodermic needle) [79].

Microneedle base diameter is considered as another factor that can affect both me-
chanical and penetration properties. The increase of the base diameter leads to higher
penetration forces, which can cause the failure of the needle during insertion into the skin.
According to a study that investigated the effect of the base diameter on the efficiency of the
drug delivery, TTD improvement was observed when the MN base diameter was increased
from 40 µm to 125 µm [138]. Consequently, increasing the base diameter led to increased
mechanical stability. Conversely, keeping the base diameter constant and increasing the
MN height makes them more likely to fail due to buckling. Even though a larger base
diameter leads to a MN array exhibiting a higher surface for drug coating, many studies
have shown that the skin permeability is not affected significantly by changing the MN
geometries [82,139]. Moreover, the MN thickness is related to mechanical strength. The
compression strength correlates with MN thickness, in the same way as the insertion force,
since the margin of safety (i.e., ratio between MN fracture and skin insertion force) reaches
the highest values with large MN thickness. Similarly, with the base diameter, the thickness
does not affect the skin permeability [79].

Additionally, the needle-to-needle distance, the number of MNs within the array and
the array pattern influence the penetration force [140]. Furthermore, the insertion force
is also affected by MN number combined with the needle–to-needle distance, with the
increase of the needle-to-needle distance leading to lower insertion forces [82,141]. The
needle-to-needle distance is closely connected with the array pattern. The array pattern
refers to the arrangement of the MNs within the patch, e.g., triangular, square and hexagonal
MN array patterns [139]. The MN array pattern is one of the main factors that affects skin
permeability. Studies have shown that the hexagonal pattern demonstrates the greatest
skin permeability when compared to the square or triangular pattern arrangements. While
a square pattern has a greater interface area that results in higher diffusion of the drug into
the skin [142].

The recent development of porous MNs has shown potential for enhanced TDD [26].
Further optimization of these MNs is required in order to achieve a high volume of pores,
while maintaining the mechanical integrity of the MN. Until recently, porous MNs have at-
tracted less attention due to their complex fabrication processes used for their manufacture.



Bioengineering 2023, 10, 24 22 of 29

However, recent advances in Additive Manufacturing offer great potential for manufacture
of porous metallic MNs, whereby the printing parameters can be more easily adjusted to
provide the desired porous properties to the final part [143].

Table 4. Overview of the geometrical characteristic affect the MN arrays performance.

Geometrical
Characteristics

Mechanical
Strength Skin Insertion Skin Permeability Pain Levels Drug Delivery References

Needle Length

The increase of
needle length

(>1000 µm) can
reduce compression
and buckling forces.

Increasing the
needle length

increases the risk of
bleeding during the

insertion.
Increasing the
needle height

(300–900 µm) lead
to increase of

penetration depth.

Increased of needle
length enhances the
skin permeability.

Increasing the MN
length can increase

the pain levels
during penetration

by reaching the pain
receptors.

Increase of MN
length can improve

the drug release.
[79,137]

Needle Tip
Diameter/Angle

Greater MN tip
diameter increase

the margin of safety
(i.e., ratio between:
fracture force and

insertion force).
Greater tip diameter

increases the
mechanical

strength.

The small tip
diameter improves
the skin penetration

leading to easier
skin insertion.

N/A Sharper tips lead to
decrease of pain. N/A [19,79,82,144]

Needle Base
Diameter

Increasing the base
diameter (approx.

>20 µm) led to
increased

mechanical stability.

Increasing the base
diameter led to the

increase of the
penetration depth.

Increasing the base
diameter led to
effective skin
permeability.

Increasing the base
diameter can cause

increase of pain.

Increasing the base
diameter (40 µm to

125 µm) lead to
improvement of

TDD by increasing
the drug coating.

[79,82,145]

Needle Thickness

Greater MN
thickness lead to
greater margin of

safety.
Fracture force

increases with the
increase of
thickness.

Increasing the
thickness lead to
limited and more

difficult skin
insertion.

Increasing the
thickness enhanced

the effectiveness
skin permeability.

Increasing the
needle thickness for

both solid and
hollow increased
the pain levels.

N/A [19,79,82]

Aspect ratio (height:
base)

High aspect ratio
lead to buckling of

the needles.
Increasing the

aspect ratio lead to
decrease of

mechanical strength.
Stiffness increased

with the decrease of
aspect ratio.

Increase of aspect
ratio increased the
penetration depth.
Low aspect ratio
limited the skin

penetration.

Lower aspect ratio
limits the skin
permeability.

N/A

Increased aspect
ratio lead to

increase of drug
loading and release.

[82,144]

Array pattern

Increasing the
needle to needle

distance reduce the
force during the

penetration.
Increasing the
needle vertices

(3 to 6 vertices) the
needles can

withstand higher
compressive loads.

