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Introduction

During the last decades, numerous attempts have been 
made to deliver recommended dose of drugs and therapeu-
tic compounds to the target tissues with fewer side effects.1,2 
Due to ease of access and less invasive manipulation, trans-
dermal delivery of target molecules has been at the center 
of attention.1,2 This approach is a newly generated delivery 
route system that solves previous disadvantages such as 
pain, patient anxiety, low dose delivery, and other side 
effects.3 Besides, the transdermal delivery route has dimin-
ished the possible biodegradation of drugs inside the gas-
trointestinal tract and through hepatic activity. Despite 
these advantages, cutaneous tissue develops a substantial 
barrier against multiple foreign agents with specific phys-
icochemical properties. The epidermal layer is the first  
target surface for the transdermal delivery route to release 
the target compound into the blood circulation.4–6  

It was suggested that lipophilic compounds with low 
molecular weight (<500 Da) can easily cross the epidermal 
layer; however, it is difficult for pharmaceutical bio-macro-
molecules and other biomolecules such as nucleic acids or 
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proteins, to reach deeper layer of skin. In line with this 
claim, both passive and active methods have been applied 
to increase transdermal delivery of target componunds.7 In 
the passive methods, optimized drug formulation or appli-
cation of carriers often leads to restricted transfer of bio-
macromolecules. By contrast, the application of active 
physical or mechanical modalities yields outstanding skin 
permeability, even for compounds with higher molecular 
weights.8 For instance, several microneedles (MN) with 
different needle lengths (from 100 to 1100 µm) and needle 
densities per cm2 have been fabricated for different pur-
poses. Of note, the local application of MN containing nee-
dle in 100–700 µm length can generate micro-sized 
channels through the stratum corneum, leading to facili-
tated delivery of target molecules to the target sites. Based 
on histological studies, the average thickness of the stratum 
corneum is about 10 µm.9 It should not be forgotten the fact 
that the chemical properties of certain drugs can be affected 
using direct conventional transdermal administration which 
per se restricts further absorption through the subcutaneous 
layer into the systemic circulation.10 Development of 
sophisticated delivery systems such as MN not only can 
increase the delivery efficiently but also reduce the total 
dose of medication. Some features such as the dissolving 
rate of needles can also vary bioavailability rate. As a cor-
relate, modification of needle geometry and size can help 
us to increase the deeper transdermal release of drugs. 
Besides, the application of water-soluble formulations or 
localization of biopharmaceutical agents juxtaposed to nee-
dle tips way from the basement could also stimulate drug 
bioavailability.11 Besides, different geometrical values such 
as needle side wall thickness, needle height, and tip radii, as 
well as aspect ratio are identical in the fabrication and 
delivery of various compounds into the deeper layer of 
cutaneous tissue.

A higher aspect ratio (needle height/width ratio) can 
result in the development of painless MN during insertion 
into the cutaneous tissue while an excessive aspect ratio 
diminishes mechanical strength.12 Because of the direct 
application of transdermal patches, other issues such as 
mechanical rigidity, loading capacity of needles, respon-
siveness to external stimuli, and low probability of pain 
should be considered.13

To date, several physical penetration enhancers such as 
MN, iontophoresis, electroporation, sonophoresis, ablative 
laser microporation, and chemical penetration enhancers 
like fatty acids, alcohols, esters, etc. have been used to 
increase delivery efficiency through the transdermal 
route.14,15 The chemical penetration enhancers are easy to 
be produced in various chemical structures and are appli-
cable without additive tools and professional clinicians. 
However, the chemical penetration approach may enhance 
the risk of severe skin inflammation especially when 
hydrophilic molecules are used for accelerating the deliv-
ery of therapeutic molecules.15 In contrast, the physical 

penetration enhancers provide a less invasive platform for 
fast and adjustable dose drug delivery.16 Among them, the 
iontophoresis method is based on voltage gradient delivery 
of therapeutic agent through stratum corneum, the outer 
layer of the epidermis, by creating nano-sized holes.17 It 
has been suggested that this approach is more appropriate 
for the delivery of lipophilic and small size molecules.18 
The efficiency of iontophoresis-based delivery is associ-
ated with the loaded drug concentration, pH of drug solu-
tion, ionic component, and physicochemical conditions.19 
In the sonophoresis method, ultrasound waves are 
exploited to improve skin permeability by increasing the 
local temperature and applying mechanical longitude force 
for transdermal delivery.16 Although sonophoresis is 
known to be safe, cheap, and functional, the heating effects 
can alter the therapeutic effects of thermal-sensitive mol-
ecules during transdermal delivery.20 However, sonopho-
resis also stimulates skin permeability via non-thermal 
approaches by tethering generated microbubble through 
ultrasound waves.21 Electroporation supports transdermal 
delivery using high-voltage electric pulses based on mem-
brane rearrangement and pore formation.22 Ideally, the 
electroporation pulses can also induce an immune response 
within transdermal delivery (notably through vaccine 
delivery). However, the unprogrammed number of pulses 
and treatment elongation may cause severe damage to 
keratinocyte and resident cells.23 In ablative laser micropo-
ration, skin resurfacing is done by laser irradiation which 
facilitates topical absorption and further systemic delivery 
to remote sites.24 Similar to the other physical penetration 
enhancers, ablative laser facilitates the transdermal deliv-
ery of high molecular weight and hydrophilic molecules. 
The drug absorption can be interrupted if laser irradiation 
forms a large-scale coagulation area in the damaged tissue 
around microchannels.25,26

Recently, MN devices equipped with an array of needles 
with a size of less than 500 µm have been developed for effi-
cient delivery through an epidermal barrier (Figure 1). One of 
the most prominent advantages of the MN system would be 
that both small- and large-sized molecules such as nucleic 
acids, proteins, vaccines, hormones, nanoparticles, and virus-
like particles can be loaded in MN devices.27–29 MN devices 
enhance patient compliance because of painless injections 
while preventing in situ infections caused by conventional 
needles. However, the development of novel micro-fabrica-
tion methods and stability drugs inside the MN devices are 
still challenging. Even though the MN system has excellent 
potential to be an alternative to traditional methods, it can 
contribute to skin irritation or allergic reactions.30 Progress in 
the development of MN devices has increased hopes for using 
less specialized personnel worldwide by creating self-health 
administration opportunities.31,32

This review initially summarizes MN fabrication meth-
ods and the application of different MN types, as delivery 
systems, in regenerative medicine. MN delivery system 
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utilities to target common disorders such as metabolic dis-
orders, humoral disorders, and autoimmune disorders are 
also discussed. Likewise, recent progress on sophisticated 
therapeutic trends for virus and bacterial infections and 
cancer immunotherapy via MN vaccine delivery systems 
were also covered in this review.

MN fabrication methods

Up to now, different types of MNs (solid, coated, hallow, 
and dissolving MNs) have been developed for drug deliv-
ery purposes. To fabricate MNs, materials such as hydro-
gels, silica glass, silicon, metals, polymers, ceramics, etc. 
can be used. Although MN fabrication methods are grow-
ing fast (Figure 2(a)) the most common MN fabrication 
methods are bulk micromachining, surface micromachin-
ing, and LIGA. During Bulk micromachining, a favorable 
shape is designed by substrate elimination.33 Despite bulk 
micromachining, in surface micromachining, the shape of 
the substrate is developed by forming on the surface.33 The 
etching is a common subset of bulk micromachining and 
surface micromachining processes. During etching, sub-
strates are patterned by various lithographic methods like 
photolithography which are obtained by eliminating sub-
strates on or in the target surface (Figure 2(b)).33–35 
However, photolithography has been limited by issues 
such as high purchasing processes and less authority in 

picking materials.36 RIE is a type of dry etching method 
and this procedure utilizes reactive plasma such as ionized 
gas to discard materials uncovered by a mask which leads 
to more accurate etching in comparison to wet etching.37,38 
Compared to dry etching, in wet etching, the substrate 
elimination is done by a chemical agent and provided both 
a cheap and simple fabrication process (Figure 2(a)).34,39

The LIGA process consists of metal deposition on pat-
terned substrates.34,35,40,41 X-ray or UV irradiations are 
commonly used for pattern stabilization. Previous experi-
ments have successfully applied specific materials such as 
PMMA as a sensitive polymer in the X-ray LIGA process. 
Noteworthy, in UV-LIGA, an epoxy-based negative pho-
toresist such as SU-8 is used as a photo-resistant poly-
mer.34,35,40,41 On this basis, the target metal is deposited on 
the resisted area without a covered mask. Finally, the pho-
toresist material is peeled off to obtain the final desirable 
structure. The LIGA process is applicable for both mold 
fabrication and direct metal deposition. Even though X-ray 
LIGA is expensive and requires complex instruments com-
pared to the UV-LIGA technique.39

Micromolding is another method in which patterned 
PDMS is used as a mold for substrates and an alternative 
that solves photolithography limitations (Figure 3).35,36 
Micromolding is a cheap and common process for MN fab-
rication; however, fractions of the loaded drug may waste 
during this process.42 Laser irradiation such as excimer laser 

Figure 1. Available approached purposed for transdermal delivery using MN patch system.



