Anesa Susi¢, Zekira Hrnjica, llma Kajgana, Minela Mujezinovi¢,
Alma Hasanbegovi¢, Jelena Brckalo, Amina Tucak, Merima Sirbubalo,

and Edina Vrani¢

Abstract

Use of microneedles as drug delivery systems provides a
number of benefits to patients. Easier and simple drug
use, reduced side effects, and incontinence are some of
them. Microstock patch has been developing for the last
few decades and they represent minimally invasive way
for administration drugs in organism through the skin
(transdermal administration). One of the approaches
“poke with patch” uses microneedles to make holes
(Hollow microneedles) and then apply a transdermal
(TD) patch to the skin surface. TD drug delivery can
improve compliance, minimize peaks, provide continuous
drug administration and troughs in plasma levels during
the day. These systems can take the place of more risky
and invasive injection-based drug delivery (such as
insulin injection). Objective of this paper is to research
and present the application of hollow microneedles in
treating diabetes and to compare it with conventional
application of the drug. The drugs that we processed are
metformin, insulin and exendin. Metformin is effective
for treating diabetic patients therapeutically and preven-
tively, maximizing the use of the current diabetes patch
device. The main lack of conventional application of
insulin is the fact that the application itself isn’t optimal
for a patient. TDI showed significant improvement at
level of absorption and bioavailability of the drug. New
findings indicate that Exendin-4 diabetes microneedles
can potentially replace the currently used subcutaneous
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(SC) injections because they can effectively reduce
blood-glucose levels in patients with type 2 diabetes
and are convenient to use.
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1 Introduction

Diabetes is a chronic disease characterized by low pancreas
ability to produce enough insulin (a hormone regulating
blood sugar or glucose) or when the body can not effectively
use the insulin it produces. According to the World Health
Organization report, the global prevalence of diabetes has
almost doubled since 1980, with an increase of 4.7-8.5% in
the adult population [1].

Ogurtsova et al. in one global study included data sources
from 111 countries and results showed that there were 415
million people with diabetes aged 20-79 years. That number
was predicted to rise to 642 million by 2040 [2].

Oral ingestion and hypodermic injections as the most
common forms of drug administration possess several lim-
itations (e.g. pain, absorption and metabolism issues and side
effects).

Microneedles can enable collection of the same infor-
mation or drug delivery with less trauma to the tissue (or
even eliminating it). Microneedles represent a unique tech-
nological approach to enhance drug permeation across the
stratum corneum [3].

Microneedle technologies have been subject to intensive
research and development efforts. The number of publica-
tions describing microneedles as minimal invasive devices
for DD has grown exponentially [4].

In form of the patent, the first concept to make microp-
ores in the skin came by Gerstel and Place from Alza
Research in the early 1970s. It took about 25 years for
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Microchip fabrication technology to converge with newer
ways to make the possibilities for the mass production of
microneedle arrays. With the onset of new microfabrication
techniques available in the microchip industry, came various
three-dimensional designs with greater aspect ratios of solid
and hollow microneedles [5].

Current applications of microneedles include the delivery
of macromolecules such as vaccines, proteins, and peptides
including insulin for diabetics [6].

2 Transdermal Application: Hollow
Microneedles

Transdermal drug delivery (TDD) has proven to be of great
therapeutic use. It can improve compliance and provide
continuous drug administration. This system can take place
of more risky and invasive injection-based DD (such as
insulin injection) [7].

Microneedles represent a unique technological approach
to enhance drug permeation across the stratum corneum.
There are specific strategies and designs of microneedles for
TDD. One of the approaches “poke with patch” uses
microneedles to make holes (Hollow microneedles) and then
apply a transdermal patch to the skin surface. Hollow
microneedles are traditionally used to allow liquid formu-
lations through the SC and act like micron scale syringes.
Compared to solid, the hollow microneedles have an added
advantage as they can permit the administration of a larger
drug dose [4].

They facilitate active fluid flow through the needle bore
and into the skin. This can lead to much faster rates of
delivery that can be modulated over time. These micro-
needles offer the possibility of transporting drugs for more
rapid rates of delivery by pressure-driven flow or diffusion.
There are only a few hollow microneedles that have been
fabricated and limited work has been published on their
possible use to deliver compounds into the skin [8].

