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a b s t r a c t 

Diabetes mellitus is a chronic disease in which there is an insufficient production of insulin 

by the pancreas, or the insulin produced is unable to be utilized effectively by the body. Dia- 

betes affects more than 415 million people globally and is estimated to strike about 642 mil- 

lion people in 2040. The WHO reported that diabetes will become the seventh biggest cause 

of mortality in 2030. Insulin injection and oral hypoglycemic agents remain the primary 

treatments in diabetes management. These often present with poor patient compliance. 

However, over the last decade, transdermal systems in diabetes management have gained 

increasing attention and emerged as a potential hope in diabetes management owing to the 

advantages that they offer as compared to invasive injection and oral dosage forms. This 

review presents the recent advances and developments in transdermal research to achieve 

better diabetes management. Different technologies and approaches have been explored 

and applied to the transdermal systems to optimize diabetes management. Studies have 

shown that these transdermal systems demonstrate higher bioavailability compared to oral 

administration due to the avoidance of first-pass hepatic metabolism and a sustained drug 

release pattern. Besides that, transdermal systems have the advantage of reducing dosing 

frequency as drugs are released at a predetermined rate and control blood glucose level over 

a prolonged time, contributing to better patient compliance. In summary, the transdermal 

system is a field worth exploring due to its significant advantages over oral route in admin- 

istration of antidiabetic drugs and biosensing of blood glucose level to ensure better clinical 

outcomes in diabetes management. 

© 2019 Shenyang Pharmaceutical University. Published by Elsevier B.V. 
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1. Introduction 

Once known as ‘honey urine’, diabetes was first discovered in
1500 BCE and has been recognized as a calamitous and lethal
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disease for about 2000 years [1 ,2] . Diabetes mellitus is the gen-
eral term used to describe a group of metabolic diseases char-
acterized by chronic hyperglycemia. The pathophysiology of
diabetes is due to defective insulin secretion, impaired insulin
action or both. Diabetes can be classified into different types,
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Fig. 1 – Classification of diabetes mellitus. 
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epending on the pathogenesis and clinical manifestations at 
he time of diagnosis. 

Type 1 diabetes mellitus (T1DM) is attributed to the de- 
truction of insulin-producing beta cells in the islets of 
angerhans, leading to absolute deficiency of insulin. Type 
A diabetes mellitus, better known as insulin-dependent dia- 
etes mellitus, is immune-mediated diabetes in which the im- 
une system destroys beta cells with varying rates of destruc- 

ion in different groups of patients. On the other hand, when 

o autoimmune mechanism of beta-cell destruction and no 
ther known cause of insulin deficiency are identified, it is 
ategorized as Type 1B diabetes mellitus or idiopathic dia- 
etes. Type 2 diabetes mellitus (T2DM), previously known as 
on insulin-dependent diabetes mellitus, is the most common 

ype of diabetes mellitus, accounting for about 90%–95% of di- 
betic patients. In this type of diabetes, relative insulin defi- 
iency and insulin resistance arising from genetic or environ- 
ental factors are observed. Obesity is often associated with 

2DM and many patients go undiagnosed for many years [3] .
estational diabetes mellitus is characterized by glucose in- 

olerance of any degree with onset or first recognition during 
regnancy regardless of whether or not such condition con- 
inues after pregnancy. The classification of diabetes mellitus 
s illustrated in Fig. 1 . 

Looking at the global picture on epidemiology of diabetes 
ublished by the International Diabetes Federation in IDF Di- 
betes Atlas 7th edition, among adults aged 20–79 years, it is 
stimated that 415 million out of the total population of 4.72 
illion globally live with diabetes. In other words, one in ev- 
ry 11 adults has diabetes. The figure is estimated to surge to 
42 million out of the estimated total population of 6.16 bil- 
ion in 2040, i.e., 1 in every 10 will have diabetes. Steering the 
ocus to the prevalence of diabetes by region, the Western Pa- 
ific region, which comprises 27 countries, was ranked in 2015 
s 4 th on the chart as categorized by World Health Organiza- 
ion, with 8.8% (7.7%–10.8%) in the region having diabetes, and 

he estimations indicate that it will be placed 5 th in 2040 with 

.0% (7.3%–11.6%), after being overtaken by South–East Asia 
4] . Being one of the countries in the Western Pacific, Malaysia 
ecorded an overall prevalence for both known and undiag- 
osed diabetes of 17.5% (95% CI: 16.6, 18.3) among adults aged 

8 years and above in 2015, as reported in the National Health 

nd Morbidity Survey 2015 published by Ministry of Health 

alaysia. One in every five Malaysian adults has diabetes [5] .
bout 40%–60% of people in Malaysia die from diabetes before 

he age of 60 [4] . From a global perspective, a total of 5 million
dults died from diabetes in 2015 [4] . As the primary clinical 
nding in diabetes, chronic hyperglycemia poses a high po- 
ential in incurring long-term malfunction or failure in differ- 
nt organs. The most pronounced organs affected are the eyes,
idneys, heart, nerves and blood vessels. There is usually an 

ncreased risk of microvascular and macrovascular complica- 
ions in T2DM [3] . 

The International Diabetes Federation reported that 12% 

f global health expenditure is on diabetes, corresponding 
o approximately USD 673 billion in 2015, and it is expected 

o reach USD 802 billion in 2040 [4] . The complications that 
esult in early death and economic burden on healthcare 
ystems create the need to delve into the landscape of drug 
elivery systems to improve blood glucose monitoring and 

iabetes treatment to combat this 21st century challenge.
1DM requires a continuous supply of insulin which can 

e achieved through daily insulin injections, while T2DM is 
reated with hypoglycemic agents with metformin being the 

ost commonly prescribed medication. Injectable insulin is 
lso used in some T2DM patients. 