4 Journal of Tissue Engineering  

can help us to produce precise microchannels on suggested 
soft materials utilizing as a template for MN fabrication.43,44 
Meanwhile, the MN production by laser is time-consuming 
and it is thought that the laser irradiation is mostly suitable 
to design surface topography in fabrication microfluidic 
devices.39,44 Notably, current advances in MN fabrication 
have led to the application of sophisticated technologies 
such as personalized 3D printing.45 Due to the availability of 
specific synthesis methods, the physicochemical properties 
of MN devices can be adapted according to the type of tar-
get molecules and injection site. As MNs create micro-sized 
channels in the epidermis layer, the type, shape, size, den-
sity, and length of needles should be carefully considered.46 
The close association between MN geometry and effective 

insertion has been shown that an increase in insertion depth 
of needle affects both deflections of the skin. Under these 
circumstances, maximum force is applied to the needle 
insertion due to reducing the shear forces. However, the 
speed of the needle penetrating did not affect the force or 
deflection of the skin during penetration.47,48 Generally, a 
smaller tip diameter and tip angle and a high height to base 
width ratio can result in successful needle insertion.49 An 
optimal number of needles array is critical to enhancing 
drug delivery and insufficient needles reduce the delivery 
volume. In contrast, too many needles will reduce the pen-
etration capacity and efficiency rate. If needle penetration 
does not reach the targeted depth, the treatment becomes 
less effective due to lower concentrations in the critical 

Figure 2. (a) MN fabrication methods are a subset of micro-electro-mechanical fabrication processes that diverged into three 
major groups: bulk micromachining, surface micromachining, and LIGA. (b) Photolithography process is one of the methods to the 
pattern desired figures on biomaterials, subsequently creating the 3D shape via wet or dry etching.
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region and leakage out of the injection site.50 However, fur-
ther knowledge is necessary to design MNs rationally before 
their fabrication, particularly to determine the most effective 
MN geometries and application methods and to produce a 
uniform and reproducible MN penetration. Nevertheless, 
most researchers have been seeking to optimize the MN fab-
rication methods and applications for different pathologies 
(Figure 2).

Types of MN devices

Solid and coated MNs

Solid MNs are usually made of silicon, ceramic, metals 
like gold, nickel, titanium, and non-degradable polymers 
with high resilience to physically form pores through the 

skin, enhancing the permeability for drugs at the site of 
application (Figure 4).51 Petchsangsai et al.52 fabricated a 
homemade MN array by cutting nine acupuncture needles 
and positioning them on a silicon matrix. They found that 
the use of an external insertion force of about 10 N facili-
tated the delivery of hydrophilic macromolecule in MNs 
more than the electroporation, and sonophoresis tech-
niques, separately.52 Of note, the combination of MN 
devices with electroporation, sonophoresis, and simultane-
ous electroporation-sonophoresis approaches increased 
the amount of delivery more than the MN system alone 
over 24 h.52 Histological staining showed that the cutane-
ous tissue remained intact after treatment. Although the 
volatile input voltage, intensity and duration of electropo-
ration, and sonophoresis should be examined, and safe 
amounts are chosen.52 To increase the delivery rate, solid 

Figure 3. Several micromolding-based MN fabrication techniques: (a) micromolding, (b) injection molding, (c) hot embossing, and 
(d) investment molding.
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MNs can be coated with drug-loaded biodegradable mate-
rials with various methods like dip coating, drop coating, 
spray coating, layer by layer coating (based on electro-
static bond formation between surface-modified MN or 
pre-coated additional material and drug-loaded material).53 
Ideally, the coating process should provide a uniform, thin 
layer of drug-loaded biocompatible material on the solid 
MN to obtain reliable results through treatment.51 
Additionally, coated-MNs support various drug delivery 
possibilities in the one-treatment procedure of each needle 
in different drug solutions.1 Previously, Hu et al.46 con-
structed a metallic glass solid MN by thermoplastic draw-
ing technique. The needles were dip-coated in red-colored 
drug solution to examine in vitro drug delivery potential 
on porcine cutaneous tissue. According to their findings, 
this technique is efficient for on-demand drug delivery. 
Besides, the developed MNs had proper mechanical, mor-
phological, and biocompatible features to penetrate the 
skin and overcome skin elasticity.46 In another study, 
Kapoor et al.54 fabricated solid polymeric MN coated with 
~250 μg peptide A on a 1.27 cm2 patch containing 316 nee-
dles and claimed that this system is capable of delivering 
target protein similar to subcutaneous administration. 
They also claimed that the coating procedure can stabilize 
peptide A, enhance protein activity, and reduce required 
total peptide dose loading on MN, making MN a non-inva-
sive approach to transdermal delivery of peptides.54

Dissolving MNs

Compared to solid MNs, dissolving MNs are fabricated by 
encapsulated drug-loaded biodegradable materials like 
polyesters, polyvinyl, and carbohydrates (Figure 4).51 
Whereas the solid MNs stiffness increases fracture possi-
bility and further skin inflammation raised by broken nee-
dles, the dissolving MNs are strong enough to penetrate 
the skin but not as much as the solid MNs.12 Dissolving 

MNs regulate drug-releasing upon matrix degradation, 
enhance the amount of drug loading, and resolve homog-
enous coating process difficulty in comparison with coated 
MNs.1,3,51 Noteworthy, dissolving MNs might deliver the 
right amount of drug dose in contrast to solid and coated 
MNs. They are also suspected of demolition against damp-
ened environment regard to their soluble matrix that 
diminished the stability rate of the designed dissolving 
MN.55 Previously, Castilla-Casadiego et al.56 designed dis-
solving chitosan-based MN for delivering meloxicam as a 
pain-relieving in cattle. Meloxicam is a nonsteroidal anti-
inflammatory drug that prohibits the activity of COX-2 
and prostaglandin E2. These elements are important factors 
in pain sensation, vasodilation, leukocyte adhesion, 
inflammatory responses to TNF-α, and other cytokines.57 
They also found that the MN patch could deliver meloxi-
cam efficiently for a week.56 In another study, Ramalheiro 
et al. fabricated rapidly dissolving poly (vinylpyrrolidone) 
and poly (vinyl alcohol) MNs for the delivery of rapamy-
cin for psoriasis purposes. To this end, they enriched 
phytantriol-based cubosome-like liquid crystalline with 
rapamycin. The loaded drug was continuously released for 
14 days in in vitro conditions.58 Psoriasis is a chronic 
inflammation of cutaneous tissue and is indicated with 
hyperkeratosis and abnormal thickening of the dermal 
layer. In addition to the proliferation of epidermal cells, the 
recruitment of immune cells into the affected sites is evi-
dent in histopathological examinations.59,60 The presence 
of Th1 and T17 subsets contribute to the production of sev-
eral cytokines such as TNF-α, IFN-γ, IL-17A, IL-22.59,60 
The inhibition of mTOR is touted to participate in the reg-
ulation of autophagy, and cytoskeleton organization, cel-
lular metabolism, and cell growth.61 The release of 
rapamycin via dissolving MNs led to inhibition of NK 
cells activity and suppression of inflammation.58 It seems 
that dissolving MNs can be used for immunomodulation in 
the context of cutaneous tissue.

Figure 4. Types of MNs with different releasing mechanisms.
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Detachable (separable) MNs, belonging to dissolving 
MNs, are known to circumvent problems associated with 
the possible immune response following needle degrada-
tion as seen in dissolving MNs because of long-term 
replacement inside the cutaneous layer (Figure 4).51 These 
MN types can quickly deliver a favorable amount of tar-
geted drugs into the target sites. The solid backbone of 
separable MNs is made of non-degradable materials while 
arrowhead tips are fabricated using degradable scaffolds.51 
Pukfukdee et al.62 designed a separable hyaluronic acid-
polyvinylpyrrolidone-maltose as a solid matrix for cell 
delivery into the cutaneous tissue. In this regard, they 
encapsulated murine melanoma cells (B16-F10) and found 
the successful delivery of melanoma cells by cell-loaded 
needles into the hypodermic region.62 Data showed cells 
delivery via dissolving MN with bigger tumor-sized on the 
dorsal back skin of experimental mice compared to hypo-
dermic injection. The neoplastic features of cells in the two 
approaches were similar.62 In a study, it was found that 
encapsulation of phyto-compound Capsaicin inside PCL 
needles decreased cancer cells proliferation and promoted 
cellular apoptosis depending on the dose concentration. 
The base of needles was fabricated using PVP and PVA.63,64 
Recently, experiments demonstrated that Capsaicin can 
arrest cell cycle by eliciting cyclin-dependent kinase 
inhibitor P21 and inhibition of ERK1/2 signaling path-
ways, leading to decreased cell proliferation and promoted 
apoptosis via JNK activation.64 Eum and co-workers suc-
cessfully released Capsaicin using PCL needles for con-
secutive 15 days. Data showed that needles composed of 
biodegradable and biocompatible polymers like PCL can 
be used instead of hydrophobic polymers for trans-dermal 
delivery.63 In an experiment conducted by Li and co-work-
ers, a separable polyester kind patch was fabricated with a 
bubble technique. This technique supports immediate sep-
aration and effective insertion which is useful for contra-
ceptive hormone delivery. In this approach, serum levels 
of contraceptive hormones were increased for a month.65