Microneedles technologies have been subject to intensive
research and development efforts. Their usage improves the
surface contact with the skin and facilitates penetration of
therapeutic molecules into the skin. There are many advan-
tages of microneedle technologies, such as pain-free deliv-
ery; minimal introduction of pathogens through
microneedle-induced holes; they do not cause bleeding;
eliminate transdermal dosing variability of small molecules;
potential for self-administration; the potential to overcome
and reduce instances of accidental needle-stick injuries and
the risk of transmitting infections. Microneedles are easy and
safe to use and they can be produced with high precision,
accuracy, and low cost. They also avoid the first-pass effect.
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Some studies, in addition to the ease of microneedles waste
disposal, have combined the microneedle systems with a
pump or pressurized gas.

Microneedles sharp tips are short enough to limit contact
with skin nerves and in that way prevent pain sensation.
Because they are narrow enough, microneedles do not
induce minimal trauma and also reduce the opportunities for
infections to develop the following insertion. This method is
minimizing disadvantages of conventional injection needles
and transdermal patches. Microneedles can be manufactured
using polymers (poly-L-lactic acid, polyglycolic acid,
polycarbonate, ect.), metal or silicon. Biocompatible and
biodegradable polymers can be safely applied to the skin and
are generally cost-effective. Microneedles can deliver a wide
range of drugs ranging from small molecular weight (e.g.
ibuprofen) to high molecular weight (e.g. ovalbumin
compounds).

A number of challenges with microneedles include sca-
leup manufacture to industrial levels which will require
considerable planning and standardization. The issues which
should be considered are issues surrounding product steril-
ity; the potential for accidental reuse of certain microneedle
modalities; appropriate packaging and manufacturing
aspects and the potential for undesired immunological
effects. The choice of appropriate biomaterials for prepara-
tion of microneedle is limited due to lack of mechanical
strength, poor control of DD, and limitation of drug loading
dose [4].

Microneedles can only be inserted into the skin if they
have the correct shape and adequate physical properties.
They need to be applied with the required force to avoid
breaking or bending before insertion, because some frag-
ments can be left in the skin. Microneedles can cause skin
irritation and in some cases allergy [9].

3 Transdermal Delivery of Metformin

Metformin is used for treating and protecting people at a
prediabetes stage as one of the most effective drugs. Com-
monly administered orally, microneedles loaded with met-
fromin distribute it directly into the metabolic circulation.
This prevents some of the complications with the slow
absorption in the digestive system [10].

Metformin that is directly introduced through the skin
reaches metabolic circulation more than when it is metabo-
lized through digestion. TDD systems require more studies
on human patients in the future [11].

The hydrophobic layer prevents moisture from damaging
the microneedles after insertion into the skin, as well as
preventing premature release of metformin. The heater
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embedded in the patch triggers when it detects elevated
glucose levels, warming the microneedles then the transi-
tional temperature of tridecanoic acid of ~41 °C is excee-
ded, exposing the underlying polymer to interstitial water
thus releasing the drug. Adjusting the quantity of metformin
being liberated in this way can be done stepwise in a
titratable fashion by adjusting the number of microneedles in
the device. Experiments on genetically diabetic mice
demonstrate without a doubt the drug release on thermal
activation of dissoluting polymers results in substantial
lowering of blood sugar levels in the test subjects over the
next few hours.

The present design makes it unlikely to deliver the daily
adult dose of metformin without the use of an unacceptably
large patch and/or unfeasibly large amounts of microneedles.
An essential criterion as with all TDD applications, passive
or facilitated in some way, is that the potency of the drug is
high and the daily dosage no more than a few milligrams
[12].

Hydrogel-forming microneedles swell in the skin allow-
ing diffusion of metformin contained in a reservoir layer.
Containing no drug themselves this process enables micro-
needles to deliver the drug to the dermal microcirculation.
Migdadi et al. study showed that hydrogel-forming micro-
needles could find use to enhance TDD of a great range of
therapeutic substances. This could be a technology that
could be used for TDD of many drugs with high oral doses.

In Table 1 is shown a comparison of plasma profiles
(ng/mL/h) after oral administration of metformin Cl to TD
microneedles administration at different periods on the rat
model. Laboratory rats of an average weight of 2245 g
(£16.57 g) were administered with 100 g of metformin
HCL transdermally.

Plasma concentrations were lower after TDD in com-
parison to oral administration of metformin HCI. Metformin
HCI in the rat model yielded targeted plasma concentration
reaching human therapeutic concentration after being
delivered [13].