. Transdermal drug delivery systems 

kin, being the most extensive organ that receives one-third 

f the total blood supplied throughout the body, was not 
nown to be a route of drug delivery for systemic drugs until 
he late 20th century [6 ,7] . Over the last decade, the field of
ransdermal drug delivery has been gaining attention owing 
o its advantages over conventional oral dosage forms. The 
lobal transdermal drug delivery market is estimated to grow 

nd reach approximately $95.57 billion by 2025 [8] . Overdosing 
ecomes a concern due to fluctuation in peak plasma concen- 
ration following oral and parenteral administration, making 
t a challenge in monitoring effective plasma concentration.
ransdermal drug delivery systems offer several benefits be- 
ause drugs administered are able to bypass hepatic first-pass 
etabolism and factors that alter pharmacokinetics in the 

astrointestinal tract. This significantly improves systemic 
ioavailability with reduced risk of side effects associated 

ith concentration. This generally improves patient compli- 
nce as it is easy and convenient to apply with a lesser dosing
requency, as the drug is released at a predetermined rate 
ver a prolonged period [6] . 

This review presents the recent advances and develop- 
ents in transdermal research to obtain better diabetes phar- 
acotherapy and management as reported in various jour- 

als from 2015 to 2017, with a few selected earlier articles. The 
resented research papers have been summarized in Table 1 . 

.1. Employment of microneedle in patch 

icroneedles have been extensively studied in formulating 
nsulin patches. Different materials are used which exhibit 
ifferent characteristics while the other aspects such as 
eedle length, diameters and excipients widely vary, in order 

o study the differences and how the modifications can 

chieve optimum and desirable outcomes. Currently, the 
wo most common treatment options for diabetes are oral 
gents and insulin injections. Although microneedles are 
eing studied extensively to fabricate insulin transdermal 
atch, this invasive delivery system has not been widely 
sed with many undergoing researches to review its different 
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Table 1 – Recent research of transdermal systems in diabetes management reported in literature. 

Formulation Subject Ref. 

Gelation and hydroxyapatite fabricated bioceramic composite 
microneedle 

Sprague-Dawley mice [9] 

Double-layered, bullet-shaped microneedle with swellable tips 
patch 

Male Sprague-Dawley rats and Male C57BL/6 J mice [10] 

Biodegradable alginate and hyaluronate polymer microneedle 
patch 

Sprague-Dawley rat [11] 

Poly- γ -glutamic acid microneedles with supporting structure In vitro : Porcine cadaver skin/Pig cadaver skin; 
In vivo : Sprague-Dawley male rat 

[12] 

Alginate and maltose microneedle Sprague-Dawley rat [13] 
Swellable microneedle patch in interstitial fluid extraction for 

glucose metabolic analysis 
MN skin insertion: fresh porcine cadaver skin; 
In vivo : Mouse model 

[14] 

Patch-type 3D stainless steel microneedle array enzyme-free 
glucose biosensor 

Guinea pig, rat and rabbit [15] 

Composite nanostructured surface electrochemical glucose 
sensor 

– [16] 

Ultra-miniaturisation planar amperometric glucose sensor – [17] 
Lab-on-chip with triboelectric liquid volume sensor Rat [18] 
H 2 O 2 -responsive polymeric vesicle with microneedle Mice [19] 
Insulin-loaded and H 2 O 2 -responsive Mesoporous Silica 

Nanoparticle Integrated Microneedle Patch 
Male Sprague-Dawley mice [20] 

Sweat-based electrochemical patch with thermoresponsive 
microneedle 

Mice/ Human’s arm [21] 

Hypoxia and H 2 O 2 dual-sensitive polymersome-based vesicles 
smart insulin patch 

C57BL/6J mice [22] 

Permeation enhancement via proniosomal gel entrapment Ex vivo : White albino rabbit; In vivo : Albino Wistar male rat [23] 
Proniosome carbopol-based transgel systee Rat [24] 
Transferosomal gel with chemical enhancer ‘Iodophor’ Permeation: Hairless (goat) skin; In vivo : Rat [25] 
Microemulsion gel Ex vivo : Rat skin; In vivo : Sprague-Dawley rat [26] 
Transdermal nanoemulsion encapsulation Ex vivo : Female Wistar rat; In vivo : Male Wistar rat [27] 
Nanostructured lipid carriers transdermal system Rat 
Hyaluronic acid encapsulated CuS gel-mediated near-infrared 

laser nanosystem 

Nude mice [29] 

Solid-in-oil gold nanorods Mice [30] 
Choline and geranate (CAGE) deep eutectic solvent 

transdermal delivery vehicle 
Porcine skin/ Rat [31] 

Amidated pectin hydrogel matrix patch Rat [32] 
HPMC & PVA blend transdermal patch Albino mice [33] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

pharmacological characteristics and grand challenges. The
studies below provide insights into the different formulations
of microneedle insulin patches. 

2.1.1. Gelation and hydroxyapatite fabricated bioceramic com-
posite microneedle 
Yu et al. [9] investigated the use of biodegradable organic-
inorganic bioceramic composite microneedles using gelatin
and hydroxyapatite to deliver insulin transdermally. They
wanted to study the biological compatibility, mechanical
properties and bioactivity of this transdermal system as com-
pared to microneedles made from pure organic systems,
which are usually limited by the risk of breakage and me-
chanical stability. With a tip diameter of 24 μm, the micronee-
dle should have the strength needed to penetrate into human
skin using a force of < 150 mN/needle. They found that this
bioceramic composite microneedle system has a good cyto-
compatibility with low toxicity, which makes it highly suitable
for in vivo application in insulin delivery. Skin damage follow-
ing microneedle administration was healed within 1 h and did
not pose any infection. As compared to subcutaneous (SC) in-
sulin delivery in diabetic mice, insulin-loaded microneedles
indicated prolonged hypoglycemic effect (blood glucose level
under 200 mg/dL for 3.39, 4.21 and 5.16 h after 5, 10 and 20 IU of
insulin administration respectively) by sustained release pat-
tern of insulin, enabling insulin plasma concentration to be
maintained for longer. 