Hallow MNs

Hallow MNs are an alternative route for hypodermic deliv-
ery of high molecular weight compounds such as nucleic 
acids, antibodies, and proteins with large amounts. The 
compound release rate and pressure can be modulated by 
regulating the hallow size. Hollow MNs are synthesized 
using metals like gold, titanium, stainless steel, ceramic, 
and other non-degradable polymers (Figure 4).51,66 The 
fabricated drug-loaded MNs should be examined in terms 
of physicochemical properties, content, rate of release, and 
cytotoxicity of the drug. The backbone of hallow MNs 
should be characterized in morphology, mechanical prop-
erties, and quality of skin permeation. The safety analyses 
include cutaneous tissue irritation, infection, and 
pain.1,14,67,68 In a recent study, Cárcamo-Martínez et al.69 

tried to deliver JAK inhibitor, tofacitinib citrate, intrader-
mally for the suppression of cutaneous inflammation via 
hollow MN arrays composed of Gantrez® S-97 and 10% 
PEG, and results were compared to hallow MN system and 
commonly topical administration. Using neonatal porcine 
skin, they delivered 1393, 2158, 5685 μg tofacitinib citrate 
after 24 h using the topical cream, hallow, and dissolving 
MN systems, respectively. They pointed out that the hal-
low MN supports less drug loading and the delivery rate is 
slower.

Swellable MNs

Swellable MNs are specific kinds of MNs that are expanded 
following exposure to the cutaneous interstitial fluid 
(Figure 4).51,66 Like other MN types, swellable MNs also 
provide microchannels on the skin for other drug deliv-
ery.66,70 Swellable MNs are composed of hydrophilic poly-
mers with high swell capacity such as polyethylene glycol, 
acrylate derivatives, etc.51,66 It seems the addition of other 
techniques can improve the hydrophilicity of MNs. For 
instance, Chew et al.71 improved the hydrophilicity of 
PEGDA polymer after cross-linking with hyaluronic acid 
and use of UV irradiation. The MN attachment capability 
was also enhanced by the coating with photo-curable 
materials. According to their findings, the synthesized 
matrix was swelled quickly in a short duration of almost 
10 min in which 90% loaded drug was released to the 
aqueous phase. In this scenario, this platform provides 
high concentrate drug loading and an efficient delivery 
rate after the MN fabrication process.71 Yang et al.72 previ-
ously designed swellable MN to facilitate the sustainable 
release of granisetron, an antagonist for the 5HT3 receptor 
of serotonin, to inhibit vomit sensation after chemother-
apy. The exposure of Kulchitsky cells (known as entero-
chromaffin cells) can lead to the production of serotonin 
and the stimulation of the vagus nerve result in vomiting or 
vomiting sensation.73 Data showed that swellable MN sys-
tem, containing 1.5% CaHPO4 successfully released about 
2.1 mg granisetron during 168 h compared to the CaHPO4-
free swellable MN system.72 Monitoring the systemic lev-
els of granisetron in rats showed the highest concentrations 
during the early 24 h. The presence of granisetron was 
found during 168 h (Figure 4).

Smart MNs

As the MN delivery system progressed, the requirement of 
precise control release, high agent uptake efficacy, and 
accurate elective cell delivery with much lower side effects 
become important for professional self-health administra-
tion approaches.74,75 Thus, smart MNs were introduced as 
responsive drug delivery platforms that stimulated by 
exogenous, endogenous, or multi-triggers to modulate the 
rate, amount, and moment of transdermal dermal drug 
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delivery.74 In this regard, smart MNs are designed with dif-
ferent responsive materials. The procedure of smart MN 
synthesis is based on three steps that lead to MN matrix 
phase transition or shape-shifting (shrinkage, swelling, 
and leakage) and selective drug release. Steps are as fol-
lows; (I) the endogenous environmental changes in PH, or 
temperature, or osmotic pressure, (II) the biomolecule 
interaction based on enzyme-substrate interaction, or anti-
body-antigen interaction or host-guest recognition that is 
applicable to stimulate by any internal modification rates 
of glucose, nitric oxide, thrombin, ROS, etc., and (III) the 
different exogenous stimuli such as UV, NIR, electricity, 
magnetic field, and ultrasound, which induce dynamic 
bond cleavage, isomerization, reduction, or ring-opening 
between structural materials used in MNs (Figure 5).74–76

Thermal and PH responsive materials

Generally, the release capability of thermoresponsive 
materials is dependent on reversibly hydrogen bond for-
mation and deformation or molecular aggregation and 
molecular disaggregation owing to Van-Der-Waals or 

hydrophobic interaction by inducing different scales of 
temperature.77 In the case of molecular aggregation, 
unbalancing between hydrophilicity/hydrophobicity ratio 
toward temperature stimuli makes molecular disassembly 
and drug secretion.77 Until today, variable thermo-sensi-
tive materials with lower critical solution temperature 
(insoluble in high temperature) or higher critical solution 
temperature (soluble in high temperature) have been uti-
lized in drug delivery.77,78 For example, elastin, polypep-
tide, carbohydrate-based, and pluronic hydrogels, NIPAM, 
polyacrylic acid-co-acrylamide, PEG-based block copol-
ymers, metal nanoparticles, carbon nanoparticles, etc. 
have been used to deliver drugs into the target area.77,78 In 
an experiment, the permeability of porcine skin was suc-
cessfully increased after the insertion of a solid micronee-
dle with 600 µm length for 48 h.79 To this end, NTX-HCl 
was encapsulated in poloxamer 407 (P407) and applied to 
the skin. Data showed that the increase of ambient tem-
perature up to 27°C caused P407 gelation and a steady 
release rate up to 48 h. The aqueous-loaded NTX-HCl had 
a higher and fast release rate.79 Commensurate with  
these comments, any disruption on the expected local 

Figure 5. Smart MN types. The smart MN response to the environmental changes allowed controllable factor release. Smart MNs 
were divided into two major groups exogenous- and endogenous-based stimuli.
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temperature can lead to undesirable aggregation or disas-
sembly that limits the application of thermoresponsive 
materials in the clinical setting.79

Due to distinct pH values in different parts of the body 
and cellular segments, biomaterials with the ability to 
respond to acidic or physiological conditions have been 
developed.80 The pH-responsive materials are materials 
with acidic or alkaline groups (PKa value between 3 and 
10) and ionized with electrostatic interactions following 
the alteration of environmental pH.77 Besides, the pH-
responsive materials can be modified through an oxidore-
ductase reaction, leading to phase shifting via pH 
fluctuation.81 It is noteworthy to know that few pH-respon-
sive materials are biocompatible and functional at the 
range of physiological. As a consequence, these features 
limit the choices for various experiments and conditions.77 
In general, block copolymers, polyamidoamine, PAA, 
poly L-lysine, modified derivatives of different substrates 
like chitosan, mesoporous silica, pH-sensitive bonds 
between applied material like hydrazine links, and other 
ionic nanostructures such as calcium phosphate, etc. have 
been used as pH-responsive materials for drug delivery 
purposes.77,80,81 To study the role of pH on drug delivery, 
Cherng-Jyh and co-workers designed a PVP-based MN 
array and PLGA hallow mesosphere labeled with sodium 
bicarbonate (NaHCO3) and fluorescent probes. Upon MN 
degradation, the existence of a naturally acidic environ-
ment in cutaneous tissue provided an interaction probabil-
ity between free protons and NaHCO3. Thus, the production 
of CO2 can trigger drug extrusion.82 It was suggested that 
about 80% of the drug is released from the hallow meso-
sphere supplemented with NaHCO3 in the aqueous acidic 
condition through 15 min.82 Miao et al. provided a smart 
MN system consisting of an i-motif DNA/gold nano-stars/
doxorubicin MN system. Doxorubicin is an efficient 
chemotherapy drug that triggers apoptosis by attaching to 
the host DNA and preventing DNA replication and RNA 
expression.83 For this purpose, Miao et al. conjugated dou-
ble-strand DNA on gold nanostars followed by insertion of 
aptamer on i-motif. In this system, aptamer provides a 
bridge to connect i-motif to DNA. However, this connec-
tion is pH sensitive. According to their data, the changes in 
pH and temperature values can release near 75% load dox-
orubicin in which cancer cells lost clonogenic capacity and 
malignancy.84