The relative TD bioavailability of metformin HCl when
using hydrogel-forming microneedles was estimated as 0.6
of its oral bioavailability. The TD bioavailability of met-
formin HCI when using hydrogel-forming microneedles was

Table 1 Plasma profile after

! ! Model Type of
application of metformin HCI microneedles
using hydrogel forming
microneedles in comparison with
plasma profile after application of
metformin HCI in oral control -
group on the rat model [13] Rat (weight Hydrogel

2245 + 16.57 g) | forming

microneedles
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estimated as 0.3 meaning that 30% of the drug loading
would be delivered within 24 h. The dose of metformin HCI
used in this study is much lower than the oral human dose.
Steady-state concentration was achieved in the plasma pro-
file of metformin HCI within 24 h. Results of the in vivo
experiment using hydrogel-forming microneedles arrays
suggest potentially successful TDD of metformin HCI [13].

4 Transdermal Delivery of Insulin

Insulin is widely used to control blood glucose levels in
people with diabetes since its extraction and identification in
1921 by Banting and associates. From the moment of insulin
discovery, so far it has been continuously working on the
improvement of insulin production, purification, the creation
of new pharmaceutical formulations and methods of deliv-
ery, with a view to the patient’s compliance [14].

Non-invasive insulin delivery systems have the potential
to overcome the most important problems with regard to the
effective treatment of diabetic patients, replacing traditional
treatment. Pain in the application site, needle phobia, and
therapeutic compliance [15]. It is also a worrying statistic
that nearly 65% of patients with type 1 or 2 diabetes are not
sure of their ability to administer insulin on their own [16].
In order to overcome this disadvantage, noninvasive routes
such as oral, buccal, pulmonary, nasal, and TD are sug-
gested. TDD is an attractive alternative to the SC delivery
route for different drugs and vaccines but is usually limited
by an extremely low throughput of the outer layer of the
skin, the stratum corneum (SC) of 10-15 m. The Micro-
needle Field (MNA) has shown tremendous potential to
effectively deliver the drugs intradermally and transdermally,
especially when relatively small drug volume is required
[17, 18].

In the past decade, many studies have been conducted
aimed at assessing pharmacokinetic and pharmacodynamic
variability in insulin behavior in relation to the use of vari-
ous insulin preparations [19-27]. Rigorously controlled
conditions, identical doses of the same preparations may
have been shown to result in different pharmacokinetic and
pharmacodynamic responses in the same patients [28].

Drug Plasma profile after Plasma profile
application (ug/mL/h)  (ug/mL/h) after
oral administration
(100 mg/kg)—
control group (h)
Metformin 1h0.62 £ 051 1 497 + 2.57
Hal 3h3.76 +2.58 2 62540294
(100 mg)
4h3.21 +£0.69 4 142 £ 1.37
24 h 3.77 £ 2.09 24 ~0
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Gupta et al. performed the first reported clinical study that
was based on comparing TD drug use and use of
microsystems with SC drug administration. The results of
this study showed significant differences in insulin absorp-
tion, with hollow micro-administration being superior. The
results also suggest that the use of insulin by microneedles
can increase patient compliance, especially in children and
adolescents who often miss insulin injections due to fear,
pain, anxiety, and discomfort associated with SC needles
and catheters. It has been concluded that the TD route of use
is much more successful than the traditional way of applying
insulin, as increased patient compliance and improved health
outcomes as well as pharmacokinetics itself [28].

Kochba et al. performed a clinical study in 14 patients,
this study shows a superior pharmacological profile of the
hollow microneedles compared to the SC injection of the
same insulin using a conventional needle. Insulin delivery
showed a shorter absorption time, worsened exposure and
reduced interpatient variability in time absorption. In addi-
tion, the time to reach maximum concentrations, by 50%, is
considerably shorter after using hollow microneedles com-
pared to SC injection. Finally, late AUC levels of glucose
were higher in TD applications, which potentially limited the
late hypoglycemic event [29].

Review of insulin delivery systems published in 2018,
reports improvement in developing glucose responsive sys-
tems to constitute smart insulin patch. Creating forms based
on a microgel, micelles and microcapsules with core-shell
structures, which are thermo- and hypoxia-sensitive, possi-
bly could be borrowed to microneedles system for accurate
insulin delivery. It’s believed that those forms act like glu-
cose sensitive, so it’s suspected that they could imitate the
function of B-cell [30].