This study shows that the employment of microneedles
is capable of providing a better surge of plasma insulin con-
centration in the body after administration, which is also ob-
served in SC injection. However, microneedle delivery system
exhibits an advantage in providing sustained release of in-
sulin, which allows the insulin level to remain high in the
body for longer time, providing more prolonged glucose con-
trol. This is especially useful when the glucose is shown to
be better controlled over a longer time when the same dose
of insulin is being administered using microneedles as com-
pared to SC injection. However, materials used in formulat-
ing the microneedle may raise concern as hydroxyapatite and
gelatin bioceramic are shown to have low cytotoxicity even
though the cell viability was kept above 98% in the experi-
ment. In vivo applications may have to be explored further
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o make sure they are safe to be used in humans. Besides 
hat, insulin release and glucose control when various in- 
ulin doses are administered do not seem to follow a consis- 
ent pattern, so more studies need to be carried out to look 
nto the trend when higher and different doses of insulin 

re used. 

.1.2. Double-layered, bullet-shaped microneedle with 

wellable tips patch 

eong et al. [10] reported double-layered, bullet-shaped mi- 
roneedles with swellable tips which are capable of loading 
nsulin for interlocking-mediated adhesion to skin tissue 
nd prolonged insulin delivery. The mechanical interlock- 
ng adhesion was achievable through increasing volume of 
wellable tips. Insulin loaded onto the tips diffuses through 

he swollen hydrogel into skin. In vivo experiments were 
arried out to test the insulin release behavior. Coated mi- 
roneedle patches showed a burst effect by releasing greater 
han 90% of the coated insulin within 30 min. Interestingly,
wellable microneedles released loaded insulin at a constant 
ate. Burst release pattern was not observed for the initial 
 h. A total of up to 241 ± 20 μg (6.04 ± 0.52 U) insulin was
eleased over 12 h from the swollen polymer network, which 

orresponds to about 60% of the total insulin loaded. Hence,
 controlled release of drug is possible by using this patch. Ex 
ivo tests showed that insulin loaded was equally distributed 

hroughout the swellable layer. Hence, it is suggested that 
he double-layered, bullet-shaped microneedle patches are 
 potential candidate in the delivery of insulin in diabetes 
reatment owing to their controlled, prolonged insulin re- 
ease, thereby controlling blood glucose level in the long term 

ithout inflammation and burst release. They also provide 
 good interlocking adhesion to skin tissue with the use of 
 swellable layer to make sure the swellable microneedle 
ips penetrate beneath the epidermis for the delivery of 

edications. The as-prepared system also does not cause any 
ignificant inflammation to the skin tissue. 

.1.3. Biodegradable alginate and hyaluronate polymer mi- 
roneedle patch 

u et al. [11] presented a biodegradable polymer microneedle 
atch fabricated from 3-aminophenylboronic acid-modified 

lginate (Alg-APBA) and hyaluronate (HA). This micronee- 
le can rapidly dissolve in skin interstitial fluid after inser- 
ion. Alg-APBA can link with glucose molecule, making self- 
egulation of insulin feasible. In vivo transdermal delivery of 
nsulin test using rat skin showed that upon loading of 10 IU 

f insulin into the Al-APBA/HA microneedle patch for 12 h at 
7 °C, more than 90% of loaded insulin was released within 6 h 

n a sustainable manner. The encapsulation of insulin in the 
lg-APBA/HA microneedle has no effect on the bioactivity of 

nsulin as it is still able to preserve the secondary structure 
f insulin. In vivo test was performed by giving treatment via 
C injection and Alg-APBA/HA microneedle patches. The hy- 
oglycemic effect using Alg-APBA/HA microneedle patch was 
omparable to that in SC group with 10 IU of insulin, whereas 
he euglycemic effect post-treatment was maintained for a 
onger time (from 2.0 to 5.7 h) than SC group (from 1.0 to 4.3 h).

In conclusion, this system is a potentially useful model in 

he treatment of diabetes with several beneficial features. As 
lginate and hyaluronate used are naturally occurring sub- 
tances, they are non-cytotoxic and biodegradable, as well 
s having characteristics to improve mechanical functional- 
ty. When an equivalent dose of insulin is loaded, the system 

hows a more prolonged release trend and avoids rapid de- 
line in glucose level to prevent hypoglycemia. It has been 

emonstrated that insulin release could also be promoted and 

aken up rapidly through regional lymph and capillary net- 
orks. With such a formulation, the needles are formulated 

n a precise manner as slight deviation could potentially lead 

o failure in terms of insertion into skin and a fall in mechan-
cal strength. 