Exogenous triggered MN delivery 
system

Light stimulation

Among exogenous stimuli, light triggers by UV and NIR 
have been extensively used for photodynamic and photo-
thermal activation.85 In the case of MN stimulation by pho-
tothermal approach, the light emission (NIR and UV) 
excites the electrons of applied materials (mostly metal 

nanoparticles, semiconductors, and carbon-based materi-
als), and the electrons translocation to the base circuit is 
along with energy liberation as locally-focused heat that 
induces drug release by dynamic configuration in MN.85 
The direct UV light can also stimulate the photo-isomeri-
zation process by applying coumarins, spiropyrans, and 
azobenzene to increase drug delivery.74 Zhang et al.86 
designed a separable PVA-gelatin methacryloyl- (Gel-MA) 
loaded with black phosphorous dots (as photothermal con-
version molecule) and hemoglobin immersed in oxygen 
solution for diabetic cutaneous wounds therapy. An 
impaired wound healing in diabetic patients occurs because 
of prolonged hyperglycemia, production of inflammatory 
cytokine, and ROS for a longer period.87,88 Additionally, it 
is thought that every hemoglobin molecule can carry four 
oxygen molecules and immersion in oxygen solution 
causes more oxygen uptake. To alleviate the hypoxic con-
dition, these patches were attached to diabetic rat cutane-
ous wounds and exposed to NIR. Upon NIR irradiation, 
oxygen molecules were released into the skin by increas-
ing the temperature. This strategy can help us to impede 
long-term severe hypoxia and increase the possibility of 
chronic wounds treatment.86 NIR stimuli are popular due 
to their tissue permeability capacity and are mostly 
absorbed by tissues. Therefore, it is necessary to consider 
safety issues during the application. The photodynamic 
process is often promoted using energetic UV light.85 
During the photodynamic process, the photosensitizer 
molecules are delivered by MNs to produce ROS follow-
ing the exposure to UV irradiation, leading to tumoricidal 
effects.89 In these circumstances, the photosensitizer lib-
eration is controlled by the degradation rate of the MN 
matrix. For instance, ALA is a photosensitizer molecule 
converting to PPIX in the mitochondria after NIR stimula-
tion. Although ALA showed promising results in the 
potential of ROS production, the traditional transdermal 
delivery was challenging due to the natural hydrophilic 
properties of ALA.90 Photodynamic responsive molecules 
face some limitations in in vivo conditions such as low 
stability rate and the need to use high doses to achieve 
promising results.89 In this regard, Zhao et al. developed 
local delivery based on ALA to overcome former limita-
tions. They used tip-loaded fast dissolvable hyaluronic 
acid MNs with a depth of about 200 μm encapsulated ALA 
for subcutaneous tumor therapy in a mouse model. 
According to data, the dissolving MNs delivered a large 
amount of ALA during the early 10 min. This system had 
perfect progress compared to previous ALA-coated MN 
delivery systems. Data also showed significant tumor inhi-
bition in ALA-loaded hyaluronic acid MNs compared to 
direct injection of ALA (97% vs 66%).90

Magnetic stimulation

The magnetic particles that are placed inside the soft or 
thermo-sensitive materials could be activated by the MF 
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remotely, providing a safe delivery platform without tissue 
penetration despite the light stimulated delivery technique.75 
The major action mechanism of magneto-responsive mate-
rials is the dynamic bond deformation and heat production 
by magnetic particles within the MN construction. 
Moreover, the released agents could be directed to the 
desired site in the presence of magnetic forces.75 However, 
the minority of responsive materials to magnetic stimula-
tion, production of toxic derivatives due to magnetic particle 
degradation, the possibility of severe local heat generation, 
and high-cost instrument necessity have limited bulk appli-
cation of magnetic stimulated MNs for transdermal drug 
delivery.91 To examine the MN delivery system triggered 
via a magnetic field, Fang et al. developed a PVA-
mesoporous iron oxide nanoraspberry based MNs loaded 
with Minoxidil. The size of MNs reached 600–300 µm in 
height and round base diameter, respectively.92 Minoxidil is 
commonly used to improve hair growth by vasodilation 
effects, induction of cellular proliferation, growth factor 
production.92,93 Upon using MF, the viability of rabbit syn-
oviocytes, HIG-82, was reduced because of local heat gen-
eration, and the toxicity of the iron oxide nanoparticles. 
Loading Minoxidil in PVA-mesoporous iron oxide nano-
raspberry based MNs increased hair density in alopecia 
areas after 7 days. It was suggested that the further release of 
Minoxidil after MF stimulation increased local blood flow 
after regulation of K channels, relaxation of vascular smooth 
muscle, production of VEGF, and PEG2.

94

Ultrasound stimulation

As aforementioned, ultrasound triggering through the sono-
phoresis process enhances skin permeability via both ther-
mal and non-thermal approaches.75 During ultrasound 
emission, the created microbubbles were moderately wob-
bled which plays a critical role in the skin permeability 
enhancement.21 Additionally, the stable cavitation promoted 
by stably teetering microbubbles occurs through low-fre-
quency ultrasound waves.21 Given the high-frequency ultra-
sound waves, the microbubbles were teetered vigorously 
leading to microbubble destruction through inertial cavita-
tion and proximal cellular death. However, inertial and sta-
ble cavitation is also important for drug delivery applicants.21 
Ideally, the application of higher amounts with smaller-sized 
microbubbles with 6–11 second stability are effective agents 
to increase the efficacy of transdermal drug delivery.95 
Additionally, the biodegradation of polymers could be con-
trolled by ultrasound treatments.75 However, long-term 
ultrasound treatment and the production of microbubbles 
with temporary and lower stability are problematic.91 In this 
regard, Zandi et al.95 fabricated electrochemical-based MNs 
coated with ZnO nanowires to promote the uptake efficacy 
of anti-cancer drug PTX by performing an electrolysis reac-
tion through interstitial fluid. Based on recent knowledge, 
the multiplication of cancer cells was limited through 

inhibiting AKT/MAPK signaling pathway and stimulating 
P53, which arrests cell cycle via activating P21 and cyclin 
B1, by treating cells with PTX.96 Additionally, PTX-induced 
ROS production can lead to up-regulation of Bax, Caspases 
3 and 9, and apoptotic cell death. The insertion of MNs and 
application of −2 V voltage pulses led to the production of 
smaller and higher amounts of microbubbles.95 In vivo find-
ings revealed about 82% tumor suppression in tumorized 
mice model of breast cancer exposed to ultrasound plus MN 
treatment within 10 days. The induction of P53, suppression 
of nuclear Ki-67 coincided with cell cycle arrest were touted 
as main oncostatic effects in these mice.

Electric stimulation

Iontophoresis and electroporation are other transdermal 
drug delivery approaches that are based on electrical stimu-
lation.97 In comparison to iontophoresis, electroporation 
implies a higher voltage of approximately 100 V to improve 
skin permeability whilst in the iontophoresis process, fewer 
values (about 10 V) of electrical stimulation are used to pro-
mote redox reaction and ionized agents transportation 
between electrodes and the skin.97 During iontophoresis, 
two electrodes namely anode and cathode were positioned 
in the interstitial fluid of the skin. By applying the reference 
voltage, positive ions were conveyed to the skin at the anode 
and vice versa.98 Previous studies have used a large variety 
of MN-based electrochemical devices by conductive mate-
rials such as polypyrrole and nanowires toward biosensing 
and delivery approaches.99 Iontophoresis provides an accu-
rate controllability drug release system. Of note, insufficient 
macromolecules delivery and sustainable reaction at the site 
of insertion limit iontophoresis.100 To address these issues, 
Yang et al.100 fabricated a smartphone-powered iontophore-
sis-MNs for the electrically controlled release of insulin. 
The designed iontophoresis circuit consisted of an MN 
patch (as the anode), Ag/AgCl electrode as the cathode, and 
smartphone as the resource of energy. Additionally, the fab-
ricated MN patch was equipped with a tape, a gasket (pre-
vent drug leakage), an electrode with PMMA film, and a 
medical sponge consisting of insulin encapsulated positive 
vesicles.100 Data showed that the application of iontophore-
sis alone lacked effective insulin delivery capacity in type 1 
diabetic SD rats while MN patch with positively encapsu-
lated insulin can stabilize glucose level within 5.7 h and this 
value was 2.7-fold higher than the injection group.100

Endogenous stimulation of MN delivery system

Notably, the closed-loop MN delivery systems eliminated the 
additive sampling necessity before injection. However, non-
responsive MN delivery systems and traditional hypodermic 
needles called open-loop delivery systems impede probable 
erroneous feedback, biofouling, and further immunogenic-
ity.101 Nonetheless, the real-time monitoring possibility and 



