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Abstract

Diabetes mellitus is a metabolic disease manifested by hyperglycemia. For patients with type 1 and advanced type 2 diabetes
mellitus, insulin therapy is essential. Subcutaneous injection remains the most common administration method. Non-invasive
insulin delivery technologies are pursued because of their benefits of decreasing patients’ pain, anxiety, and stress. Trans-
dermal delivery systems have gained extensive attention due to the ease of administration and absence of hepatic first-pass
metabolism. Microneedle (MN) technology is one of the most promising tactics, which can effectively deliver insulin through
skin stratum corneum in a minimally invasive and painless way. This article will review the research progress of MNs in
insulin transdermal delivery, including hollow MNs, dissolving MNs, hydrogel MNs, and glucose-responsive MN patches,
in which insulin dosage can be strictly controlled. The clinical studies about insulin delivery with MN devices have also
been summarized and grouped based on the study phase. There are still several challenges to achieve successful translation
of MNs-based insulin therapy. In this review, we also discussed these challenges including safety, efficacy, patient/prescriber
acceptability, manufacturing and scale-up, and regulatory authority acceptability.
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Introduction

Jing Zhao and Genying Xu are first authors. According to the International Diabetes Federation (IDF)

Diabetes Atlas 9th Edition 2019 [1], there are approximately
463 million adults aged 2079 in the world suffering from
diabetes, and this number is predicted to increase to 700
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million by 2045. Insulin is essential for patients with type
1 diabetes mellitus (insulin dependence). Patients with
advanced type 2 diabetes mellitus (insulin resistance) also
need insulin to maintain blood glucose homeostasis [2]. The
human insulin molecule (molecular weight 5.8 kD) secreted
by pancreatic islet cells is composed of an A chain consist-
ing of 21 amino acids and a B chain consisting of 30 amino
acids [2]. At present, subcutaneous (SC) injection through a
syringe, insulin pen, and insulin pump is still the most com-
mon way in insulin therapy because of the lower cost, more
delivery efficiency, and higher bioavailability [3, 4]. Patients
still need to inject 2—4 times a day although long-acting insu-
lin (up to 24 h) had been developed. Frequent injection will
cause pain and some skin complications in infusion sites,
like redness, swelling, infection, and local tissue necrosis,
leading to poor patient compliance [5, 6]. In addition, the
injection doses are needed to be adjusted in real time to
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achieve rapid hypoglycemic after a meal and slow but long-
term lowering blood glucose before sleep. Sometimes it is
difficult to achieve the ideal and precise dose and as a result,
hyperglycemia and hypoglycemia often occur. Moreover, as
a biological peptide, insulin has poor stability and needs to
be kept between 2 and 8 °C during distribution and shelf life
storage [7], which increases the difficulties of transportation
and storage in some developing countries. Therefore, it has
become the focus of insulin drug product development to
achieve more stable, convenient, painless, long-acting, and
glucose-monitoring insulin preparation.

Scientists are committed to studying non-invasive insu-
lin administration to improve patient compliance, including
oral, percutaneous, pulmonary, and nasal [8]. Among them,
transdermal delivery system (TDDS) is attractive and offers
several benefits: (1) The surface area of skin is almost 1-2
m?, which provides a large surface area for drug adminis-
tration [9]; (2) compared with painful injections, TDDS
is minimally invasive, which facilitates reducing the side
effects associated with frequent injection, and consequently
increasing patient compliance and improving the life quality
of diabetic patients; (3) insulin delivered through the skin
can also bypass of hepatic first-pass metabolism and gastro-
intestinal tract degradation which are major limits of insulin
oral administration [10, 11]; (4) TDDS can also continu-
ously release insulin to maintain normal glucose levels for an
extended period of time with less glucose fluctuations [10,
12] which significantly reduces the risk of concentration-
related side effects.

The stratum corneum (SC), located on the outermost
layer of the skin, mainly hinders the penetration of mac-
romolecules into the skin. The key of the TDDS is how to
make the macromolecules penetrate through SC. Recently,
microneedle (MN) technology has provided a new way for
transdermal delivery of macromolecular biologics, such as
protein, peptide, and gene [13-16]. MN arrays are com-
posed of a plurality of micro-scaled needles with a height
of 25 t0 2000 pm [11, 17]. MNs can painlessly penetrate SC
and access skin epidermis and dermis to release drug. The
micro-channels caused by MNs are temporarily presented
for drug delivery and can be recovered in a short time after
MNs removal, which will prevent long-term skin damage
[18]. On the basis of drug delivery mechanism, the MNs
are divided into 5 different types, namely hollow MNss, solid
MNs, coated MNs, dissolving MNs, and hydrogel MNs [19].
Table 1 outlines the characteristics of different MN types.
Among them, solid MNs are drug-free that are designed
only to pierce the skin and generate micro-channels. After
removing solid MNs, the drug formulation is administrated
on the pre-treated skin and the drug substance will enter into
the skin through the micro-channels [20]. The actual deliv-
ery dosage of solid MNs is hard to control. The resealing
time of the micro-channels after solid MNs removed varies
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with the skin hydration state and skin thickness, which will
affect the absorption time of drugs [21]. In addition, the drug
applied on the skin surface may be rubbed off by clothing.
Coated MNs imply the use of solid MNs array coated with
drug solution or dispersion on the needle surface [22]. After
application of MNs onto the SC, the formulation which is
coated onto the MNs is deposited. The drug can be released
in the skin rapidly, while the drug loading is very low [23].
Insulin administration requires a precise dose to improve
glycemic control while reducing hypoglycemic events; thus,
these two types of MNs may not be suitable for insulin deliv-
ery. Hence, the focus of this article will be on hollow MNss,
dissolving MNs, and hydrogel MNs and review of their pro-
gress in insulin transdermal delivery as well as challenges
in clinical translation. Deficiency and over-dosage of insulin
both pose a threat to human health. Self-regulating glucose-
responsive insulin delivery systems have shown great poten-
tial in reducing related risks. The article shall also review the
recently developed bio-responsive MNs that can respond to
physiological glucose levels and release insulin on demand.

MNs used for insulin transdermal delivery

MNs can improve patient compliance and patients can self-
administer. It has great potential as an alternative to tradi-
tional insulin therapy. Hollow MNs are indirect auxiliary
administration, in which hydrogel and dissolving MN can
be directly loaded with insulin for administration, and both
can significantly increase the amount of insulin transdermal
delivery. Moreover, glucose-responsive MNs can essentially
provide precise insulin dosage adapted to the individual’s
blood level in real time.

Hollow MNs

Hollow MNs are composed of empty cavity needle (5-70 pm
wide) and an external auxiliary device, such as syringe,
pump, gas, or electrical assistance, which enable the injec-
tion of the liquid formulation into the skin continuously
through the needle cavity (usually 10-100 pL/min) [19,
25]. The basic structure of hollow MNs is the same as the
conventional subcutaneous injection needle. Compared with
other MNs types, the delivery capacity of hollow MNs is
higher, since the dose amount and flow rate of hollow MNs
can be controlled by external auxiliary device, while the
dosage of coated or dissolving MNs is limited to the needle
area and needle numbers [26, 27].

A wide variety of materials can be used to make hollow
MNss, including silicon, metal, glass, ceramic, and polymers
(Fig. 1) [28, 29]. Polymers with high biocompatibility, such as
SUS polymer [30, 31], clay reinforced polyimide, and metal
electroplated polymer, have gained interest in recent years.
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Hollow MNs can be fabricated by microelectromechanical
system (MEMS), such as lithography molding, X-ray pho-
tolithography, etching, and laser ablation/cutting [29, 32].
Wang et al. adopted the technique of polymer-based process
combined with UV photolithography to prepare a hollow MN
array. The whole process was divided into two steps: First,
photolithography method was used to prepare polydimethyl-
siloxane (PDMS) mold, which was with a profile of pyramidal
top; second, hollow MNs were fabricated with SU-8 polymer
on the built-in PDMS mold [33]. Vinayakumar et al. reported
a novel fabrication method of femto second laser microma-
chining, in which the hollow stainless steel MN array could
be fabricated in one step without using masks [34]. By using
laser micromachining technology, it is easy to control and
manufacture different shapes of MNs in a single exposure
device, avoid multilayer masking and patterning, and avoid
exposure and chemical etching [1].