.1.4. Poly- γ -glutamic acid microneedles with supporting 
tructure 
hen et al. [12] proposed a microneedle patch system con- 
isting of poly- γ -glutamic acid ( γ -PGA). A supporting struc- 
ure composed of polyvinyl alcohol (PVA)/polyvinyl pyrroli- 
one (PVP) was added to provide mechanical strength for full 

nsertion into the skin and counteract skin deformation dur- 
ng skin insertion which often occurs with the microneedle 
ystem. In vitro drug release profile showed that all of the nee- 
les were dissolved completely in skin and encapsulated in- 
ulin was released within 4 min upon contact with skin in- 
erstitial fluid. Diffusion depth was found to be 800 μm, as 
hown in the in vivo drug release profile. These findings indi- 
ated that PVA/PVP γ -PGA microneedle is able to deliver in- 
ulin directly into dermis layer for systemic circulation ab- 
orption. The plasma concentration of insulin in diabetic rats 
ost-administration (once daily for 2 d) of insulin-loaded mi- 
roneedles was studied and found to increase rapidly and 

chieve maximum value after 1 h before decreasing back to 
ormal level after 6 h. There was no significant difference be- 

ween transdermal insulin delivery using SC injection and mi- 
roneedles after treatment at 1 h and 24 h. γ -PGA micronee- 
le with additional supporting structure possess the stability 
nd accuracy in transdermal insulin delivery. As compared to 
ther microneedle transdermal delivery systems, this system 

resents an additional advantage of extended needle length 

o counteract skin deformation during insertion and also pro- 
iding sufficient mechanical strength for full insertion into 
kin tissue due to the extra supporting structure, to ensure 
rug delivery efficiency and prevent wastage of insulin being 

njected. However, under storage at 37 °C, the stability of en- 
apsulated insulin will tend to decrease slightly. Nevertheless,
he decrease is minimal, the system is still stable at 25 and 

7 °C for at least one month, which gives it the advantages 
n cold chain storage and transportation. The formulation of 
 supporting structure combined with microneedles involves 
 complicated alignment and combination procedure which 

till has the potential to exhibit difficulty in production. 

.1.5. Alginate and maltose microneedle patch 

hang et al. [13] presented a microneedle composed of al- 
inate and maltose (Al-Mal) cross-linked by calcium ions 
Ca 2 + ). The mechanical strength of alginate microneedle was 
mproved with maltose and cross-linking with Ca 2 + . The 
s-prepared microneedle demonstrated the highest failure 
orce, around 0.41 N/needle at around 469 μm, which is bet- 
er than the pure sodium alginate (0.02 N/needle at around 
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302 μm) and cross-linked alginate microneedle (0.04 N/needle
at around 406 μm). In vitro drug release profile revealed that
more than 80% of encapsulated insulin was able to be re-
leased within 8 min. In vivo experiment showed that with
the same amount of insulin loaded (10 IU), the microneedle
patch required a longer time to reach the lowest blood glucose
level (119.1 mg/dL within 2 h) than SC injection (decreased to
200 mg/dL at 0.63 h and the lowest level at 70.2 mg/dL within
1 h). Besides, the Ca 2 + /Al-Mal microneedle patch required a
longer time to return to initial blood glucose level. Hence,
it can be concluded that alginate microneedle blended with
maltose and cross-linked with calcium exhibits excellent cy-
tocompatibility, swelling and dissolution properties for pain-
less administration, convenience and great pharmacological
activity in insulin delivery for diabetes management. 

In transdermal delivery of antidiabetic medication such as
insulin, the use of microneedles is the most commonly and
extensively studied and employed technology. The use of mi-
croneedles has been proven to deliver the medication in a sus-
tained release pattern, which allows control of glucose level
over a prolonged duration. This property is superior to that of
the currently existing SC injections, which tend to cause hy-
poglycemia. Microneedles can be formulated using different
materials, though the most commonly used are polymers. Fur-
thermore, some polymers are biodegradable whereby the nee-
dle tips degrade in the skin of patients. Hence, it is important
to further study the safety of the polymers to ensure safety
for patients when using such patches. Another factor which
requires further investigation to ensure the efficacy of the
transdermal patch is the strength of insertion of micronee-
dles. Failure to fully insert microneedle into the skin may re-
sult in reduced delivery of medication into the bloodstream,
reducing its effectiveness. The abovementioned factors can
be overcome by current knowledge of formulation. Based on
the studies carried out to date, the use of microneedle patches
in diabetes management appears to be promising and supe-
rior to SC injections. The system can be further improvement
through medication of the length, strength of microneedles
and safety issues. 

2.2. Transdermal delivery systems incorporated with 

biosensor 

Apart from delivering medications such as metformin and in-
sulin, the transdermal system is also capable of biosensing
for metabolic analysis. With the employment of such biosen-
sors using transdermal delivery, we can foresee the poten-
tial in extracting biological fluids such as interstitial fluid and
sweat to detect glucose levels corresponding to those present
in plasma. Different approaches to this each have pros and
cons, which are further elaborated below. 

2.2.1. Swellable microneedle patch in interstitial fluid extrac-
tion for glucose metabolic analysis 
Chang et al. [14] studied the use of microneedles as a tool in
rapid interstitial fluid (ISF) extraction, which is the biomarker
in disease diagnosis and prognosis for metabolic analysis
including glucose. They developed a swellable microneedle
patch using methacrylated hyaluronic acid (MeHA). It is a
covalently crosslinked HA-based MN patch which is able to
maintain structural integrity and possesses high water affin-
ity in ISF extraction. The penetration of such a MeHA-MN
patch into the skin using a thumb press was recorded as
1.4 mg ISF in 1 min. In an in vivo study using a mouse model,
the MeHA-MN patch was able to extract 1.4 ± 0.3 mg and
2.3 ± 0.4 mg of ISF in 1 and 10 min, respectively. A shorter ex-
traction time was expected in the human model due to a more
abundant skin ISF. When studying the application of MeHA-
MN patch in extracting ISF for detection of glucose metabolite,
a similar value was observed to that measured using a tradi-
tional glucometer measurement. 

In conclusion, the swellable MN patch developed by Chang
et al. has the potential for the development of MN-based mi-
crodevices in managing diabetes and insulin delivery owing
to its minimal invasive nature, timely ISF sampling duration,
suitability for frequent administration and reduction in risk of
residues post-MN insertion. Besides that, such a system is also
able to extract ISF instantaneously to measure not only glu-
cose level but also cholesterol level while maintaining struc-
tural integrity, whereby the results match the real concentra-
tions in the plasma perfectly. However, such a system is only
formulated for sensing purposes. 