Increasing the
needle to

needle distance
(30–600 µm) lead to

increase of the
penetration depth.

Increasing the
needle vertices to 6
increases the skin

permeability.

Increasing the
number of MNs in
the array lead to
increase of pain.

N/A [79,82,137,146]

7. Summary and Future Perspectives

Considering the need and the disadvantages of the existing TDD systems for the
treatment and diagnosis of different diseases and incidence, a micro sized device presents
significant potential as a painless minimal invasive device. Several TDD systems have been
developed (e.g., conventional hypodermic needles, oral administration, topical creams and
non-invasive transdermal patches) to date, to overcome these drawbacks. However, these
systems still lack the ability to overcome the main challenge, which is painless penetration
without the fracture of the device and at the same time, controlled and continuous or rapid
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drug release. MN arrays have the potential to offer advantageous properties including
good bioavailability, enhanced skin permeability [13] without skin irritation or allergic
reactions, while at the same time combining the requirement for painless application and
controlled drug delivery.

To date, a range of such devices have been investigated for use in the treatment of
several diseases (e.g., treatment of diabetes, cancer diagnosis and therapy, chronic pain
treatment and control/treatment of obesity). However, these studies have been mainly
focused on polymeric and dissolvable needles. For instance, studies reported the use of
polymeric MNs for the diagnosis and therapy of Type 1 and Type 2 diabetes [34,36] and for
the treatment of multiple tumors as anticancer therapeutic approaches [13]. Although, these
polymeric MNs offer a significant advantage as they can function as painless TDD systems,
they have shown difficulties in penetrating the skin, insufficient biocompatibility and
poor drug loading capacity. Currently, the scientific knowledge and understanding of the
fabrication method required and the design rules associated with mechanical properties and
geometrical characteristics is limited and considerable research efforts are being invested.

Initially, investigation demonstrated that the development of polymer-based MNs ob-
tain poor mechanical properties with forces that lead to tip fracture before skin penetration.
Metallic MNs show potential to overcome these challenges and are able to deliver rela-
tively larger amounts of drugs (e.g., via drug coating or the drug loading of porous MNs)
with higher mechanical integrity and piercing strength. In particular, recent studies have
shown that the manufacture of solid metallic-based MNs can achieve optimal geometric
characteristics for constant and controlled drug delivery [147]. However, since MNs can be
manufactured in a number of shapes and types, MNs with optimal geometric characteristics
can combine increased mechanical strength and reduced penetration forces in order to
penetrate the stratum corneum, one of the main barriers of the skin. Nevertheless, there are
challenges remaining in this area so, further investigations into the ideal properties, such as
porosity and density, of the solid metallic-based MN arrays are required. For instance, there
is a need for new research in order to achieve optimal mechanical properties as well as drug
loading ability and biological performance, and ultimately improved disease treatment
and management.

Additive Manufacturing is a subversive, innovative technology and fast-growing field
that has introduced new opportunities in the area of personalized medication, offering the
potential for high impact in terms of the efficiency, quality and cost-effectiveness in the
production of pharmaceutical therapies and biomaterial-based devices [104,148]. However,
many limitations related to the final geometrical and physical properties (e.g., poor surface
finishing, porosity and shape) and the process (e.g., multi-step process, high cost and risk
of chemical contamination) should be addressed to employ Additive Manufacturing as a
successful approach for TDD.

Research development of the metallic MN arrays is focused on exploring its potential
as a drug delivery system for the controlled and localized delivery of cells, growth factors
and small molecules focusing on the synchronization of the load and the release of these
elements. Another area of research focus relates to the investigation and optimization of
the additive manufacturing process in order to achieve improved penetration and mechani-
cal properties. Considerable research remains on improving the suboptimal mechanical,
physical properties (e.g., compression strength, bulk modulus and ultimate strain before
failure) and drug release rate and/or amount. Therefore, future studies should focus
on the understanding of the fundamental principles of AM, such as the enhancement of
laser beam or nozzle features, leading to the ultimate resolution of printed MNs [149].
This new knowledge will be very important to ensure the ease of handling, safety and
effectiveness of the product(s) developed leading to the successful fabrication of MN arrays
and understanding the structure-property-performance relationship.

Consequently, the development of MNs as drug delivery systems using upgraded
Additive Manufacturing systems is necessary to promote their quality. The development
of MNs through 3D printing can enhance accessibility offering customization and cost-
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efficiency using low-cost raw printing materials. Furthermore, the ability to control the
printing resolution can improve the accuracy of the final features. Therefore, metallic
3D printed MN arrays have gained increasing significance in recent years since they
demonstrate potential as TDD systems for painless application and controlled, continuous
or rapid drug release for a number of challenging diseases [150]. Furthermore, scientific
findings should be combined with commercialization schemes, in order to ensure rapid
bench-to-bedside translation is achieved and that patients can quickly benefit from these
new promising technologies.
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