A new type of insulin delivery device composed of a
hollow MN array, drug reservoir, and ionic polymer metal
composite (IPMC) membrane actuation-based micropump

was designed by Richa et al. [35]. This device included two
parts. The first part was the reservoir with inlet to the hollow
MN array that was fabricated with SU-8 polymer by direct
laser writing. The second part was the micropump actuator
assembly, which consisted of Nafion membrane sandwiched
between two copper electrode rings connected to external
electrical supply [35]. The micropump was placed on top of
the reservoir. Under electrical actuation, the Nafion mem-
brane would deflect and press liquid in the reservoir and
insulin was pumped in from the reservoir and then pushed
out through the MNs. The micropump actuation assembly
was the core component of this device. In this article, Laser
Doppler Vibrometer (LDV) had been used exhaustively to
characterize the frequency and voltage response of mem-
brane. In a micropump, the conventional membrane was
constrained either circularly or squarely. To increase the
deflections, circular Nafion membrane was modified to 8
cuts. Compared with the conventional membrane design,
this new MN device achieved a much higher insulin flow rate
of 44.8 pL/min. Insulin flow rate could be adjusted in the
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Fig. 1 Hollow MNs fabricated with silicon and polymers. Reprinted with permission from [29]. Copyright 2012, Elsevier

range of 20—45 pL/min by changing frequency (0.1-0.5 Hz)
and voltage (3—-6 V), paving the way for painless insulin
delivery [35].

The preparations of hollow MNs need elaborate fabrica-
tion process, which are usually complicated, time-consuming,
and expensive [36]. In the past 5 years, three-dimensional
(3D) printing has attracted more and more attention in MNs
manufacturing due to the multiplicity, accuracy, and superior
reproducibility in the microscale [37]. A variety of 3D print-
ing technologies are being developed, such as stereolithogra-
phy (SLA), fused deposition modeling (FDM), liquid crystal
display (LCD), selective laser sintering (SLS), and digital
light processing (DLP) [38—40]. Economidou et al. adopted
the combination of 3D printing technology, MN, and MEMS
to design a new device (3DMNMEMS) for controllable
insulin delivery (Fig. 2) [41]. They firstly prepared hollow
MN patches with laser SLA and photopolymerization-based
technology. Then, the hollow MN patch was connected to a
diaphragmatic micropump which was acted as a MEMS. The
in vitro release test showed that a single dosage of 0.5 IU insu-
lin was fully detected in the receptor in 1 h. The in vivo study
on diabetic animal model displayed that 3DMNMEMS deliv-
ered insulin demonstrated a similar release profile as the SC
injection. Compared with SC injection, the relative pharmaco-
logical availability (RPA) of 3DMNMEMS was 105.14%, and
the SDMNMEMS group showed a more moderate decrease
(16.1 pIU/mL at 6 h after treatment) of the plasma insulin
concentration when compared with SC injection (9 pIU/mL at
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6 h after treatment), evincing a more sustained insulin action
[41].

Several hollow MN devices are now available in the
market [25], and some of them are under clinical evalu-
ation, including MicronJet® (Nanopass Technologies),
MicronJet600® (Nanopass Technologies), and Microstruc-
tured Transdermal System® (3 M™). Hollow MNs can
deliver existing injection formulations, without additional
formulation development. Therefore, currently, most of the
clinical trials employed the market available hollow MN
devices to deliver biological drugs, like insulin and vaccine
[25]. Intradermal infusion of insulin with hollow MNs is an
effective alternative to traditional insulin injections. It can
significantly reduce local irritation and other skin irritation
and is resistant to pain. Many literatures and clinical studies
have reported that compared with the traditional subcuta-
neous injection of insulin, intradermal infusion of insulin
exhibits better PK/PD characteristics, short time to reach the
maximum blood concentration (C,,,,), fast onset of action,
and high bioavailability [42].

There exit some points for hollow MNs to improve. When
the hollow MNs are inserted into the skin, the bore in the
needle tip can be easily clogged due to the compactness of
the dermal tissue, which will affect the delivery of drugs
[43]. The tip design of hollow MNss is very important, since
tips with larger openings require a larger insertion force
which will cause the fracture of needle, while smaller tips
openings are blocked easily [44]. The compressed skin tissue
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Fig.2 3D printed hollow MN microelectromechanical system (3DMNMEMS). A Hollow MN fabricated by 3D printing. B 3ADMNMEMS con-
figuration. C Hypoglycemic effect of 3DMNMEMS in diabetic mouse. Reproduced with permission from [41]. Copyright 2021, Elsevier

can also give rise to resistance of liquid flow [43, 45]. This
can be overcome by the design of side-open hole on the
MN tip [46, 47]. Griss et al. firstly designed hollow out-
of-wafer-plane silicon MNs which had orifices in the shaft
instead of the tip. [48]. This hollow MN array showed low
liquid flow resistance, large contact area between fluid and
skin tissue, and low risk of clogging. In addition, because
of the empty cavity and the brittle materials used, hollow
MNss are susceptible to breakage. To achieve safe skin inser-
tion, hollow MNs should be designed with higher breaking
force and lower insertion force. Geometry plays an impor-
tant role on insertion force to avoid needle breakage. Davis
et al. firstly experimentally tested and theoretically analyzed
the insertion force and breaking force of the insertion of
MNs into the skin [49]. They found that the insertion force
altered linearly with the tip interface area, while the break-
ing force improved with the increase of wall thickness, wall
angle, and tip radius. The ratio of breaking force to insertion
force was considered as the safety margin. The greater the
ratio was and the safer MNs were. Davis et al. measured
the insertion force of several MNs with different geometries
(720 pm height, 30~ 80 pm tip radius, and 5~ 58 pm wall
thickness). The results showed that the insertion force was in
the range of 0.1 ~3 N [49] and the ratio of breaking force to
insertion force increased with increasing wall thickness and

decreasing tip radius [49]. These studies provided a theo-
retical basis for predicting the insertion force and breaking
forces, which is helpful for designing reasonable MNs geo-
metrical structure.

Besides, compared with the subcutaneous route, insu-
lin delivery through hollow MNs is less painful, but not
painless. Theoretically, MNs should be painless if they are
designed to act on the dermis and have no access to blood
vessels and nerve fibers [50, 51]. The delivery mechanism
of hollow MNss is similar with that of micro-syringes. For
hollow MNs, not only the geometry of needles [52, 53] but
also the infusion volume and flow rate of liquid formula-
tion can affect the pain of administration [54]. Gupta et al.
found that larger pressure applied induced more pain, and
MN retraction also increased pain, but lower flow rate and
co-administration of hyaluronidase would reduce pain [55].

Dissolving MNs

Recently, dissolving MNs have received more and more
attention due to their obvious advantages such as simple
preparation, high drug loading, and one-step application
and have been extensively used to deliver insulin in litera-
ture research. Dissolving MNs are fabricated to incorporate
insulin into the water-soluble or bio-degradable polymer
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matrix and insulin will be released after the dissolving or
degradation of the inserted MNs. One of the merits of dis-
solving MNis is the flexibility of drug loading. Drugs can be
loaded into the entire MN array, limited to needle layers, or
encapsulated in the needle tip [56]. Moreover, quantitative
and controlled drug release can be achieved by adjusting the
dissolving profile of the polymer matrix, drug loading, and
the distribution of the drug in the needle body [57, 58]. In
addition, the solid-state storage of dissolving MNs is also
conducive to maintaining the activity of insulin to a certain
extent. Insulin encapsulated in MNs fabricated with dextrin
can be stored at 40 °C for 1 month with almost no impair-
ment to insulin activity [59], which reduces the demand for
harsh cold chain storage during transportation.
Water-dissolvable polysaccharides, including hydroxy-
propyl methylcellulose (HPMC), carboxymethyl cellulose
(CMC), hydroxypropyl cellulose (HPC), hyaluronic acid
(HA), dextran, sodium alginate, amylopectin, and sodium
chondroitin sulfate, are mostly used to fabricate dissolving
MNs [60-62]. Besides, some polymers with biodegradable
properties, like gelatin, poly-y-glutamic acid (y-PGA), polyvi-
nyl pyrrolidone (PVP), poly(vinylpyrrolidone-co-methacrylic
acid) (PVP-MAA), PVP-cyclodextrin (PVP-CD), polyvinyl
pyrrolidone-polyvinyl alcohol (PVP-PVA), are also used to
fabricate dissolving MNs [63—65]. Dissolving MNs can be

Aldh, — AN -~

prepared by various micro-molding technologies, such as cast-
ing, hot embossing, and injection molding. In micro-molding
method, an MN array mold is firstly prepared with tapered
MN structure by laser etching, ion etching, or template flip-
ping. And then the polymer solution is filled into the mold.
Fill of polymer into mold tip is usually conducted through
vacuum or centrifugation. After curing and de-molding, the
MN array is obtained (Fig. 3) [66]. This method can expand
the scale of production, but it still has some limitations. This
fabricating process involves multiple steps, such as master
batch preparation, mold manufacturing, and plasticization of
thermoplastic polymers, which is time-consuming. Moreover,
polymer needs to be plasticized above its glass transition tem-
perature [67], so maybe this method is not suitable for insulin,
which is sensitive to heat. To avoid the high temperature for
polymer dissolution in micro-molding method, researchers
have extensively explored the water-soluble polymers in the
fabrication of heat-sensitive drugs loaded dissolving MNss,
including HA [68], y-PGA, mixture of starch and gelatin [69],
and mixture of fish gelatin and sucrose [70].