2.2.2. Patch-type 3D stainless steel microneedle array enzyme-
free glucose biosensor 
Lee et al. [15] fabricated an enzyme-free biosensor patch us-
ing a 3D microneedle array to investigate its use in monitoring
glucose. Using an electroplating technique, the 3D micronee-
dle array consisted of a Platinum (Pt) black sensing layer using
an electroplating mixture of 1% (w/w) HCPA, 0.005% lead ac-
etate and 0.01 M hydrochloric acid. An Ag/AgCl counter elec-
trode was fabricated, and the microneedle was fabricated us-
ing 316 L medical grade stainless steel. The rationale of this
design was to minimize pain and increase ease of use. They
checked the efficiency of the microneedle array in sensing
low glucose concentration by adding different glucose con-
centrations (50 μM–10 mM). At the first 50 μM glucose injec-
tion, a current change of 70 nA was observed, indicating the
characteristic of Pt as a good electrocatalyst. In vitro exper-
iment showed that this 3D microneedle array is stable in
long-term use (longer than 6 d) and is able to detect glucose
concentration even at extremely low values. The measured
sensitivity to glucose concentration change, linearity and re-
sponse time were 1.62 μA/mM, 0.9939 and within 13 s, respec-
tively, when being measured in glucose concentrations of up
to 36 mM. 

The transdermal system designed by Lee et al. elucidated
the role of a patch-type enzymatic-free biosensor based on a
3D stainless steel microneedle electrode array in the applica-
tion of monitoring blood glucose as it exhibits excellent sensi-
tivity and rapid response. One of the limitations found in the
experiment was that the sensitivity in detecting glucose level
decreased as glucose level increased due to bio-fouling around
the electrodes used. Hence, further improvement in the design
is required to address this issue. 

2.2.3. Composite nanostructured surface electrochemical glu-
cose sensor 
Pu et al. [16] designed a flexible electrochemical glucose
sensor consisting of a composite nanostructured surface to
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onitor and measure glucose levels, which can be integrated 

nto a wearable device to connect with skin. Using inkjet print- 
ng, they printed graphene onto the surface of a working elec- 
rode. Gold nanoparticles were the electrodeposited onto the 
raphene layer. The graphene layer is capable of improving 
lectro-activity and providing a more uniform electrochemi- 
al active site, resulting in more sensitive glucose detection at 
ow levels. On the other hand, gold nanoparticles can enhance 
he sensor’s sensitivity by facilitating a better electron transfer 
ate between enzymes and electrode. Glucose-specified detec- 
ion was achieved through immobilizing glucose oxidase onto 

he nanostructured surface. 
Experiments carried out using amperometry on interstitial 

uid, which is very similar to blood glucose, showed that 
he fabricated electrochemical sensor had a linear range of 
lucose measurements of 0–40 mg/dL and a detection limit 
f 0.3 mg/dL. This suggested that it is capable of detecting 
lucose levels within the physiological range with high ac- 
uracy. A response was obtained in < 1 s when the glucose 
oncentration was changed. These results have shown that 
he proposed sensor has the potential to detect glucose 
evels including hypoglycemic state quickly and accurately 
ith good repeatability. Furthermore, the flexible sensor 

an be integrated into a microfluidic chip to extract ISF for 
ontinuous glucose sensing and monitoring. In order to 
btain good sensing purpose, graphene must be present, as 
he absence of it will lead to failure to detect low glucose 
evels. 

.2.4. Ultra-miniaturization planar amperometric glucose 
ensor 
ibet et al. [17] proposed a planar amperometric device con- 
isting of a microfabricated three-electrode enzymatic sensor 
ith the smallest sensing area reported to date, which is less 

han 0.04 mm 

2 . This aims to achieve less invasive and uncom- 
ortable continuous glucose monitoring in patients with dia- 
etes mellitus. The working and counter electrodes used by 
ibet et al. were made up of platinum and three polymeric 
embranes, together with an on-chip pseudo-reference elec- 

rode made up of iridium oxide. Iridium oxide has good bio- 
ompatibility, minimal potential drift and mechanical stabil- 
ty, which makes it a suitable candidate for in vivo application 

ver physiological range. The three electrodes have a surface 
rea of 0.012 mm 

2 each. 
In experiments carried out for longer than 8 h, the fabri- 

ated device demonstrated excellent resolution and good lin- 
arity of up to 200 mg/dL, which can be further improved by 
ncreasing PU thickness. The sensitivity is 1.51 nA/mM and 

 reaction time of 10 mg/dL/ min. With the rate of glucose 
hange in humans of 3 mg dL/min, this value suggested that 
he sensor can be used in detecting great glycaemia changes.
hus, the smallest fully integrated planar glucose sensor fab- 
icated by Ribet et al. has the potential to dynamically and 

inearly measure the physiological glucose level with higher 
esolution and sensitivity compared to other continuous glu- 
ose monitoring devices on the market. However, the minia- 
urization of this sensor faces challenges in single amplitude,
tability, active materials’ selection and fabrication processes.
he stability of electrode may decrease following reduction in 

ize. 
.2.5. Lab-on-chip with triboelectric liquid volume sensor 
ang et al. [18] developed a transdermal patch for insulin 

elivery from liquid volume sensor and triboelectric mecha- 
ism. This transdermal system is able to trigger delivery of 
rugs into the skin via a microneedle upon energy generated 

rom gentle finger-tapping on a polymer-based micropump.
urthermore, it can monitor the delivered drug volume. In vivo 
xperiment on mice treated with this patch showed continu- 
us reduction in blood glucose level while delivering insulin 

nto them for 5.5 h, and stabilization after 3 h. Wang et al. also
arried out an experiment to determine the functionality of 
ifferent components and confirmed that the liquid volume 
ensor made manual control drug delivery possible by moni- 
oring insulin delivery successfully and further controlling the 
lood glucose level. However, in vitro drug delivery volume was 
ound to be 10% lower than in vitro calibration when micronee- 
les are inserted into the skin. Resistance at the microchan- 
els was believed to account for this deviation of actual deliv- 
ry volume. One of the concerns of this system is that precise 
abrication of the spacing between triboelectric pair surfaces 

ust be optimized for best accuracy to monitor the delivery 
olume, which is essential in the delivery of insulin. 