Nazary Abrbekoh et al. 11

the accurate controllability of drug release through stimuli-
responsive MN delivery systems are undeniable.101 Owing to 
highlight the importance of settable drug replenishment via 
closed-loop MN delivery systems, Zhang et al.102 designed a 
thrombin responsive hyaluronic acid-based MN array to 
deliver heparin timely and modulate both blood clotting and 
unwanted bleeding. In this regard, they integrated a thrombin 
cleavable peptide in the MN matrix which allowed heparin 
replenishment in the existence of thrombin. The designed 
MN released heparin sustainably within 12 h in response to 
different concentrations of thrombin.102 As well, the heparin 
was released wobbly by positioning in existence or absence 
of thrombin every 15 min. Data showed increased PT and 
PTT duration in a mouse model, indicating a postponing in 
blood clotting after insertion of MN. Of note, direct injection 
of the heparin delayed PT and PTT duration more than that of 
designed MNs.102 However, the experimental mice with 
directly injected heparin or heparin encapsulated MNs were 
survived for only 1 h. It seems the sudden release of heparin 
by non-responsive MNs is responsible for the mortality of 
mice.102 Hence, mice treated with the thrombin responsive 
MNs were survived for 12 h. Unwanted subcutaneous bleed-
ing can be indicated due to local accumulation of heparin 
after insertion of conventional MN delivery system whereas 
the designed responsive MN only showed small-sized 
lesions.102 McAlister et al. developed PVA-based MNs to 
deliver antibiotics that are used orally. This system supports 
efficient antibiotic delivery because of less antibiotic degra-
dation compared to the oral route. It seems that the release of 
the drug is stimulated in response to endogenous osmotic 
pressure. After the soaking of MNs within the interstitial 
fluid, the needles are swelled and osmotic pressure provides 
the necessary force to push the antibiotic out of the needles.70 
As well, the drug delivery rate could be controlled due to 
interaction between ROS productions and ROS responsive 
MNs consisted of Thioether, Arylboronic ester, Selenide, or 
telluride containing polymers.89,103 To examine this concept, 
the polymeric vesicles concluded (PEG)/PPBA, as glucose 
sensitive material, PPBEM, as H2O2-sensitive material, insu-
lin, and GOx have been encapsulated in PVP/PVA-based 
MNs. The increase of glucose can alter the electrostatic equi-
librium of polymeric vesicles through glucose oxidase activa-
tion. Subsequently, the production of H2O2 via glucose 
oxidase activity is associated with the whole polymeric vesi-
cle’s disassembly and insulin leakage into the in vivo site 
(Figure 6). The directly injected insulin reduced the glucose 
level in 2 h and rehabilitated after 10 h while the designed MN 
insulin delivery system gradually diminished the glucose 
level in 4 h returning to the initial levels during 10 h.104

Drug loading and efficiency

According to numerous experiments, drug or therapeutic 
agents can be incorporated onto or into the MNs using differ-
ent modalities. The development of the small-scale device 
with varied drug quantities is one of the main challenges that 

should be clinically considered.105 Considering the high 
loading capacity of the MN system, fewer drug contents are 
needed for effective treatment. Drug loading is done in the 
MN system using layer-by-layer, spray, or coating 
approaches.106,107 Drug-loaded MNs can be fabricated using 
a modified casting process in which the drug was mixed with 
the dialyzed biomaterials like chitosan solution and applied 
onto the PDMS mold as the first layer, and the centrifugation 
process was used to fill the mold cavities. To assess the 
releasing efficiency, the stability and release of encapsulated 
bovine serum albumin were examined from chitosan-based 
MNs.108 As previously mentioned, the loading capacity of 
the MN system is high. In MNs made of methacrylate hyalu-
ronic acid (MeHA), a wide range of small hydrophilic, 
hydrophobic, and therapeutic biomacromolecules can be 
loaded with the subsequent release. A high swelling rate per-
mits efficient and effective drug loading (10 μg/cm2). For 
instance, data have shown that over 80% of fluorescein, 
FITC-Dextran, and >50% of Doxorubicin are released from 
the MNs within early 30 min. It was also estimated that 
>95% of the Dox was released after 72 h.71 Despite these 
advantages, MNPs should be stored under appropriate tem-
peratures and humidity allowing drug activity and release. In 
another study, trehalose-stabilized influenza vaccines coated 
onto microneedles have been used extensively. Of note, vac-
cine activity is blunted over time along with sugar crystalli-
zation.109 The nature and activity of loading molecules 
should be also considered. For example, dissolving MNs can 
maintain human growth hormone activity over 15 months at 
room temperature in the carboxymethylcellulose/trehalose 
system.11 Additionally, multi-layered polyvinyl alcohol 
(PVA) dissolving MNs have been employed as effective 
insulin delivery systems. It was estimated that more than 
99.4% of loaded insulin remained stable in the MNs at room 
temperature for 20 days.110 Parathyroid hormone formulated 
in sucrose, EDTA, HCl, and polysorbate 20 exhibited longer 
activity coated MNs for 2 years without refrigeration. The 
application of sterilization methods such as gamma irradia-
tion before depository is associated with reduced drug stabil-
ity.111 In different phase II clinical trials, parathyroid 
hormone-loaded MN systems were used for the therapy of 
osteoporosis. These MNs can be self-administered by 
patients and factor enters immediately into the bloodstream. 
As a correlate, MNs delivery is associated with improved 
clinical effects of increased bone mass density.112

Application of MNs in diabetic 
condition

Diabetes is a metabolic disorder caused by insulin defi-
ciency or cellular receptor failure resisting secreted insu-
lin.113 Untreated diabetic conditions can cause subsequent 
irreversible conditions like nephropathy, neuropathy, cardi-
ovascular disorders, retinopathy, and mental disorders.114–117 
Currently, the patients typically use daily subcutaneous 
insulin injections to overcome complications associated 
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with insufficient insulin production.118 The recent studies 
also introduced analog peptides of glucagon hormone and 
its receptor to modulate glucose rate.119,120 Although, the 

subcutaneous insulin injection is a fast way to control hyper-
glycemia, the infection possibility, painful multi-daily injec-
tion, post-disposal of the syringe, and constant glucose 

Figure 6. (a) Application of PVP/PVA-based MN containing polymeric vesicles consisted of PPBEM, as H2O2-sensitive material, 
(PEG)/PPBA, as glucose-sensitive material for transdermal delivery of insulin in a rat model of diabetes. Local accumulation of 
glucose activates glucose oxidase (GOx), leading to the production of H2O2 and gluconic acid. In the next step, the exposure 
of PPBEM to PPBEM supports the release of loaded insulin into the systemic circulation. (b) NIR emission elicits Prussian blue 
nanoparticles that transform light to heat. After heat production, the coated lauric acid was dissolved, causing metformin 
relinquishment.
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monitoring have limited the efficacy of insulin delivery 
through the subcutaneous route. To overcome these limita-
tions, the nasal, pulmonary or inhaling, buccal, oral, rectal, 
ocular, vaginal, intraperitoneal, and transdermal routes have 
been implicated for insulin delivery.121 Nonetheless, the 
alternative routes are restricted owing to the low bioavaila-
bility and possible enzymatic degradation, slow and low 
local absorption, local insulin accumulation, and subsequent 
inflammations.121 In this regard, recent MN technology has 
been developed to improve insulin permeability, stability, 
and bioavailability through alternative routes. However, the 
bioavailability of the peptide would be affected if pH or 
temperature modified severely while MN fabrication or 
post-product retention process.122 Besides, peptides activity 
could be biased via organic solvent persistence that is mostly 
utilized while MN fabrication.122 To address this issue, Kim 
et al. constructed an open-loop MN delivery system that 
resembled microcavities. Respectively, they cast insulin 
powder into microcavities built by CMC to impede insulin 
degradation and dose dilution through combining with sup-
portive polymer solution in conventional dissolving MN 

(Figure 7).123 According to their study, 10% of CMC exhib-
ited proper penetration and high capacity for insulin load-
ing. The fabricated MN improved insulin stability about 5% 
better than conventional dissolving MN within 8 weeks at 
25°C. Nonetheless, delayed insulin distribution has been 
shown by powder-loaded MN on the in vitro release pro-
file.123 In vivo results showed that the serum content of glu-
cose was decreased rapidly via subcutaneous injection 
whereas the glucose reduction was delayed by both dissolv-
ing and subsequently powder-loaded MNs. Moreover, insu-
lin was absorbed through dissolving and powder-loaded 
MN only about 60% while the whole injected insulin had 
been absorbed subcutaneously.123 Calling attention, the 
water loss caused by trans-epidermal was retrieved to stand-
ard points until 12 h after MN insertion.123

Progressively, the recent studies attempted to overcome 
the limitations of an open-loop MN delivery system like 
severe hypoglycemia resulted in high dose insulin deliv-
ery.84,124 To this end, the closed-loop MN delivery systems 
have been developed to kinetically modulate hyperglycemia 
upon 3 policies including (1) utilizing glucose-responsive 