Some new fabrication methods have been proposed to
solve the thermal challenges of melting step in micro-molding
methods. N-vinylpyrrolidone, the monomer of PVP,
which can be polymerized by UV irradiation at room tem-
perature, has been used to manufacture dissolving MNs. This

—
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Fig.3 Steps of micro-molding method. Reprinted with permission from [66]. Copyright 2021, Elsevier
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method can avoid the use of organic solvent. While more
than 30 min of UV exposure will be needed to polymer-
ize, which may cause drug degradation [71]. Kathuria et al.
used a combination of thermal and photo polymerization to
shorten UV exposure time [71]. Hyaluronic acid (HA, 15
kD) was chosen as a model ingredient. N-vinylpyrrolidone
solution was pre-polymerized by heating for 2 min at 90 °C
and then cooled down to room temperature. Next, HA was
added in the N-vinylpyrrolidone solution and the mixture
was pipetted onto the PDMS mold, followed by irradiation
with UV for 8 min. The pre-polymerization reduced the time
of UV exposure and decreased the degradation of HA [71].
This process shortened the preparation time and was ben-
eficial to scale-up production. In micro-molding method,
centrifugation or vacuuming is used to fill the polymer solu-
tion into needle, while cause poor formation of MNs tip and
inability removal of MNs from mold [72]. McGrath et al.
used atomized spraying to fill the solution of MNs materi-
als into PDMS mold instead of centrifugation or vacuuming
with a two-fluid external mixing nozzle [73]. After spraying,
the filled molds could be dried at room temperature. They
used this spray method to successfully fabricate dissolving
MNs with various sugars, including trehalose, fructose, and

First droplet dispensing
for base structure fabrication

Microneedle length control

Drug loaded droplet dispensing
on the base structure

Air blowing for microneedle
structure formation

raffinose, and polymeric materials, including PVA, PVP,
CMC, HPMC, and sodium alginate. This improved micro-
molding method allows continuous manufacturing under
mild processing conditions and is beneficial for drugs that
are sensitive to high temperature or viscosity.

Currently, scientists have explored other mild methods
to manufacture dissolving MNs. Kim et al. reported a novel
droplet-born air blowing (DAB) method to prepare dis-
solving MNs [74]. In this method (Fig. 4), base structure
of MNss was firstly fabricated by dispensing the drug-free
biopolymer droplets (CMC, 90 kDa) to the flat surface, and
the droplets containing drugs were dispensed over the base
structure. Then, the upper plate was moved downward to
contact the drug droplets and thereafter moved upward to
elongate the droplets to form the tip of MNs. Air blow-
ing was performed to drive out the water and solidify the
MNs. DAB provides a fast and mild MN fabrication method
which could be completed within 10 min under a condition
of 4~25 °C. The 6 X9 MN array containing 0.07 IU insulin
was applied to the shaved diabetes mouse. The blood glucose
level was dramatically reduced after 60 min and recovered
after 120 min. Insulin-loaded MNs showed similar bioavail-
ability (96.6 +2.4%) and hypoglycemic profile compared

Contact of dispensed droplet

Microneedle separation
after drying

Fig.4 Schematic illustration of droplet-born air blowing (DAB) method. Reprinted with permission from [74]. Copyright 2013, Elsevier
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with subcutaneous injection. Shayan et al. also utilized DAB
method to fabricate dissolving MNs under room temperature
to encapsulate lysozyme which was sensitive to tempera-
ture [75]. Trehalose was added as the stabilizer. The results
showed that the activity of lysozyme maintained highly up
t0 99.8% =+ 3.8% after MNs fabricated. This indicated that air
blow drying had no significant effect on lysozyme activity.
And after 12 weeks of storage, the lysozyme activity was
maintained at 99.8 £3.8% at 4 °C and 96.6 +3.0% at 25 °C.
These studies display that DAB may be a promising method
to encapsulate heat-sensitive biomolecules into MNS.

One of the most important parameters of dissolving
MNss is mechanical strength, which is essential for success-
ful skin insertion. While dissolving MNs made of water-
soluble polymers usually have weaker mechanical strength
than insoluble materials such as silicon and metals [76,
77]. MNs’ mechanical strength may be further weakened
after drug encapsulation [78, 79]. Park et al. experimentally
tested the fracture strength of polymer MNs in the process
of skin insertion and found that the fracture strength of MNs
increased with the increasing of material elastic modulus
and needle base diameter but decreased with the increas-
ing of the MNs length [80]. As for the MNs they studied,
when the elastic modulus of the material was less than 1
GPa, the MNs would cause buckling failure before piercing
into the skin. These findings provide remarkable informa-
tion to guide the selection of MNs materials, especially the
selection of polymer materials. MNs fabricated with single
material typically cannot achieve good hardness and tough-
ness which can be improved by using multiple materials
with different physical properties. Yu et al. fabricated insulin
dissolving MNs with 3-aminophenylboronic acid—modified
alginate and HA to enhance the mechanical strength. The
in vitro penetration test showed that encapsulated insulin
could be released in the deep skin. In vivo studies showed
that the RPA and relative bioavailability (RBA) were both
above 90% [81]. CaCO; encapsulated in polymer matrix had
been proved to enhance the mechanical strength before [82].
Liu et al. encapsulated insulin into CaCO; microparticles
and then prepared into dissolving MNs patch with PVP [83].
The MN patch showed excellent mechanical strength and
slower insulin release properties due to the pH-sensitive dis-
solution behavior of CaCOj;. The RPA and RBA of insulin
were 98.2% and 96.6%, respectively.

Skin elasticity may cause incomplete insertion of the
needle body into the skin and resulting in drug waste. In
order to solve this issue, Chen et al. designed a MN array
containing a supporting structure made from PVA/PVP to
improve mechanical strength and overcome the influence
from skin deformation during MN insertion process [64].
The needle tip of the MN array was made of insulin-loaded
poly-y-glutamic acid. After inserting the MN array into the

@ Springer

skin, both the supporting structure and needle tip could
be dissolved in 4 min and then released insulin rapidly.
The hypoglycemic effect of the dissolving MN patch on
diabetic rats was similar with that of subcutaneous injec-
tion, and no significant difference of insulin profile was
observed between the first and second administration in
diabetic rats, indicating the good reproducibility and accu-
racy of the MN patch in insulin delivery.

Dissolving MNs can release insulin slowly, providing
with a long-term and stable glucose level for diabetics,
which is desirable for long-acting insulin. But there are
still some issues that need to be considered. The first is
the safety concern. In the case of single administration,
polymer deposition in the skin may not be a problem. But
it is non-negligible for drugs requiring long-term appli-
cation, such as insulin. Theoretically, repeated applica-
tion of dissolving MNs may result in polymer deposition
and accumulation in skin tissue, which in turn trigger an
immune response, and accumulate in the liver or even the
whole body [27]. At present, potential effects that result
from polymer deposition in the skin are not well studied.
Moreover, the current safety evaluation is mainly based
on animals and the study period is short. In the study
conducted by McCrudden et al., a dissolving MN path
with 0.49 cm? size area was fabricated to deliver ibupro-
fen sodium [84]. 5~ 10 mg of polymer were deposited
in rat skin per 1 cm? MN patch size. When the effective
dose in rats was converted to humans, a patch size of 10
cm? would be needed which meant that 50-100 mg of
polymer would deposit in the skin. The author studied
the polymers’ biocompatibility in cells and MNs toler-
ance experiments in rats, and there were no raised con-
cerns. However, these two studies were just performed
24 h in cells, and single administration in rats, the long-
term safety was unknown. Vicente-Perez et al. studied the
safety of repeat application of dissolving MNs and hydro-
gel MNs [85]. Dissolving MNs made from methyl-vinyl
ether-co-maleic-acid (PMVE/MA, Mw = 1,500,000 Da)
and PVP (Mw = 58,000 Da) and hydrogel MNs made from
Polyethylene glycol (PEG, Mw = 10,000 Da) were applied
once daily for 5 weeks and twice daily for 3 weeks,
respectively. In vivo studies in hairless mice showed no
observed changes in the appearance and barrier function
of skin during the entire study period. Besides, there were
also no statistically changed biomarkers related to infec-
tion, immunity, and inflammation/irritation (C-reactive
protein, immunoglobulin G, interleukin 1-f, and tumor
necrosis factor-a) [85]. When reviewing the translation
of this kind of MNs into clinic, regulatory authorities
may need more information about the amount of polymer
remaining in the skin, the rate and pathway of clearance,
and the long-term safety.
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Hydrogel MNs patch

To solve the problem of polymer deposition in the skin,
non-degradable hydrogel MN patch was proposed [86].
Hydrogel MNs are fabricated through the physical or
chemical cross-linking of hydrophilic polymers with
water swelling properties [82]. When inserted into the
skin, needles could rapidly absorb skin interstitial fluid
and swell to a hydrogel state, which realizes the slow and
continuous release of the preloaded drugs [25, 87]. The
transdermal delivery efficiency and drug release behav-
ior could be improved by adjusting the swelling ability of
hydrogel polymers through controlling the cross-linking
density [88, 89]. The toughness from the cross-linked
matrix allowed hydrogel MNs to completely withdrawn
from the skin without any deposition, which is expected
for the frequent delivery of insulin [87, 90].