Apart from delivering medication for diabetes manage- 
ent, transdermal systems can also integrate an additional 

iosensor to detect the glucose level. This possesses an extra 
unctionality to the transdermal entity to allow for extraction 

f interstitial fluid or plasma, thereby enabling continuous de- 
ection of plasma glucose level corresponding to that in in- 
erstitial fluid or plasma. However, despite the vast variety of 
iosensors tested, such systems face the challenges of stabil- 

ty, sensitivity, accuracy and reproducibility. In conclusion, the 
unction of the transdermal system as a biosensor is seen to 
e an additional property added to the main purpose of drug 
elivery. From the reviewer’s point of view, it is not a requisite 
o have the biosensor functionality in the transdermal drug 
elivery of diabetes, as such a system is still not matured to 
rovide consistently accurate glycemic detection, and is thus 
ot reliable. 

.3. Point-of-care therapy 

s discussed in the first part of this review, we understand 

hat transdermal drug delivery could help in the therapy of di- 
betes mellitus via technologies such as microneedles. How- 
ver, such technologies only provide benefits in delivering 
edications in prolonged and sustained patterns. With ad- 

itional fabrication features, point-of-care therapy is made 
ossible in which insulin is released from a transdermal 
atch with certain triggers that respond to changes in plasma 
lucose level. Hence medications are delivered according to 
lasma glucose with more precision. 

.3.1. H 2 O 2 -responsive polymeric vesicle with microneedle 
u et al. [19] presented an insulin administration transdermal 
atch utilizing H 2 O 2 -responsive polymeric vesicles (PVs) with 

icroneedles, achieving a rapid response and painless smart 
nsulin delivery. The PVs are polymersomes assembled from 

lock copolymers that are incorporated with polyethylene 
lycol (PEG) and phenylboronic ester (PBE)-conjugated poly- 
erine, forming a hollow structure with an aqueous core and 
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Fig. 2 – Insulin release from H 2 O 2 -responsive polymeric 
vesicle (Reprinted with permission from [19] . Copyright 
2017 American Chemical Society). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a polymer bilayer membrane. The inner aqueous phase has a
large drug-loading capacity, and hence, is used to load glucose
oxidase (GOx) and encapsulate insulin. Upon a hyperglycemic
state, insulin is released rapidly from PVs. The mechanism
of drug release from this fabricated PV during hyperglycemic
state is illustrated in Fig. 2 below. Microneedles with needle
lengths shorter than one millimeter are integrated into this
patch, along with hyaluronic acid cross-linking. Hu et al.
studied the diffusion of glucose across the membrane into
the patch in diabetic mice. The glucose is then oxidized to
gluconic acid, forming H 2 O 2 . 

In vivo insulin release profile using a control level (0 mg/dL),
a normoglycemic level (100 mg/dL) and a typical hyper-
glycemic level (400 mg/dL) indicated that insulin is released
rapidly when a hyperglycemic state is detected and only lim-
ited insulin release is observed at control and normoglycemic
levels. At a hyperglycemic level, the insulin release rate
increases, corresponding to the glucose level. Besides that,
the GOx level in PV also affects the insulin release rate, giving
insights into the possibility to manipulate the insulin release
by varying GOx amount. Another finding from in vivo assess-
ment is that this patch system is able to regulate glucose
level without increased risk of hypoglycemia. No significant
inflammation was reported at the application site after 2 d of
administration, proving it to be biocompatible. The micronee-
dles are stiff enough to exert an effect and the resulting
microchannels after microneedle insertion are healed within
6 h. 

This study shows that the microneedle insulin patch can
be further innovated by encapsulating the water-soluble in-
sulin in a polymeric vesicle. One main advantage of this ap-
proach is that the insulin release from the polymeric vesicle
insulin patch is triggered by the different levels of plasma glu-
cose in a rapid responsive manner. The release declines when
the blood glucose level has achieved a normoglycemic level.
This closely mimics our endogenous insulin release and ac-
tion and provides a more precise control over blood glucose
with less hypoglycemic risk. Another potential modification
to this system is by varying the level of GOx loaded, which will
provide different insulin release rates from the vesicle. How-
ever, as polymeric vesicle is the key in the release of insulin, its
stability at physiological temperature needs to be investigated
further to make sure the release trend and ability are similar
to the temperature at which this study was carried out (4 °C).
Otherwise, instability could potentially lead to hypoglycemia
or failure to release insulin. 
2.3.2. Insulin-loaded and H 2 O 2 -responsive mesoporous silica
nanoparticle integrated microneedle patch 