Figure 7. Representative illustration related to fabrication and application of insulin-loaded powder-carrying microneedle using 
PDMS mold, and CMC solution (a). Dissolving MNs possess empty cavities. Upon detachment of MNs from the mold, insulin 
powder was loaded into the micro-cavities and coated with CMC film (b). The insertion of these MNs into the cutaneous layer 
leads to the breakage of the CMC layer at the base of patches. The retraction contributes to the remaining of MNs within the 
cutaneous layer (c). These MNs adsorb the interstitial fluid thus insulin is released accordingly.
Source: Adapted with permission; Copyright 2020; Biomaterials.123
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materials that react as pancreatic β-cells alternatives, (2) 
conveying healthy β-cells along with glucose sense ampli-
fiers, or delivering immunogenic antigen to the damaged 
target, and (3) implicating exogenous stimuli-responsive 
material.101,125 Among them, the closed-loop glucose-
responsive materials are based on (1) GOx systems that 
could optimize with pH-, hypoxia-, and H2O2-responsive 
matrix, (2) Competition-based systems is based on the 
reversible affinity of Concanavalin A (Con A) binding to 
D-glucose and polysaccharides, and (3) Reversible bond 
formation between Phenylboronic acid (PBA) and glu-
cose.101,126 Notably, Con A and PBA exhibited less biocom-
patibility and volatile affinity to glucose.127,128 Especially, 
PBA interacts with glucose in high pH environment better 
than physiological pH.127 However, the use of GOx also has 
been limited by the risk of ROS production and enzymatic 
degradation within manufacturing.127 In MNs based on 
GOx, glucose is converted to gluconoidacid that decreases 
local pH. The procedure continues with the production of 
H2O2 as a further byproduct in the presence of oxygen and a 
high concentration of glucose.126 Considering these advan-
tages, pH-responsive and/or ROS responsive materials were 
implicated to fabricate GOx-based MNs for facilitating 
insulin release.126 However, the speed of response to glu-
cose level modifications could be interrupted via the local 
pH reduction.128 To solve this issue, Yu et al.128 fabricated 
HA-based MNs encapsulated vesicles that involved HA, 
hydrophobic NI, insulin, and GOx. In this MN system, NI is 
reduced to hydrophilic 2-aminoimidazoles after production 
of NADPH induced by GOx redox activity and oxygen 
expending mimics hypoxia-like condition.128 Moreover, the 
HA backbone of the MN patch improved mechanical 
strength to suitably penetrate the skin and inhibited sudden 
extrusion of HA-based vesicles. Based on in vivo findings, 
the glucose level was rapidly diminished and started to 
increase gradually after 4 h. In an MN system without GOx, 
no significant glucose reduction was achieved.128 As well, 
MN-loaded insulin alone decreased rapidly the level of glu-
cose. However, the percentage of hypoglycemic risk had 
been significantly high compared to MN loaded HA based 
vesicles with or without GOx.128 According to these data, 
applying MN-loaded HA-based vesicles with GOx secondly 
after 1 h led to lack of hypoglycemic condition, suggesting 
prolonged normal rate of glucose for another 3 h in in vivo 
condition.128

In another study, a rapidly glucose-responsive porous-
coated MN delivery system was designed via a dip-coating 
process to solve delayed glucose response via GOx-based 
systems. The porous polymer consisted of glucose oxi-
dase, sodium bicarbonate, a pH-responsive component, 
and insulin.129 Briefly, the insulin released through glucose 
and glucose oxidase interaction made protons and decrease 
pH. The accumulation of CO2 causes insulin extrusion and 
a significant reduction in plasma sugar.129 Based on the in 
vitro release profile, the pulsatile insulin release was seen 

under the exposure of various concentrations of glucose 
(Figure 7(a)).129 As well, a high concentration of glucose 
facilitated faster insulin release proportionally associated 
with high GOx activity and more CO2 production. The 
designed MN released 53% of insulin 1 h after hyperglyce-
mia in in vivo condition and the concentration of blood 
glucose decreased below 200 mg/dl within 3 h without the 
risk of hypoglycemia. Besides, this normal rate of glucose 
was maintained about 10 h after applying designed MNs.129

Recently, a plethora of data has shown the critical role of 
regulatory T lymphocyte activity in the suppression of auto-
immune-mediated diabetes.130 In this regard, Singh et al.130 
utilized a hallow MN delivery system (MicronJet600™) to 
inject subcutaneously gold nanoparticles conjugated with 
less-soluble immunogenic peptides. Based on the experi-
ment, the diabetogenic regulatory T-cells were intrave-
nously injected and peptides were subsequently delivered 
via MN. Data indicated an increased T lymphocyte prolif-
eration in distant lymphoid organs like pancreatic lymphoid 
nodes.130 The combination of peptides and nanoparticles 
promoted T cell expansion in remote areas like lymphoid 
nodes, draining lymphoid, spleen, and pancreatic lymphoid 
nodes after 48 h while T cell proliferation via peptide in the 
absence of gold nanoparticles was only seen in draining 
lymphoid nodes after 72 h.130 Moreover, these values were 
insignificantly modified through the MN delivery system 
when compared to subcutaneous injection. Additionally, the 
existence of a higher affinity of water-soluble peptides to T 
lymphocytes leads to cellular proliferation and significant 
distribution related to less-soluble peptides. Notably, the 
combination of water-soluble peptides and nanoparticles 
reduced the functionality of water-soluble peptides.130 This 
strategy decreased the expression of IFN-γ in the auxiliary 
lymphoid nodes after 3 days.130 In CCR7-/- mice, the immune 
response is blunted due to the lack of CCR7 and diminished 
dendritic cell homing in lymphoid nodes. The combination 
of gold nanoparticles plus peptide and peptide alone were 
distributed to lymphoid nodes through dermal dendritic cell 
migration and proliferation.130

In comparison between endogenous and exogenous 
delivery approaches, exogenous stimuli are more flexible to 
personalize the designed MN device because of applying 
external stimulation which is adjustable in severity and 
duration.76 To develop an example of exogenous MN deliv-
ery, a separable PVA/sucrose-based MN coated lauric acid 
included PB-NPS, a photothermal conversion molecule, 
and metformin drug was used in diabetic conditions (Figure 
6).131 Metformin is known for its AMPK signaling pathways 
provocation that facilitates hepatic gluconeogenesis inhibi-
tion in diabetic patients.132 Upon exposure to NIR, PB NPs 
convert light to heat, and lauric acid melts at 44°C allowing 
metformin release.131 Precaution should be taken that high 
local temperature or slightly increased local temperature 
leads to tissue damages for a high duration. In this regard, a 
low concentration of PB NPs (about 0.1% wt) was selected 
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to treat with NIR for 90 s every 2 h.131 Based on data, the 
glucose level diminished after 6 h and reached the same lev-
els obtained via direct insulin injection. However, the nor-
moglycemia was stable more (about 1 h) in the MN system 
compared to the direct insulin injection.131 The biocompati-
bility and low immunogenicity of designed external stimuli 
MN should also be considered. There are few reports dem-
onstrating tissue lesions in the heart, liver, spleen, kidneys, 
and lungs examined by histopathological examination. The 
increase of local interleukin-1 beta (IL-1α) has been indi-
cated in cutaneous tissue using immunofluorescence imag-
ing.131 In another study, Di et al.133 developed insulin-loaded 
PLGA nanoparticles encapsulated in chitosan microgels. 
The designed MN system was stimulated via ultrasound 
waves to improve microbubble stability that leads to sus-
tainable insulin release.133 Owing to eliminate erroneous 
side effects of ultrasound treatment, the input voltage, pulse 
duration, and treatment elongation should be carefully 
arranged. In this regard, 400 mV was used for every 20 µs 
within 30 s once a day until the 10th day.133 The use of ultra-
sound stimulation led to the burst release of insulin for a 
while then the passive replenishment of insulin has been 
observed in the absence of ultrasound emission.133 Based on 
in vivo results, the glucose rate was rapidly decreased about 
10 min after every treatment.133 Normoglycemia was 
reported within the first 3 days after MN application. Under 
these circumstances, the glucose levels became within nor-
mal ranges even after the sixth treatment, indicating MNs as 
successful sustainable insulin delivery devices (Table 1).133

Immunotherapy using MNs

Vaccination is a traditional approach for immunization via 
the controlled presentation of single antigens or collection 
of antigens to the immune system cellular subsets. This 
strategy induces antigen-specific immunization against 
viral, bacterial, or parasitical infectious diseases, and non-
infectious diseases such as cancer and atherosclerosis.150,151 
Moreover, recent studies have developed novel vaccina-
tion approaches to regulate and control antigen-specific 
immune system activity to prohibit the occurrence of auto-
immune diseases like Alzheimer’s disease, diabetes, multi-
ple sclerosis, auto-immune-based inflammatory diseases, 
etc.150 The most important goal of vaccination is to trigger 
long-term and active antigen-specific immunization by 
provoking the adaptive immune system leading to antigen-
specific T lymphocyte cell activation, B lymphocyte 
recruitment, and generation of memory cells.150,151

Vaccine designing and MNs

For designing an effective vaccine, various parameters like 
the type of antigen, adjuvant, antigen carrier, manufactur-
ing process, and the delivery system should be consid-
ered.152 Antigens are distinct biomolecules with specific 

epitopes eliciting the immune system response. For 
instance, attenuated or inactivated viruses, a viral subunit, 
recombinant proteins, peptides, and nucleic acids are pop-
ular antigens that have been used to design vaccines 
against viral infections.152–155 In cancer immunotherapy, 
different tumor-associated antigens were isolated from the 
tumor mass. These antigens are commonly proteins 
released from cancer cells more than that of normal cells. 
Of these proteins, HERVs are familiar with the develop-
ment of vaccination.156 Interestingly, the engineered anti-
gens could be chemically linked with adjuvants to improve 
immunogenicity during nucleic acid-based and protein-
based vaccinations.152 To elicit stability and accurate tar-
geting capability of antigens toward APCs, the antigens 
also could be conveyed via viral and non-viral carriers.