5 Transdermal Delivery of Exendin

Exendin-4 is the first glucagon-like peptide-1 (GLP-1)
receptor agonist to be approved for therapeutic use in
humans. This peptide has 39 amino acids originally isolated
from the saliva of the Gila monster. It shares approximately
53% sequence homology with the mammalian gut hormone,
GLP-1 [31]. Due to changes in the amino acid sequence,
exendin-4 is resistant to degradation against the enzyme
dipeptidyl peptidase-4 (DPP-4) and has a longer half-life
than native GLP-1 [32]. As a GLP-1 receptor agonist,
exendin-4 shows numerous anti-diabetic actions, including
glucose-dependent simulation of insulin secretion, suppres-
sion of glucagon secretion, reduction of motility and food
intake and improvement in pancreatic endocrine function
[33].
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Ex-4 is generally administered by SC injection on a daily
basis, which may result in pain, needle phobia, infection, and
inconvenience to the patient. Daily injections create a large
amount of needle waste, which may result in needle-stick
injury, blood-borne virus transmission, and needle recycling
costs [34].

Microneedles fabricated from hyaluronic acid (HA) were
developed, evaluated their characteristics and assessed the
improvement on TDD of relatively high molecular weight
drugs. The novel microneedles fabricated from hyaluronic
acid is found to have several advantages over previous
microneedles. Firstly, as a major component of skin, hya-
luronic acid reasonably expected to overcome the safety
issues when applied to silicon and metal microneedles.
Moreover, its high water-soluble characteristic makes it easy
and suitable for mass production, in contrast to other pub-
lished methods that require more complex multistep fabri-
cation schemes.

The exendin-4 tip-loaded microneedles provided rapid
exendin-4 administration. They showed comparable acute
effects on glucose tolerance, insulin secretion, and plasma
concentration profiles, as compared with subcutaneous
injection, in type 2 diabetic GK/Slc rats. To sum up, HA
microneedles are a useful alternative method to improve the
TDD, especially drug with relatively high molecular weight
without seriously damaging the skin. They might be effec-
tive and safe dosage form for transdermal delivery in the
clinical setting.

In conclusion, these findings indicate that the novel sol-
uble microneedles fabricated with HA were very useful
alternative method to DD from the skin to the systemic
circulation without serious skin damage. Therefore, the HA
microneedles might be effective and safe dosage form for
TDD of insulin and exendin-4 in clinical applications for the
treatment of diabetes [35].

In a study conducted by Lahiji, Jang et al. they used the
most recent technique for dissolving microneedles fabrica-
tion, in which the activity of encapsulated compounds is
highly conserved during the fabrication process. They ana-
lyzed the thermal, chemical, and physical factors that can
affect the activity of Ex-4 dissolving microneedles. They
optimized the fabrication conditions for Ex-4 dissolving
microneedles for fabrication of Ex-4 dissolving micronee-
dles. The in vivo delivery comparison of SC injection and
Ex-4 dissolving microneedles suggested that they possess
efficiency similar to that of SC in reducing the levels of
blood glucose. In conclusion, they have successfully
developed and fabricated Ex-4 dissolving microneedles by
optimizing the thermal, chemical, and physical factors
involved in their fabrication; these factors (temperature
during fabrication, pH, and concentration of the polymer)
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were highly instrumental in maintaining the activity of
encapsulated Ex-4. Their findings indicate that Ex-4 dis-
solving microneedles can potentially replace the currently
used SC injections because they can effectively reduce
blood-glucose levels in patients with type 2 diabetes and are
convenient to use [36].

6 Conclusion

The use of microneedles for TDD is still a relatively new
concept since it’s only been in use since the 1990s. So far this
method of delivery has been studied in drugs that otherwise
have a significant risk of adverse reactions by their usual
methods. Since fluctuation of blood glucose can have dan-
gerous effects and controlling the doses of medicines that
regulate glucose levels can be tricky, antidiabetic medication
has been the subject of many such studies. Studies in the early
2000s on diabetic rats showed promise for an applicable
microchip patch for insulin delivery. More recent studies
have confirmed this and have shown that the main benefit is
the faster onset of the insulin’s effect. It is also possible to
formulate hydrogel-forming microneedles for the delivery of
metformin. The dose required to get the same blood con-
centrations as with the oral application is significantly lower.
Tests for metformin delivery have been promising in rats and
show a potential for a future micro patch formulation that
could maintain constant therapeutic doses for 24 h. Recent
studies have also shown that exendin-4 can also be delivered
transdermally using microneedles fabricated from hyaluronic
acid. Studies show that this delivery method could be just as
effective and less costly than the conventional subcutaneous
injections. Overall, the method of using microneedles for
TDD of antidiabetic medication has been shown to have
numerous advantages for patients. The greatest benefits are
realized where subcutaneous injections could be replaced.
Although some further research is needed to determine the
conditions under which some of the medications could best
be used in humans, this method of drug distribution is
promising to significantly reduce medical costs and the
incidence of adverse effects in patients.
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