Xu et al. [20] fabricated a microneedle (MN) insulin delivery
patch which integrates insulin-loaded and H 2 O 2 -responsive
mesoporous silica nanoparticles (MSN) to achieve painless
administration and rapid release of insulin in hyperglycemic
state. 4-(imidazoyl carbamate)phenylboronic acid pinacol
ester (ICBE) was used to conjugate with the conjugated amino
groups on the surface of mesoporous silica nanoparticles
(MSNs) to yield MSN-ICBE. Due to the host-guest complexation
between ICBE and α-CD, payload insulin and gluconic oxidase
(GOx) are stored in the MSN-ICBE upon addition of α-CD. The
encapsulation efficiency and drug-loading capacity of this
Insulin-MSN-ICBE/ α-CD were found to be 66.1% and 13.2%
respectively. In the presence of glucose, GOx in the MSNs will
convert glucose into gluconic acid and hydrogen peroxide
(H 2 O 2 ). Subsequently, the host-guest complexation will be
destroyed and the preloaded insulin will be released. In vitro
experiment was carried out to understand the insulin release
behavior of the transdermal delivery system fabricated by Xu
et al. This transdermal system exhibited an H 2 O 2

concentration-dependent mechanism, as a significant rapid
release of insulin was observed in the presence of H 2 O 2 (72.4%
of insulin release in 5 mM of H 2 O 2 and 42.0% of insulin release
in 1 mM of H 2 O 2 ). On the other hand, a higher rate of insulin
release was also found in the presence of a higher glucose
level. These prove the rationale of using H 2 O 2 as the enhanc-
ing factor and glucose as the promoting agent with the help of
GOx in the fabricated transdermal system. The MNs used were
in a 10 × 10 arrangement in a 100 mm 

2 patch with both the
height and space between each MN of 550 μm. This is proven
to possess the mechanical strength for skin penetration. 

An in vivo experiment was carried out using STZ-induced
diabetic SD rats to investigate the transdermal delivery of in-
sulin using this insulin-loaded and H 2 O 2 -responsive meso-
porous silica nanoparticle integrated microneedle patch. SC
injection of 24 IU and blank MNs were used in the con-
trol group whereas insulin (40 IU) was administered using
the insulin-loaded MNs to two groups of rats with or with-
out GOx. Results showed that the blood glucose level de-
creased rapidly in the SC group (from 510 mg/dL to ∼85 mg/dL)
within 2 h before increasing back to the initial level after
7 h. In the group receiving insulin treatment using Ins-MSN-
ICBE/a-CD, only a little decrease of blood glucose level was
observed even though higher insulin amount was loaded. A
rapid decrease in the blood glucose level and slow recovery
pattern were demonstrated after GOx encapsulation. A nor-
moglycemic state can be maintained for a longer period (4.5 h)
in this group as compared to SC group (2 h). These results also
gave us an idea of the important role of GOx in the dissoci-
ation mechanism of such fabricated transdermal systems in
facilitating the diffusion of insulin from MNs. 

In conclusion, insulin release using this insulin-loaded and
H 2 O 2 -responsive mesoporous silica nanoparticle integrated
microneedle patch transdermal delivery system has glucose-
mediated and H 2 O 2 -responsive release mechanisms which
are capable of the transdermal delivery of insulin in diabetes
treatment. The relative pharmacological availability and rela-
tive bioavailability are 90.1% and 92.6%, respectively, as com-
pared to SC injection which gives this system an advantage
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f natural release of encapsulated insulin from microneedles 
ithout disrupting insulin activity. A normoglycemic state can 

e maintained for longer. However, when a higher amount of 
nsulin was encapsulated, it showed only a slight decrease in 

lucose level in comparison to SC injection. This indicates that 
Ox must be included in the formulation, or the loaded insulin 

ill not be able to diffuse effectively from the microneedle into 

he skin tissue. 

.3.3. Sweat-based electrochemical patch with thermorespon- 
ive microneedle 
ee et al. [21] designed and fabricated a disposable wear- 
ble multilayer patch that is able to monitor the glucose level 
ith built-in sensors that work on a non-invasive sweat-based 

echanism, and subsequently provide feedback to a trans- 
ermal antidiabetic through microneedles. This patch-based 

earable device is claimed to achieve a multistage and pre- 
isely controlled drug release according to a patient’s sweat 
lucose level without pain and stress. The device utilized a sil- 
con patch to collect sweat from the wearer and any negatively 
harged molecules that could affect the glucose sensing were 
creened out by a porous and negatively charged Nafion layer.
he multipoint enzyme-based glucose, pH and temperature 
ensors were used in measuring the correlated blood glucose 
evel according to the sweat collected, allowing for more accu- 
ate and sensitive glucose measurement. 

Two PCNs with different melting transitions ( T m, 1 = 38 °C; 
 m, 2 = 43 °C) were loaded with metformin and built into the 
yaluronic acid hydrogel microneedles. At a skin temperature 
f ∼30 °C, no metformin was released from PCN; at 40 °C, only 
he drug loaded in PCN1 was released; while at 45 °C, drugs 
n both PCN1 and PCN2 were released. In vivo efficiency of 
his transdermal drug delivery using T2DM model on 8–12 
eek old diabetic mice. Diabetic mice with patches demon- 

trated significant blood glucose reduction as compared to 
iabetic mice without patch or drug-less microneedles. The 
mount of metformin released correlated to the reduction 

n blood glucose. Blood glucose of mice dosed with higher 
etformin was reduced to 7.6 mM (normal range: < 11 mM).

his sweat-based thermoresponsive microneedle has the 
dvantage in releasing anti-diabetic medications according 
o sweat glucose levels which are believed to correlated with 

he plasma glucose levels. Only a little amount of sweat 
s required for the sensing ( ∼1 μl). The multistage spatial 
attern and precision in glucose sensing and release are 
nhanced by the detection of pH, temperature and humidity.
urthermore, it can be formulated into wearable or dispos- 
ble strips, which eases application. On the other hand, this 
ystem also has a few disadvantages such as difficulty in 

weat collection, temperature changes and activity variation 

f glucose oxidase. Enzyme stability is also a challenge with 

he potential of delamination upon mechanical friction and 

kin deformation. Precise glucose control based on patients’ 
lucose levels, long-term stability and correlation between 

weat glucose and plasma glucose in a human model are yet 
o be confirmed and hence require further investigation. 