Hydrogel MNs are usually prepared by crosslinking of
hydrophilic polymers. Natural polymers including agarose,
methylcellulose, HA, chitosan, starch, and collagen are
commonly used [91, 92]. Synthetic materials, like PVA,
hydroxyethyl methacrylate (HEMA), poly(methyl vinyl
ether-co-maleic anhydride) (PMVE/MA), and meth-
acrylated hyaluronic acid (MeHA), are also widely used
to prepare MNs [93]. The most common technique for
hydrogel MNs fabricating is molding [62, 94], which is
overall easier and allows for up-scaling production [95].
The polymer solution is poured and filled into a prefabri-
cated mold under heating, pressure, vacuum, or centrifuga-
tion, and then the MNs are formed by inducing polymer
crosslinking and solidification. The process of polymer
crosslinking usually involves chemical reactions, such as
esterification [82, 96], and physical induction under high
temperature or UV irradiation. Therefore, heat-sensitive
drugs, such as insulin, must be prepared in a way that
avoids high temperatures. In addition, in the process of
insulin encapsulation, chemical crosslinking agents must
be carefully selected to avoid the potential interaction
between insulin and crosslinking agents, which may affect
insulin activity [97].
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A bullet-shaped MN array containing a swellable tip
made from polystyrene-block-poly(acrylic acid) (PS-PAA)
and a non-swellable core made from polystyrene (PS) was
developed by Seong et al. (Fig. 5) [98]. PS-PAA was also
coated on the outside of MNs to form a double-layered struc-
ture. Insulin was incorporated into the swellable tips under a
mild drop/dry processing based on the reversible swelling/
de-swelling properties of MNs. After insertion into the skin,
the needles were mechanically interlocked with soft skin
tissue through selective distal swelling, which significantly
improved the skin adhesion. In vivo pilot study, extended
release of insulin could be achieved and consequently lead-
ing to a gradual decrease in blood glucose levels [98].

Yang et al. developed a new phase translation MNs patch
(PTMs) with PVA as the matrix material and load insulin
in the needle body [90]. The PVA solution was subjected to
a mild freeze—thaw treatment to form the microcrystalline
domains as the cross-linking junctions to obtain the anti-
dissolution cross-linking of MNs matrix. Therefore, insulin
can be safely loaded in the matrix of the MN tips to ensure
sufficient hypoglycemic efficacy [90]. Moreover, dextran and
CMC were applied to enrich the diffusion channels to speed
up insulin delivery. In vivo study in diabetic pigs showed
that PTMs patch carrying 2.0 IU/kg insulin lowered the glu-
cose level for 40% at 2 h point post-administration [90]. The
author also showed that the PTMs system can be sterilized
by steaming in the final products avoiding the costly asep-
tic operation in the production process which was a great
advancement for scale-up manufacturing [90].

In order to increase the use convenience and patients’
compliance, the size of MNs should not be too large [99]. As
a result, the limitation of MNs size and the needle volume
hinder to obtain high drug loading. In order to increase the
drug loading, some scientists loaded the drug into a separate
reservoir other than the needles directly. After being inserted
into the skin, the MN needles will rapidly absorb interstitial
fluid and swell to hydrogel state with osmotic conduits. Sub-
sequently, it triggers the diffusion of drug molecules from
the attached drug-containing reservoir. Owning to the con-
centration gradient, drug molecules will penetrate through

Fig.5 Schematic illustration and images of the bullet-shaped double-layered MN patch. The MN array displayed good structural uniformity as
marked by the arrow (* to *'). Reproduced with permission from [98]. Copyright 2017, Elsevier
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the hydrogel matrix and enter the skin (Fig. 6) [100, 101].
Drug-containing reservoirs are usually designed into poly-
meric films and lyophilized wafers. This kind of hydrogel
MNs has been used to deliver both chemical drugs and bio-
macromolecules into the skin, including metformin hydro-
chloride [102], donepezil hydrochloride [103], insulin [57],
ovalbumin [101], and bevacizumab [104].

Donnely et al. reported a novel “integrated MN” con-
sists of a backing layer, a drug-loaded adhesive patch, and
a solid crosslinked hydrogel MN array [82]. The MN array
was fabricated with PMVE/MA and poly(ethyleneglycol)
10,000 (PEG ) by using laser-engineered micro-molding
method, in which the crosslink temperature was 80 °C. To
avoid the high temperature during the manufacturing pro-
cess of hydrogel MNs, insulin was loaded into an adhesive
gel made of PMVE/MA and tripropyleneglycol methyl ether
(TPM) and then was cast into adhesive patch under room
temperature. The “integrated MN” containing 0.2 IU insulin
was formed on the attachment of insulin-loaded adhesive
patch to the upper baseplates. After being administrated onto
the diabetic rats, the blood glucose level reduced by 10%

!
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Fig.6 Schematic concept and drug delivery mechanism of hydrogel
MNs combined with drug reservoirs [101]. Copyright 2014, PloS
one
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within 2 h and lowered further to 37% after 12 h [82]. In
this insulin-MN system, insulin was released slow, which
may be due to the extended diffusion pathway as the insulin
reservoir was on the back of MNs arrays, so insulin released
may need more time [87].

Recently, silk fibroin has been used to fabricate dissolv-
ing MNs due to its better mechanical properties, excellent
toughness, and good biocompatibility [105]. Nevertheless,
MNs made from unmixed silk fibroin break easily [106] and
dissolve quickly [57], which may cause burst release of insu-
lin and transient hypoglycemia. Zhu et al. reported a com-
bined silk fibroin MN patch to solve this problem. This MN
patch was fabricated by the two-step micro-molding method
under 25 °C. Unmixed silk fibroin was used to make the MN
tip and proline-modified fibroin with improved swellability
was used to prepare the MN pedestal (Fig. 7) [107]. After
the MN patch penetrated the skin, the needle tip could be
quickly dissolved by the body fluids and then released insu-
lin. Meanwhile, body fluid contacted the pedestal through
the micro-channels formed by the needle tips, encouraging
it to swell and subsequently releasing insulin continuously.
The results of administration to diabetic rats showed that the
blood glucose reached the lowest level in 3 h and returned to
the initial level after 6 h. This structure displayed an appar-
ent hypoglycemic effect which could meet the need of rapid
hypoglycemic reduction after meal; meanwhile, a sustained
release of insulin could be achieved without hypoglycemia
risk.