In recent decades, hypodermic injection, implantation, 
and MN delivery system have been touted as the most con-
venient ways of vaccination.152 Of note, the advantage of 
MN technology is the painless, self-administration com-
pared to subcutaneous implantation. The sophisticated 
manufacturing process, stability of antigen, and post-pro-
duction concerns about antigen activity have limited the 
extensive application of MNs in the clinical setting.152 Of 
note, hallow MN, dissolving MN, micron jet, and Soluvia 
device are the most general MN-based delivery tools for 
vaccination against tumors.

Signaling pathways associated with 
transdermal delivery of antigens via 
MNs

Upon introduction of specific immunogens (antigens or 
epitopes) to the target sites, the immunization is initiated by 
the recruitment and activation of APCs in the early stages. 
Like other tissues, cutaneous APCs have been thought to be 
activated following the introduction of antigens via MNs. 
Of cutaneous APCs, Langerhans cells (CD1a/CD207) are 
located at the epidermal layer. In addition, two subsets of 
dermal dendritic cells (CD1c+ and CD141+), dermal 
monocyte-derived macrophages (CD14+), FXIIIa+ mac-
rophages, and B lymphocytes are essential in the procedure 
immunization occurred via the transdermal route. It was 
suggested that all these cell types are recruited to the site of 
injection following skin sensitization.150,153,157,158 Each kind 
of APC possesses distinct activation potential, migration 
rate, and antigens presenting capacity after immunization, 
leading to prime adaptive immunity. Fukunaga et al. 
acclaimed that dermal dendritic cells migrate faster and in 
large numbers to the draining lymph nodes for presenting 
antigens to T lymphocytes compared to Langerhans 
cells.159,160 In general, APCs are activated using three strat-
egies as follows; (I) Production of endogenous pro-inflam-
matory cytokines (e.g. TNF-α, IL1-β, -18, -6, and IFN-α) 
via activated inflammatory cells, keratinocytes or APCs; 
(II) Release of endogenous molecules namely DAMP that 
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is produced in injured cells after the arrival of exogenous 
pathogen and replication inside the cells. DAMPs are com-
posed of DNA, RNA, cellular proteins, etc.161–163 and (III) 
Production of the PAMP and adsorption of these compo-
nents via phagocytosis, pinocytosis, and endocytosis by 
different cellular receptors such as TLR, C-type lectin 
receptors, etc.161,162

APCs activation after MNs 
immunization

Following the application of antigen-loaded MNs, the 
cutaneous tissue is immunized physicochemically and dif-
ferent pro-inflammatory cytokines (e.g. TNF-α, IL1β, -18, 
-6, and IFN-α) are released keratinocytes or other resident 
cells (Figure 8).162,163 In general, these cytokines activate 
several cellular signaling pathways like NF-kB, MAPK, 
and JAK/STAT, accelerating APCs maturation. In later 
steps, the activated APCs migrate into the parenchyma of 
draining lymph nodes, and further present antigens to 
naive T lymphocytes.163–165 Typically, the activated APCs 
have less phagocytosis ability compared to their inactive 
counterparts. Of note, bioactivities such as antigen 

processing and presenting, migration, and induction of 
lymphocyte differentiation are increased in APCs through 
activation.162 The activated APCs obtain different cellular 
markers like CCR7, antigen-presenting markers that is 
MHCΙ and ΙΙ, and CD1, co-stimulatory markers like CD40, 
CD80 (B7-1), and CD86 (B7-2), ICAM-1, and produce 
various cytokines like MMP-2, -3, -9, IL-1β, -6, -18, etc.165

In recent decades, ultra-pH-responsive microneedle 
arrays have been used for cancer immunotherapy in animal 
models.166 Thuy and co-workers developed a nano-engi-
neered DNA vaccine and loaded it on polyethylene glycol/
aminoester urethane in tumorized mice with B16/OVA mel-
anoma cells. They showed that viral DNA was successfully 
released into the subcutaneous region due to its ultra-pH-
responsive nature. After insertion of exogenous sequence 
and synthesis of target protein, the activation of Toll-like 
receptor signaling pathway and MAPK/JNK and JAK/
STAT axes induced MHC class I production thus a large 
number of CD8+ lymphocytes was recruited and promoted 
antibody-dependent cancer immunity (Figure 8).165,166 To 
elicit immunization via using inactivated antigens and MN 
technology, Choi et al.167 fabricated a separable/coated MNs 
delivering canine influenza vaccine to the hairy skin in a 

Figure 8. Schematic of antigen-specific immunogenicity by MN delivery system. MN arrays can deliver antigen/or therapeutic 
agents into the dermal layers. In the next steps, antigens are processed by local APCs, leading to activation of T lymphocytes 
(CD8, CD4+ lymphocytes) and B cells. In addition to the production of numerous cytokines, immune cells like NK cells and CD8 
lymphocytes can directly invade the tumor cells.
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canine model. The tips of MNs were made by hyaluronic 
acid/sucrose/Tween80 followed by dip-coated in vaccine 
solution. The vaccine solution is composed of polyvinyl 
alcohol and inactivated VC378 vaccine.167 In this system, 
the base of MNs was fabricated using PCL, allowing long-
term attachment of MNs. Of note, the dissolvable tips were 
separated following insertion within less than 10 s. About 
100% coated vaccine was efficiently delivered on hairy 
skin.167 This MN delivery system caused antibody produc-
tion similar to conventional intramuscular injection 28 days 
after twice the treatments.167 Due to improving vaccine 
coated MN delivery system, Choi et al.168 developed a PLA-
based MN coated using PVA/trehalose for delivery of small-
pox virus and reduced inactivated virus for suitable 
immunogenicity. Data showed that vacuum-dried coated 
MNs have higher stability and wettability, enhancing the 
distribution of vaccines into the deep layers.168 Furthermore, 
the PVA/trehalose/smallpox-coated MN showed increased 
stability within 6 months at −20°C and 1 month at 4°C.154 
According to in vivo experiments, the designed coated MNs 
promoted both humoral and cell-mediated immune 
responses while increasing IFN-γ content.168

Compared to protein-based vaccines, nucleic acid-
based vaccines have limitations like high-cost protein 
purification methods, inappropriate protein folding, and 
limited antigen delivery.169 However, the permanent exotic 
DNA integration may be cause self-antigen production and 
auto-immune diseases. Non-viral vectors like cationic pol-
ymer, inorganic nanoparticles, and liposomes are interest-
ing carriers due to proper immune stimulation, easy 
production, and providing larger loading capacity; how-
ever, degradation via serum endonuclease and stability for 
a more extended period is still challenging.169 To examine 
the influence of nano-carriers and MN delivery systems on 
the efficient DNA vaccine delivery, Duong and co-workers 
developed an MN array coated by pH-sensitive multilayer 
polyelectrolytes enriched with heparin, OSM-b-PEG-b-
PAEU copolymers, polyplex, and DNA vaccines for 
Alzheimer’s therapy applicants. The pH at the range of 
physiological conditions contributes to the disassembly 
between negatively charged heparin and copolymers, pro-
moting polyplex liberation. It was shown that this system 
delivered the total content of polyplex within 5 min in in 
vitro conditions. The detachment of polyplex was also 
indicated in MNs after insertion into the cutaneous tissue. 
According to data, the target DNA can be efficiently deliv-
ered to the mouse dermal layer when MNs with 
330 µm-length needles were used. Following DNA release 
and synthesis of Aβ peptides, anti-Aβ IgG titer was 
increased as compared to conventional injection.170

In protein-based vaccines, recombinant protein subunits 
of the target pathogen have been produced in vitro.155 
Compared to nucleic acid-based vaccines, protein-based 
vaccines have illustrated fewer safety issues because of 
nucleic acid absence and non-integration to the cellular 

genome permanently.155 Generally, the recombinant pro-
teins have been delivered along with adjuvants to induce an 
immune response.152 In this regard, Kuwentrai et al.171 
designed dissolvable hyaluronic acid-based MNs with an 
aluminum hydroxide gel adjuvant to deliver the S1-RBD 
domain of coronavirus spike protein. Based on data, the 
MN delivery system facilitated S1-RBD domain delivery 
as fast as 10 s in 330 µm depth of the skin.171 The transfer of 
the S1-RBD domain led to the activation of humoral medi-
ated and cell-mediated response significantly in vivo within 
3 months after three-time vaccination.171 Probable severe 
inflammation may occur due to enhanced antibody produc-
tion in some cases making peptide-based vaccines include 
B or T lymphocytes epitopes to induce a mild immune reac-
tion.152 In an experiment conducted by Chen et al.,172 they 
loaded F1 protein of Yersinia pestis in the polyethylene gly-
col (PEG)-modified lipoparticles delivering via commer-
cial plastic-based MNs for vaccination against plague. 
According to data, the IgG antibody titer was increased 
highly within 45 days in the plasma of treated mice without 
significant effects on body weight.172 Moreover, INF-γ, 
TNFα, and IL-4 were also enhanced insignificantly in mice 
that received MN plus liposome-loaded F1 protein.172 The 
MN delivery system via liposome-loaded F1 protein subu-
nit exhibited an effective humoral and cell-mediated immu-
nity with prominent safety.172