Compared with dissolving MNs, hydrogel MNs can
achieve a more consistent and controlled insulin release
profile without polymer deposition in the skin. However,
there are still some challenges to be addressed. Due to the
incomplete release of loaded insulin from the hydrogel net-
work, the final release amount is difficult to control. There-
fore, it is necessary to study the relationship between the
release profile and drug loading amount to guide the clinical
administration. The insulin utilization ratio is also relatively
lower than that of dissolving MNs. Hydrogel MNs made
from polymers, like PMVE/MA [82, 102] and MeHA [108],
exhibit excellent mechanical strength in the dry state allow-
ing for successful skin penetration. While the negative of
these materials is low swelling rate which will cause slow
drug release rate. The swelling ability of the polymers is
controlled by cross-linking density [109]. Increasing the
concentration or cross-linking density can enhance the pol-
ymers’ mechanical strength, thus improving the integrity
duration of the polymer matrix [110]. Nevertheless, this
would determine the polymers’ porosity to be significantly
reduced, limiting the modulation of drug release profile
[111, 112]. The best application requirement of hydrogel
MN:ss is to achieve a balance between mechanical strength
and expansibility by selecting suitable polymer materials
and manufacturing process of MNs [113].
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Fig.7 Combined silk fibroin MN patch for insulin delivery. Reprinted with permission from [107]. Copyright 2020, American Chemical Soci-

ety

Glucose-responsive MNs

The main challenge of insulin therapy is to accurately
administer sufficient insulin throughout the day, including
meal times and night, to achieve strict blood glucose control
while avoiding severe hypoglycemia attacks [114, 115]. In
recent years, the closed-loop glucose-responsive MN patch
which can detect blood glucose level and adjust the release
of insulin in time has become a hotspot in MNs delivery of
insulin [116]. Glucose-responsive MNs are effective blood
glucose-response systems that link the glucose-sensing and
insulin release without the patient’s involvement [117], so
as to achieve high efficiency, long-acting, and relatively
low dosage. The most important is that glucose-responsive
MN can reduce the risk of hypoglycemia [115]. Glucose-
responsive MNs are usually composed of glucose-sensing
elements, insulin, and cross-linker. Glucose-sensing ele-
ments, including glucose oxidase (GOx) [118, 119], glucose-
binding protein, and phenylboronic acid (PBA), are widely
studied [120].

Gox, a flavin-containing glycoprotein with molecular
weight of 100-1000 Da, acts as glucose-sensing unit by
catalyzing glucose into gluconic acid and hydrogen perox-
ide (H,0,) through oxidation reaction [116]. This reaction
creates local hypoxic, acidity, and high H,O, environment
[115]. These environment conditions can be utilized as

biological stimulation to trigger the release of insulin from
the MN matrix [87, 115]. Ullah et al. designed a glucose-
responsive MN patch using the acidic microenvironment
generated by the decomposition of glucose by GOx (Fig. 8)
[121]. This MN patch was fabricated with a 7 X7 stainless
steel MN array. A porous polymer layer, which encapsu-
lated glucose-responsive formulation (composed of insulin,
GOx, and sodium bicarbonate (NaHCOs)) in the pores, was
coated out of the MNs needles by dip-coating method [121].
NaHCO; was acted as the pH-sensitive element. A PLGA
film was coated out of the porous layer to protect the insu-
lin formulation. When inserted into the skin, glucose could
diffuse passively through the outer PLGA film and oxidized
into gluconic acid by encapsulated GOx, consequently
decreasing the local pH. Under the acidic microenvironment,
NaHCOj; decomposed into carbon dioxide (CO,) gas [122]
which in turn generated pressure inside the pores, causing
the PLGA film ruptured and the preloaded insulin released.
In vitro release test showed that under hyperglycemic level,
almost 53% of the encapsulated insulin was released within
the first 1 h [121]. After being applied into diabetic SD rats,
the blood glucose level dropped rapidly within 2 h and then
decreased slowly to the normal level in the next three hours.

GOx-based MN system is acted on enzymatic reaction
and exhibits high specificity towards glucose. In addition,
the stimulus produced is positively correlated with glucose
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Fig.8 Glucose-responsive insulin delivery system using porous-
coated MNs. A Schematic illustration; B SEM micrographs of MNs
at different magnifications (a before incubation in pH 7.4 PBS at

concentration, which is ideal for detecting glucose concen-
tration accurately [123]. While the inflammation of skin tis-
sues caused by H,0, is one of the important obstacles in
GOx-based glucose-responsive MNs [124]. To eliminate the
H,0, byproduct, Yang et al. designed a mimic multi-enzyme
metal-organic framework (MOF)—based stimuli-responsive
MNs which could decompose H,0, while controlling the
release of insulin [125]. A mimic multi-enzyme vehicle was
constructed by implanting GOx and Co?* ions into MOFs.
GOx in the MOF could catalyze glucose into gluconic acid
with the formation of H,0,. The generated gluconic acid
lowered the local pH of MOFs, leading to the degrada-
tion of MOFs, thereby releasing insulin. At the same time,
Co?* jons in the MOF catalyzed reaction to decompose the
byproduct H,O, [125].

The most used synthetic chemicals in glucose-responsive
delivery systems are PBA and its derivatives. PBA is a prom-
ising glucose sensor [126]. Compared with GOx and glucose-
binding proteins, PBA shows high stability and durability in
the physiological environment, making it reliable as glucose
sensors in glucose-responsive MNs [115, 127]. The mecha-
nisms of PBA-based glucose-sensing units include reversible
conversion with glucose and charge-based swelling. Gener-
ally, PBA exists in two forms, charged and uncharged, and
those two forms maintain equilibrium. The charged PBA can
form a stable structure with glucose via reversible covalent
bond (Fig. 9) [127, 128]. At high glucose concentration, the
equilibrium will shift to a higher negative charge within the
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polymeric matrix of MNs. This led to enhanced swelling of
MN matrix and triggered the release of preloaded insulin.
However, it should be noted that most PBA-based MNs can-
not work at physiological pH, because of the higher pKa of
PBA (about 8.6) than the physiological pH (7.35-7.45) [129,
130], so high equilibrium constants are difficult to obtain
in the body, and the response to glucose tends to be weak.
Therefore, in order to lower the pKa and thus increase the
response to glucose, the researchers introduced electron-
withdrawing groups to benzene ring, including aromatic
nucleus [131], sulfonyl group [132], nitryl group [133], halo-
gen atom [134], or chemical groups such as carboxyl group
[128] into the polymer [135].

Yu et al. designed a novel glucose-responsive MN system
in which insulin, monomers, and cross-liker were mixed and
formed the polymeric matrix by in situ photo-polymerization
method [136]. 3-(Acrylamido)PBA (3APBA) was used as
the responsive component. This manufacturing process was
simple and efficient, and the avoidance of organic solvents
and high temperatures was essential for maintaining the
biological activity of insulin. In vitro release test showed
that insulin released quickly with a glucose concentration of
400 mg/dL, while released relatively slowly at 0 and 100 mg/
dL glucose level, reducing the risk of hypoglycemia. This
MN patch was applied into STZ-induced diabetic minipigs
and the glucose levels could be maintained to a near-normal
range for more than 20 h under normal feeding condition
[136].
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Since the insulin release rate is directly controlled by the
insulin concentration and blood glucose levels, it is essential
to avoid the possibility of hypoglycemia at the beginning
of MNs administration and hyperglycemia at the exhausted
phase of loaded insulin. In order to prevent hypoglycemia,
GhavamiNejad et al. developed a smart PBA-based gluca-
gon MN patch [137]. In circumstances of hypoglycemia,
the transmission of glucagon is enhanced to increase glu-
cose level. When this MN system is given together with a
glucose-responsive insulin delivery device, it can ensure safe
and accurate blood sugar control. Another promising solu-
tion is a dual-drug loading system for insulin and glucagon.
Yu et al. reported an insulin-responsive glucagon delivery
system on the basis of specific binding between insulin and
insulin aptamer [138]. Detailedly, the author firstly synthe-
sized insulin immobilized methacrylated hyaluronic acid
(Ins-HA) and insulin aptamer modified glucagon (Apt-Glu).
Then, Apt-Glu was connected to Ins-HA via the specific
interaction of aptamer and insulin to form an insulin-responsive
glucagon conjugated HA (Glu-HA) matrix. With the
assist of crosslinker and photoinitiator, MNs were fabricated
with Glu-HA matrix by photo-crosslinking method. Under
the condition of high insulin concentration, glucagon can be
rapidly released from the HA matrix through the competitive
binding between free insulin and immobilized insulin on HA
[138]. In a chemically induced type 1 diabetic mouse model,
the mice were pre-dosed with sufficient insulin to cause pro-
found hypoglycemia. The results showed that mice treated
with Glu-HA MNs maintained the glucose level at 80 mg/
dL for 2 h, and then slowly returned to hyperglycemia. While
the glucose level of mice in the control group continued to
drop to a hypoglycemic state (< 70 mg/dL), suggesting that
this glucose-responsive insulin delivery MNs can effectively
prevent hypoglycemia [138].

Glucose-binding proteins have also been studied as
glucose-responsive elements, among which Concanavalin
A (Con A) is the most used [139, 140]. Con A is a pro-
tein with a molecular weight of 25.5 kDa. Each Con A

molecule contains four sugar-binding sites at physiological
pH [141] that show strong capability of bonding with a-D-
mannopyranose and a-D-glucopyranose by hydroxyl groups
[142]. However, due to its toxicity and instability in vivo, the
application of Con A is limited [143].

Although these glucose-responsive elements have been
widely studied in pre-clinical researches, there are still some
problems that need to be considered. GOx can accurately
determine or sense glucose concentration; nevertheless,
GOx enzyme is very sensitive to environmental factors, such
as high temperature, pH, and enzyme action, and exhibits
poor stability, so it will affect the sensitivity of glucose sens-
ing and the efficiency of insulin release [144—-146]. Although
Con A can be easily used to design glucose-responsive MN
systems, its inherent limitations of toxicity, poor aqueous
solubility and stability, and long response time may limit
their usage in clinical translations [147]. PBA is a small
molecule that can be easily used to design the different
glucose-response systems through various chemicals modi-
fying and incorporating into polymeric matrix to adjust the
insulin release on demand [148, 149]. PBA-based glucose-
responsive MNs have the advantages of the diversity of
matrix composition, the variability of microstructure, and
the adjustability of insulin release mechanism [150]. PBA
has low specificity to glucose and is susceptible to other
polyol molecules in the blood, which will affect the respon-
sive accuracy and response time [135, 150]. Another issue
is the biocompatibility. Up to now, there is few data on the
safety and toxicity of the PBA-based system [151, 152].

Clinical progress of MNs-based insulin
delivery

Some MNs-based insulin delivery systems have been moved
into clinic studies, and we analyzed and examined those tri-
als listed on the website ClinicalTrials.gov and classified
them by clinical development phase. There are currently
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only 8 clinical trials related to insulin delivery using MNss.
These clinical trials mainly focused on comparing the phar-
macokinetics and pharmacodynamics of insulin delivered
by MN devices and SC injection (Table 2). Interestingly,
despite all the types of MNs discussed before, hollow MNs
were the only type of MNs that has moved to clinical stage.
Most of them are in Phase 1 and Phase 2 stages. At present,
none of the products has reached to commercialization.

In 2016, Kochba et al. [153] reported an improved insu-
lin pharmacokinetics (PK) profile of patients with type 2
diabetes using Micronjet®, a hollow MN device contain-
ing four needles, by comparing with conventional SC
injection administration (ClinicalTrials.gov Identifier:
NCT01684956). The insulin (Novorapid®) intradermal
delivery via Micronjet® showed a shorter T,,,, (median
35 vs. 87.5 min (SC) [P <0.001]), higher early exposure,
shorter time to 50% C,,,, (median 14.0 min vs. 26.0 min,
p=0.008), slightly higher C,,, (median 80 vs. 55 TU/mL
[P=0.085]), and higher late AUC glucose level which could
potentially reduce the risk of postprandial hypoglycaemia.

BD Research Catheter Set was studied in 4 clinical trials.
It is a device with 1.5-mm, 34-gauge MN research catheter
set. One of the studies was to access the PK and pharmaco-
dynamic postprandial glycemia (PPG) in patients with type
1 diabetes. The patients were given lispro (IL) or regular
human insulin (RHI) by MN-based intradermal (ID) injec-
tions and SC injections after standard liquid meals (Clini-
calTrials.gov Identifier: NCT00553488) [154]. It had been

Table 2 Clinical trials and status of insulin delivery using MNs

published that administrating insulin ID via hollow MN (BD
Research Catheter Set) statistically improves the pharmaco-
dynamic metric related to pharmacodynamic postprandial
glycemia (PPG), insulin pharmacokinetics, and pharma-
cokinetic variability. The 90-min PPG (blood glucose area
under the curve for 0-1.5 h) for ID RHI was 14% lower
than SC RHI at—17 min (P <0.0001) and 11% lower than
ID RHI at —2 min (P=0.0006). The T, values for IL and
RHI were shortened by approximately 50% and 70%, respec-
tively, compared to SC administration. Overall, the PK data
of ID IL and ID RHI both displayed faster absorption rate,
higher maximum concentration, and shorter systemic circu-
lating duration versus SC administration [154]. The overall
tolerability of IL and RHI via ID was good. Another result
of the same research team showed that compared with SC
injection, the secondary insulin PK endpoint showed faster
ID availability in different doses and diets (AT,,,, —16 min,
ATS50 rising —7 min, AT50falling —30 min, all p <0.05)
[155] (ClinicalTrials.gov Identifier: NCT01120444). In
summary, these findings indicate that, compared with tra-
ditional SC injection, MN-based ID insulin administration
has a beneficial effect on insulin PK and PPG for both IL
and RHI versus SC. With a more consistent pharmacokinetic
outcome, the ID administration of insulin promises a better
postprandial glucose control [155].

Norman et al. investigated the effectiveness and pain of
insulin MNs to 16 children and young adults suffering from
Type 1 diabetes by comparing with traditional SC insulin

NCT No Condition MNs type Phase Status Sponsor Estimate/actual Estimate/
study completion actual
year enrollment

NCT00553488 Type 1 Diabetes Hollow Phase 2 Completed  Becton, Dickinson and 2008 30

(BD Research Company
Catheter Set)
NCT:! 2914 Type 2 diabetes Hollow (Micron-  Early Phase 1 Completed = NanoPass Technologies 2009 23
Jet™) Ltd
NCTO01120444 Type 1 Diabetes Hollow Phase 1 Completed  Becton, Dickinson and 2010 20
(BD Research Phase 2 Company
Catheter Set)
NCTO01061216 Type 1 Diabetes Hollow Phase 1 Completed  Becton, Dickinson and 2010 20
(BD Research Phase 2 Company
Catheter Set)
NCTO01557907 Type 1 Diabetes Hollow Phase 1 Completed  Becton, Dickinson and 2012 23
(BD Research Phase 2 Company
Catheter Set)
NCT00837512 Type 1 Diabetes Single, hollow Phase 2 Completed ~ Emory University 2013 16
glass MN Phase 3
T01684 Type 1 Diabetes Hollow (Micron-  Phase 2 Unknown Massachusetts General 2017 20
Jet™) Hospital
NCT02837094 Type 1 Diabetes Hollow (Nanopass Phase 1 Active, not  Cardiff University 2020 8
MNs) recruiting
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pump catheter [156]. In this phase 2/3 study (ClinicalTrials.
gov Identifier: NCT00837512), they utilized a single, hol-
low glass MN with length less than 1 mm to administrate
insulin lispro intradermally. MN produced shorter 7,,,, with
around 32 min and SC delivery used 52 min to achieve 7,,,,.
In addition, insulin onset time and offset time of hollow MN
delivery were 22 min faster (p =0.0004) and 34 min faster
(p=0.017) than SC catheter, respectively. Meanwhile, the
injection pain caused by MN was significantly less than SC
catheter (AVAS =-9.9), but the infusion pain caused by
MN was not significantly increased (AVAS =13.2) [156].
Such delivery tool showed superior insulin onset/offset and
less injection pain, which could improve the compliance of
insulin therapy and speed up the insulin pharmacokinetics
to make insulin close-loop more effective.

More recently, a new approach was proposed to treat Type
1 Diabetes by attaching the insulin to gold (Au)-based nano-
particles and administrating intradermally via Nanopass®
MNs, through this approach the investigator aims to slow or
stop the damage of insulin-producing cells in the pancreas
(ClinicalTrials.gov 1dentifier: NCT02837094). The safety of
the treatment with insulin-related peptides linked to gold
nanoparticles, including the obvious side effects was inves-
tigated in this study. Results had been submitted to Clini-
calTrials.gov by the sponsor or investigator but are not yet
publicly available.

The MN-based insulin delivery of clinical trials done so
far focused on the intradermal administration route, several
devices have shown their potential to improve the pharma-
cokinetics and pharmacodynamics of insulin and meanwhile
reduce the risk of needle phobia. However, the participants
enrolled in each clinical trial are limited (from 8 to 30 par-
ticipants). Further study for larger sample size with data of
intra-subject reproducibility and long-term safety is required
to move this application forward.

Challenges

MNs-based insulin delivery systems have been well studied
in the past 20 years. However, there are still some limita-
tions remained for clinical translation and further com-
mercialization. Here, we will discuss these translational
challenges including safety, efficacy, patient acceptability,
MNs manufacturing and scale-up, and regulatory authority
acceptability.