Microneedle technologies in the 
context of regenerative medicine

Application of complex and sophisticated fabrication tools 
with a wide range of materials in the development of MN 
patches can support local, controllable drug release, several 
therapeutic factors, and certain cells across cutaneous tis-
sue to the target sites in a broad spectrum of conditions.173 
In a recent experiment, it was shown that ovalbumin-
induced dendritic cells loaded inside cryogenic needles can 
promote antigen processing, leading to tumor mass atresia 
and the prevention of metastatic cells into the circulation 
system.173 Along with these statements, MN patches are 
suitable candidates for the restoration of injured tissue. The 
efficiency and regenerative potential of MN patches have 
been proved in terms of wound healing, neovasculariza-
tion, and artificial organ reconstruction.174,175 For instance, 
epicedial attachment of fibrin-coated MN patches harbor-
ing cardiac stromal cells promoted cardiac regeneration in 
a rat model of myocardial infarction.176 It was suggested 
that this system can induce cardiac regeneration via the 
development of micro-sized channels that transfer the 
secretome of cardiac stromal cells into the ischemic sites. 
Histological analysis revealed the promotion of vasculari-
zation along with cardiogenesis at the infarcted site, lead-
ing to a reduction of scar size.176 Considering the potency 
of the MN patch system and its efficiency in different con-
ditions, some researchers used this delivery system in the 
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restoration of injured bone tissue in both in vivo and in 
vitro settings. The micro-anatomical regulation of injured 
tissue regeneration using a combination of scaffold with 
specific cell lineages such as mesenchymal stem cells can 
lead to aligned cell polarization in the affected sites. 
Besides, the tight manner release of certain growth factors 
such as vascular endothelial growth factor, stromal-derived 
factor 1α, and bone morphogenetic protein-2 can increase 
osteogenic and angiogenic capacity of transplanted cells.177 
These data show that MN alone or in combination with 
conventional engineering systems can increase regenera-
tive potential. Transdermal application of detachable MN 
patches with encapsulated mesenchymal stem cells inside 
gelatin methacryloyl promoted epithelialization and inhib-
ited scar size propagation via accelerating vascularization 
compared to direct transdermal injection.178 Taken together, 
it is noteworthy to mention that MN patch have opened 
new approach in regenerative medicine based on providing 
biomimetic cell niche by the regulation of signaling mole-
cules agents to the targeted sites region. It seems that stud-
ies in this area are in infancy and incomplete. For application 
and establishment of MN patch based cell therapies numer-
ous future studies are mandatory.

Clinical application of MNs

Over the recent years, numerous preclinical studies and 
clinical trials have been executed to investigate the safety, 
stability, and functionality of designed MN patches and 
commercially fabricated MN arrays for intradermal delivery 

approaches (Table 2).55,179,180 Based on clinical trials listed 
at www.clinicaltrials.gov.us, the designed MNs were exam-
ined for skin disorders, local anesthesia, vaccine delivery, 
glucose monitoring, and biosensing purposes.179,180 In a 
clinical trial study, the systemic contents of glucose were 
continuously monitored in healthy volunteers and type 1 
diabetic patients using solid MN array-based sensors based 
on interstitial glucose levels.181 Based on data outlined in 
Table 2, the residual of certain compounds such as beta-
lactam antibiotics was also detected as a minimally invasive 
approach.182 It was suggested that the application of MN 
patches on the surface of cutaneous tissue is an invasive and 
simple approach for the collection of samples compared to 
pulling out interstitial fluids. In a recently conducted clinical 
trial study, the quality of samples obtained via MN patches, 
in terms of RNA sequencing, as compared to the conven-
tional biopsy approach from the skin. Nevertheless, the 
results have not been documented yet.183 Data support the 
eligibility of MN patches for vaccination of individuals 
against various infectious agents such as influenza, meals, 
rubella, etc. In line with these statements, insulin has been 
successfully delivered via hallow MNs in diabetic 
patients.180 Considering recent data, it is noteworthy to men-
tion that MN patches with different geometrical values and 
designs are a suitable delivery approach for the treatment of 
different pathological conditions. Additionally, by combin-
ing different scientific disciplines MN patches can be devel-
oped in a way to use for biosensing, sampling, releasing, 
and monitoring purposes with a minimal invasion to the 
cutaneous tissue. Of note, the application of MN patches for 

Table 2. Some list of MN patch clinical trials recorded up to January 2022 (available at https://clinicaltrials.gov/us).

Status Object Phase

Enrolling by invitation Brightening cutaneous tissue using MN in individuals with solar Lentigines Not Applicable
Completed Local delivery of Lidocaine for oral anesthesia using MN Phase I
Completed Vaccination against viruses in healthy infants/young children using MN Not Applicable
Completed Diabetes diagnosis and glucose monitoring using MN Not Applicable
Unknown MN for the treatment of psoriatic plaques Not Applicable
Suspended Pilocarpine microneedles for sweat induction in cystic fibrosis patients using MN Not Applicable
Completed Vaccination against influenza Phase I
Recruiting Vaccination against measles and rubella Phases I and II
Recruiting Efficacy of transdermal microneedle patch for topical anesthesia enhancement in 

pediatric thalassemia patients
Phase II

Recruiting MN for delivery of Doxorubicin in patients with cutaneous T-cell Lymphoma Phase I
Completed Dose-limiting toxicity and maximum tolerated dose of MN containing 

Doxorubicin in basal cell carcinoma
Phase I

Recruiting Evaluation of cutaneous micropores after application of MN Not Applicable
Completed Physiological study to determine the allergic skin activity after different skin 

preparation using MN
Phase I

Completed Pain and safety of microneedles in oral cavity Not Applicable
Completed Minimally invasive sensing of beta-lactam antibiotics Phase I
Unknown Microneedle and trichloroacetic acid in treatment of melasma Not Applicable
Recruiting Microneedles for diagnosis of latent tuberculosis Not Applicable
Unknown Microneedle radiofrequency for moderate-to-severe acne vulgaris Not Applicable

MN: microneedle patch.

www.clinicaltrials.gov.us
https://clinicaltrials.gov/us
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topical delivery seems very suitable and can avoid side 
effects associated with systemic delivery of certain thera-
peutic agents.

Challenges and perspectives of MNs

Despite the potency of different MN types in the delivery 
of target molecules into an intradermal layer or hypoder-
mic region,184,185 some issues limit the extensive applica-
tion of MN-based delivery in the clinical setting. In the 
present time, the fabrication systems used for MN device 
preparation need a new design to diminish economic 
costs.186 The efficiency of MNs in drug delivery and vac-
cination has not been fully addressed and further studies 
should be conducted accordingly. Regarding complicated 
and several fabrication steps, sterilization, and disinfection 
of MNs are new challenges.187 These procedures should be 
in a way not affect the therapeutic efficiency of cargo and 
factors. Pre-treatment of MNs with most heat, irradiations, 
or other factors can neutralize MN delivery capacity and/
or therapeutic outcome in in vivo niches.188 In most stud-
ies, the repeatability and efficacy of MN devices have not 
been fully assessed and cGMP and quality control should 
be precisely defined.186 Considering the existence of per-
son-to-person differences in the terms of cutaneous layer 
thickness, MNs with similar geometrical values may yield 
varied therapeutic outcomes. Other factors with potency to 
affect delivery capacity are needle tip diameter and sharp-
ness.189 Notably, the application of suitable force in a con-
trolled manner seems to be vital for the dynamic activity of 
cargo in the desired period. Excessive tip sharpness can 
lead to needle instability. In line with these statements, the 
penetration depth of needles has not been carefully ana-
lyzed. Based on the dynamic acidity of cargo, the depth 
insertion can be altered. The density of needle per cm2 of 
MN surface is also identical in the timely delivery of cargo 
into the target sites.190 Again, this parameter is affected by 
materials used for MN patch synthesis and the shelf life of 
cargo. The loading capacity of needles is so variable 
according to the different MN fabrication systems. This 
issue can make it difficult to calculate the loading level per 
needle (dosage) and delivery efficiency. Whether short- 
and long-term contact of MN patches inside cutaneous tis-
sue can lead to unwanted side effects has not been evaluated 
in a large-scale population. For example, biodegradable 
porous silicon MNs can be easily broken after insertion 
into the hypoderm.191 Commensurate with these descrip-
tions, obtaining the comprehensive concept of drug ther-
apy using MN patches faces numerous technical limitations 
in terms of fabrication, and drug delivery efficiency.

Conclusions

The application of MN devices has opened hopes in the 
sustained release of therapeutic agents via cutaneous 

tissue. Several aspects of MN-based delivery have been 
uncovered that paved the way for novel therapeutic modal-
ities. Further attempts supporting the understanding of 
mechanisms associated with efficient delivery are highly 
needed. Considering the existence of inherent limitations 
in the area of transdermal MN-based delivery, further 
investigations should address these issues as possible.
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