Safety

As MNs need to pierce into the skin to work; therefore,
it is mandatory that the materials used to fabricate MNs
should be inert in nature, non-immunogenic, biocompat-
ible, and stable. Biocompatibility and biosafety evaluation

of materials to fabricate MNs are fundamental to transla-
tional studies in humans. MNs can be fabricated of met-
als, silicon, glass, polymers, and other materials. However,
some of these materials may cause irritation, toxicity, and
other adverse side effects to the skin or human body. Sili-
con and glass are brittle materials that are easy to brick off
during the process of insertion [157] The bio-compatibility
of these materials had not been well proven and minimal
debris underneath the skin may induce bad inflammation
[158]. Metals with strong mechanical strength and hard-
ness, including stainless steel, nickel, and titanium, have
also been used in MNs manufacturing [159]. These kinds
of materials are not biodegradable and can cause tip waste
with biological hazard in the skin [160]. In addition, nickel
had been reported to cause allergy and should be prevented
in the fabrication of MNs [18]. Polymers usually have high
toughness that can insert into the skin with avoidance of
brittle fracture [161]. Most polymers are bio-biodegradable
which are more advantageous than other materials as they
provide the additional benefit of a controllable biodegrada-
tion rate. PLA, PGA, and PLGA are commonly used in MNs
scaffold applications [162]. However, for the drugs needed to
be repeat use frequently, deposition of polymer underneath
skin is undesirable. This type of MNs is more suitable for
drug delivery that does not require frequent administration,
such as vaccines, but it is undesirable for insulin long-term
use. Glucose-responsive MNs have been hotspot in insulin
therapy, while some safety problems about glucose respon-
sive elements should be considered, as that GOx can cause
host immune response [80], Con A shows inherent toxic-
ity limitations, and the safety and toxicity of PBA are also
unclear.

Inflammation and irritation are another safety issue of
using MNss to deliver insulin. There are some notable reports
of granulomas induced by silicon and glass [163, 164]. There
are also some studies reported that the dissolving MNs liv-
ing in the human body may lead to adverse skin effects, such
as skin irritation and granulomas [165]. Glucose-responsive
MNs with GOx as the reaction element will generate H,0,
which would cause inflammation or even severe tissue dam-
age [124]. Repeated use of MNs on the same site may cause
erythema, swelling, and skin irritation, while application at
different sites may cause bioavailability variation because
of the different thickness [166]. In addition, attention should
also be paid to the closure time of pores after MNs removed,
as the pores could be a path for pathogenic microbes or toxic
substances [167].

Efficacy
The aim of MNs-based insulin drug formulation is to adjust

the blood glucose levels to safe ranges without causing
adverse reactions such as hypoglycemia. First of all, drug
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loading is the most important factor affecting the effective-
ness of insulin MNs. Solid MNs and coated MNs are limited
in insulin delivery due to their inconvenient administration
and low drug loading, respectively. For dissolving MNs to
be completely inserted into the skin, insulin is only loaded
on the needle tip, which causes another problem, that is,
low load capacity. The amount of drug loading is limited to
the volume of the tip of dissolving MNs. As expected, the
cumulative amount of drug administered is proportional to
the size area of the MNs. Therefore, when designing a MN
array system, it is necessary to consider and optimize the
size area, the length, and the shape of the MNs, which can
make huge influence on insulin loading on MNs, in order
to enhance the insulin loading. For hydrogel MNs, the drug
loading may not be a problem, as this kind MNs can be
designed with drug reservoir. But because of the diffusion
from the reservoir, it may be more suitable for basal blood
glucose level maintenance, not the postprandial blood glu-
cose control which needs rapid insulin release. In addition,
the hydrogel MNs may exhibit low bioavailability because
the insulin in the reservoir may not be fully released.

The stability of insulin in MN system is another problem
which can influence the efficacy. Insulin is sensitive to unfa-
vorable environment, like high temperature, extreme pH,
trace metal ions, and some buffers, which may occur during
MNs production, packaging, and storage, and will induce
oxidation of insulin and consequently result in loss of thera-
peutic effect [168—170]. For instance, studies showed that
when insulin conjugated with dextran, it could lose 60-90%
native bioactivity [171, 172]. Some studies reported that
metal ions could convert the molecular oxygen into more
active oxidants, resulting in the oxidative degradation of
proteins [173]. The presence of transition metal ions in the
auxiliary excipients, as well as the stainless steel equipment
used in MNs scale-up production, will both result in sig-
nificant iron contamination that may lead to the degradation
and oxidation of insulin [87]. In addition, some proteins will
be oxidized even in an environment with 1% oxygen [174].
Besides, MNs are usually prepared under severe conditions,
such as high temperature and ultraviolet radiation, which
will also affect the stability of the intentional insulin.

The successful insertion of MNs into the skin without
breakage or bending is fundamental for effective insulin
delivery, which requires sufficient strength and stiffness of
MNs. An optimal MN should be designed with low insertion
force, the force required to insert MNs into living the skin
and high breaking force, the force needles can withstand
before fracturing. In the design of MNs, how to reduce the
insertion force is one of the keys for successful MNs design,
because the higher insertion force was, the greater force
the MNs subjected and the easier to fracture or buckling.
Meanwhile, excessive insertion force can also cause pain.
Needle geometry, needle height, thickness and tip radius,
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base diameter, needle density, and MN material are the
main factors that influence the mechanical strength of MNs
[175]. The mostly used hollow MNs are often broken when
inserted into the skin due to insufficient mechanical strength.
MNs should not be designed too long or made of relatively
weak materials; otherwise, the insertion force may overcome
the tension of MNs, and consequently causing the needles
to break [176]. Generally, as mentioned above, the hollow
MNs with smaller tip radius, acute tip angle, and higher
ratio of needle height to the needle bottom width, can be
successfully inserted into the skin [177, 178]. Except MNs
themselves related factors, skin thickness and elasticity also
have effects on the insertion of MNs. Skin is considered as
an anisotropic, nonlinear, and viscoelastic composite tissue
[179]. Keratin in SC gives the skin stiffness, forming the
main barrier of MNs inserting into the skin [180]. Collagen
and elastin fibers in the dermis provide the skin strength and
flexibility during skin puncture [181]. The insertion of MNs
into the skin is influenced by various mechanical forces from
the skin, including axial force, transverse force, shear force,
friction force, etc. During skin insertion, the tips of the MNs
are subjected to axial load. This axial load is basically called
the compressive force, and it causes the buckling of MNs
which may render MN ineffective. In order to reduce buck-
ling, the tip should be sharp [182]. Some studies showed that
the elastic properties of skin could twist around the MNs
particularly if the needles are blunt and short, leading to
MNs partially or incompletely inserted into SC [183, 184].

The final dose of insulin delivered through MNs is dif-
ficult to control, which will affect the hypoglycemic effect
of insulin. Some scientific literatures emphasized that dis-
solving MNs are usually with low mechanical strength, and
the dissolving MNs made of a variety of biological materials
also have significant differences in skin penetration. The big-
gest challenge at present is that they cannot be completely
inserted into the skin, which leads to drug waste and reduces
the efficacy of insulin. To prevent this waste, insulin can
be concentrated on the needle tips, but the loading amount
will be limited. Chu et al. had also noted that it was difficult
to control the insulin encapsulation and delivery of insulin
from dissolving MNs, partly due to drug diffusion within
the water-soluble MNs matrix during preparation [160].
Therefore, in order to better guide clinical application, the
relationship between the final release amount and the load or
release time of insulin needs more in-depth research.

For the diabetic patients, long-term insulin SC injection
combined with glucose monitoring is necessary. Currently,
the development of glucose-responsive MN patches has been
extensively studied. These “smart” insulin MN patches have
shown excellent drug release performance and therapeutic
effects in pre-clinical studies [121, 185]. However, the con-
struction of this system is more complicated, and numerous
clinical studies are required to verify whether MNs can work
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effectively under the physiological environment. Extensive
articles reported that MNs-based insulin patches showed
significant hypoglycemic effects in animal models. While
when the effective dose in animals was converted to humans,
the amount of insulin required greatly exceeded the drug-
loaded amount of the MNs. The drug loading capacity of
MNs should be further improved due to the great differ-
ence between the skin structure of the human body and that
of animals [116, 150]. Insulin MNs patches that can work
successfully in animal models need more related clinical
experiments to achieve good hypoglycemic effect in the
human body.

Patient acceptability

The ultimate commercial success of a MN-based product
depends not only on their ability to operate as designed, but
also on their acceptability to patients [186, 187].

The pain generated by drug administration is closely
related to patient’s compliance and acceptance [188]. Theo-
retically, the needle body of the MNs does not reach the
deeper dermis and nerve endings, and the puncture pain
should be less. Several researchers have studied the pain
caused by MNs. In 2001, Kaushik et al. firstly accessed the
pain caused by silicon MNs in human subjects [189]. Their
results pointed out that the pain generated by MNs was less
than that generated by 26-gauge needles [189]. Gill et al.
had deeply studied the correlation of pain level and number,
length of MN needles in [53]. Their results showed that MNs
with length ranging from hundred microns to 1.5 mm pro-
duced significantly less pain than hypodermic needles, and
the pain score was only 5 ~40% of hypodermic needles. The
length of the MN needles had the greatest impact on pain,
as the length increased 3 times, the pain score increased 7
times. The number of MN needles also affected the pain
score. When the number of needles increased 10 times
(increase from 5 to 50 needles), the pain increased more
than 2 times. While the angle, thickness, and width of the
MN tip had no significant effects on pain score [53]. Except
application pain, skin reactions induced by MNs had also
been studied. Arya et al. studied the effects of applying dis-
solving MN patches on local skin reactions, reliability of
use, and patients’ acceptability [190]. Fifteen human par-
ticipants were involved in this trial. Results demonstrated
that dissolving MN patches showed well tolerance without
any pain, erythema, or swelling at the MN’s application site
and were strongly accepted by human subjects. The study
revealed that MN patches were preferred than conventional
needle and syringe injection [190].

Another factor that may affect patients’ compliance is the
convenience of usage. MN-based insulin delivery system is
intended to reduce the incidence of side effects related to
frequent injection and improve the quality of life of patients.

As a self-applied product, insulin MNs must be easy to use.
There were only few hollow MNs devices had been moved
into clinical studies, which also requiring external auxiliary
device. The administration is more complicated than insulin
pens; thus, patients may consider it overly complex. There-
fore, more convenient MNs need to be developed for the
convenience of patients.

It is also very important for a prescriber to educate the
MNs users to administer insulin properly and safely, since
the application of MNs will be affected by many anthropo-
genic factors. Moreover, informative labeling and patient
counseling strategies should also be developed [186].

Manufacturing and scale-up

There are now some hollow MN devices on the market and
some of them are under clinical evaluation for insulin deliv-
ery. For other types of MNs, there may still be some diffi-
culty in scale-up production. Although the manufacture of
MNs with simple structures has been simplified and popu-
larized, the manufacture of MNs with multi-component or
special structures is still time consuming and technology
dependent, requiring delicate operation. In addition, mild
fabrication methods are needed to be developed as insulin
is a biomolecule. At present, some scientists have optimized
traditional preparation methods to produce insulin-loaded
MNs under mild conditions, but it is still difficult to scale
up. This further limits the translation progress. In order to be
able to manufacture MNs on a large scale, further improve-
ments in the existing technologies must ensure (1) a reso-
lution of low-to-mid micron scale (~25-100 pm) can be
achieved with high accuracy and precision (<5%); (2) the
automated process with minimal manual operation; and (3)
the flexibility of manufacturing technology to adapt to vari-
ous materials and fabrication methods [56].

Currently, micro-molding is widely used in MNs fabri-
cation due to the high reproducibility and precision, cost-
effectiveness, and the reusability of the molds [56, 87], while
several issues need to be solved. In de-molding step, it is
easy to break and lead to content variations of drug owning
to the brittle character of material, especially in the case
of silicon, glass, and ceramics MNs. In order to overcome
this problem, “softer” material of mold seems to be a bet-
ter choice. However, good mold requires well mechanical
strength to avoid deformation after repeated use to ensure
the accuracy of needle morphology and drug dosage. Shorter
service life of “softer” mold means higher cost of manufac-
ture. Besides, when inserted into the skin, the mechanical
strength of needle should be strong enough so that it does
not break. Several studies evaluated the reliability of MNs
based on the ratio between the force at which the MN loses
its structural integrity and the insertion force [158]. Moreo-
ver, complete cleaning is difficult to achieve in continuous
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casting process, which will lead to the accumulated residue
of drug solution at the surface of mold.

The safety and effectiveness of insulin therapy are highly
dose-sensitive and require stricter acceptance criteria for
uniformity of content. However, uniformity of content has
become one of the biggest barriers for mass manufacture of
all kinds of MNss.

Regulatory authority acceptability

Currently, the licensing of MN products is processed on a
per-application basis, since there were no production and
implementation standards for MNs, which limit the transla-
tion and commercialization. Therefore, there is an urgent
need to develop universal requirements of MNs based on
the classification.

The regulatory requirements determine the acceptance
criteria of product quality control and therefore the capi-
tal investment of mass manufacture. The likely considera-
tions and potential regulatory requirements for MNs have
been discussed [187, 191, 192]. The core question is the
classification of MNs, whether MNs will be accepted as a
drug delivery system, consumer product, or medical device.
Recently, the U.S. Food and Drug Administration (FDA)
published the final version of “Regulatory Considerations
for Microneedling Products for Aesthetic Use” [193]. In this
guidance, besides explicitly or implicitly product declara-
tions or stating, FDA will consider the design and techno-
logical characteristics/features of MN product to determine
whether MN product meets the requirements of Federal
Food, Drug, and Cosmetic Act (FD&C Act) for a device.
Specifically, FDA believes that the penetration of the needle
through the stratum corneum is the result of the design or
technology of a MN product. According to Sect. 201(h) of
FD&C Act, it may be “intended to affect the structure or any
function of the body”. The critical attributes include needle
length, sharpness, and depth of penetration, etc. Although
this guidance is classified into cosmetic field, it shows clear
indication that the regulatory requirements of MNs as drug
delivery system shall fall into the category of device. Mean-
while, FDA describes prefilled drug delivery device in which
drug is filled into or otherwise combined with the device and
the sole purpose of the device is to deliver drug products
containing two or more regulatory products. Prefilled drug
syringe, auto-injectors, microneedle “patch,” and MN-based
insulin delivery system are examples of this type of product
(21 CFR 3.2e) [194]. If MNs are considered to be closer to
traditional subcutaneous injections, regulatory agencies may
require sterilization of MNs depending on the size of MNs
and skin penetration depth [94, 186]. While sterilization pro-
cedure, like dry heat, steam sterilization, gamma radiation,
or microwave, may affect the stability of insulin. Aseptic
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manufacturing process can be used, while it is expensive
and complicated.

At present, there is no recognized regulatory standard for
MNs. For scale-up and commercialization of MNs based
products, specific quality standards need to be established
within the framework of Good Manufacturing Practices
(GMP) [195]. However, there are so far no recognized
regulatory acceptance standards of MNs products, and we
can only speculate on the possible required Quality Control
(QC) tests. Lutton et al. proposed a list of quality speci-
fications applicable to all MNs according to the required
specific tests of new drug products and parenteral drug prod-
ucts as required by ICH Harmonised Tripartite Guidelines
[186, 192]. The universal specific tests for MNs including
dissolution, disintegration, hardness/friability, uniform-
ity of dosage units, water content, microbial limits, steril-
ity, particulate matter, antimicrobial preservative content,
extractables, functionality testing of delivery systems, and
osmolarity [192]. The MNs’ mechanical characteristics need
to be fully studied including axial force, transverse force,
and baseplate strength to guarantee the successful insertion
and safety for human use. Moreover, for the efficacy, MNs
penetration depth in the skin and delivery ability of drugs
should also be considered.

Conclusion and perspective

MN technology shows great advantages in pain relief from
frequent injections and administration convenience, which
can ease diabetic patients from needle phobia under tradi-
tional SC insulin injection and therefore improve their life
quality.

Many efforts have been made to design and fabricate MN-
based insulin delivery systems and numerous great research
works have been reported. However, so far, there are still
some challenges for clinical application and further com-
mercialization. Firstly, the insulin loading amount needs
to be addressed. Considering the bioavailability of existing
preclinical insulin MNss and the effective dose in animals, it
would require a large dose to be applied to humans, which
is currently difficult to achieve. Secondly, the regulations
regarding MNs are not fully established, neither the clas-
sification of MNs nor the quality standards. Thirdly, there
are still challenges for scale-up and manufacturing process
for MNs. The production of insulin MNs involves multiple
steps, continuous and automatic online control under GMP
scale will help to ensure the products consistency, reproduc-
ibility, and quality. Some latest technologies will be useful
and help overcome those challenges. For example, for the
needle shape design and fine-tuning, Al technology could be
applied; for the efficiency of the MN manufacturing produc-
tion, 3D printing technology is promising.
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Insulin-controlled administration is a tendency. Numer-
ous researchers are devoted to developing glucose-responsive
MNs for insulin delivery. However, there is still a long way
to go in clinical translation. It is very important to verify
the responsive function in human physiological environment
under the premise of ensuring long-term safety.

Although the current MN-based drug delivery system still
has some problems to be solved. However, with the con-
tinuous development of MNs fabricating technology, the
ingenious combination of MNs with other medical devices
or intelligent drug delivery systems, and the continuous
improvement of the MNs evaluation and regulatory system,
MNs will be widely used for the transdermal delivery of
insulin and other active molecules. In particular, glucose-
responsive MNs have become a research trend that combines
novel materials for biosensors or intelligent drug delivery
systems.
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