.3.4. Hypoxia and H 2 O 2 dual-sensitive polymersome-based 
esicle smart insulin patch 

u et al. [22] explored a hypoxia and H 2 O 2 dual-sensitive di- 
lock copolymer, a glucose-responsive polymersome-based 
esicle ( d -GRPs) which consists of a glucose-monitoring mod- 
le and an insulin-releasing module in the treatment of dia- 
etes. The d -GRPs are made up of PEG and polyserine modi- 
ed with 2-nitroimidazole and are able to self-associate into a 
anoscaled polymersome. The aqueous core is utilized to en- 
apsulate recombinant human insulin and GOx. The encapsu- 
ated insulin is able to retain its secondary structure without 
ny denaturation. In a hyperglycemic state, glucose encapsu- 
ated in the aqueous core diffuses across the polymeric bilayer 

embrane to interact with GOx for glucose oxidation. The ox- 
dation process consumes oxygen, resulting in a local hypoxic 
nvironment. Meanwhile, H 2 O 2 is produced as a byproduct,
hich has the potential to cause free radical-induced skin 

issue damage. To overcome this, the H 2 O 2 -sensitive moiety 
n the d -GRPs was designed to scavenge the produced H 2 O 2 .
ubsequently, the polymersomes dissociate and release the 
ncapsulated insulin. Yu et.al investigated the insulin release 
ate of the d -GRPs and found that the rate is dependent on
he GOx concentration. They . also integrated the d -GRPs with 

0 × 20 array microneedles with a base diameter of 300 μm, tip 

iameter of 10 μm and height of 600 μm to fabricate a smart in-
ulin patch (SIP). In vivo experiment was carried out using STZ- 
nduced type 1 diabetes mice to investigate the efficacy of SIP 
nd glucose control capability of the microneedles. Mice ad- 
inistered insulin using d -GRPs (encapsulated GOx + Insulin) 

xhibited rapid blood glucose level reduction in the first 1 h 

nd maintained a normal state for up to 6 h without reaching 
 hypoglycemic state. However, when administered using d - 
RPs (insulin) without GOx, no significant reduction in blood 

lucose level was observed. Mice treated with d -GRPs (encap- 
ulated GOx + Insulin) SIP were able to avoid hypoglycemia as 
ompared to free insulin-loaded microneedles. The new smart 
nsulin patch designed by Yu et al. could be one of the op-
ions in diabetes treatment with the advantage of providing 
ainless administration, as well as prolonged treatment effi- 
acy with the application of more than one patch in response 
o a raised blood glucose level, with a reduced risk of hypo- 
lycemia. 

In conclusion, transdermal patches for diabetes manage- 
ent can be fabricated using more advanced technologies to 

ncorporate entities that detect changes such as glucose level 
r temperature, and subsequently trigger the release of med- 

cation such as insulin. Such formulation works similarly to 
icroneedle patches but comes together with the ability to 

elease medication according to the varying level of glucose.
 microneedle patch is promising enough in diabetes man- 
gement, and with the additional ability to trigger medication 

elease when the glucose level rises, there is an added bonus,
specially for patients with uncontrolled glucose levels or with 

igh risk of hypoglycemia. This system may provide more pre- 
ise drug release. 

.4. Employment of technologies for carrier, entrapment, 
enetration and release 

.4.1. Permeation enhancement via proniosomal gel entrap- 
ent 
bdallah et al. [23] studied the improvement of therapeutic ef- 
cacy of glimepiride (GM), an antidiabetic using proniosomal 
el entrapment via transdermal drug delivery pathway. The 
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proniosomal gel formulations can be formulated using Span
20, Span 60, Tween 20, Tween 60, Span 60:Tween 20 or Span
60: Tween 60 with different Cholesterol concentrations. In vitro
drug release test revealed that proniosomal gel has the low-
est drug release (about 47.5% ± 1.25% after 6 h) as compared
to polymeric gel, niosomal dispersion and niosomal gel due
to the need for hydration prior to drug release. The findings
from in vivo drug release experiments on rat skin showed that
GM loaded in proniosomal gel gave slow hypoglycemic effect
and maximum blood glucose level reduction after 6 h (65.34%
± 6.54%) and extended to 24 h. This transdermal drug deliv-
ery profile had a longer hypoglycemic effect as opposed to
oral administration of GM, which lasted only up to 6 h. These
findings provide an insight into the permeation-enhancing ef-
fect of proniosomal gel with high drug release capacity in the
transdermal drug delivery in diabetes treatment. In conclu-
sion, transdermal system using proniosomal gel entrapment
provides permeation effect, allowing for higher drug release
capacity. This is superior to the oral route as it provides an
extended effect in lowering blood glucose. 

2.4.2. Proniosome carbopol-based transgel system 

Prasad et al. [24] developed the formulation of carbopol
transgel in proniosome form for diabetes management.
By encapsulating pioglitazone (PZ), in vivo pharmacokinetic
study demonstrated significant improvement of 2.26 times in
bioavailability as compared to antidiabetic drugs tablet. PZ
was released in biphasic pattern from noisome with diffusion-
controlled mechanism. The hypothesis is that it happened
through desorption of PZ from noisome surface following dif-
fusion through swollen niosomal bilayer, that resulted in slow
release. Such a release pattern might be crucial in achiev-
ing rapid drug release at the initial stage to hit a higher con-
centration gradient for better transdermal delivery of drugs
into blood. The experiment done by Prasad et al. also showed
that this transdermal system has about 4 times longer elim-
ination half-life than oral delivery with better bioavailability
(2.03 times higher than oral route) over 48 h. The observed
drug release was rapid, accompanied by subsequent sustained
release. Hence, carbopol-based transgel is proven to be an
efficient carrier for drug penetration into skin, which leads
to a better pharmacological antidiabetic effect than existing
tablets on the market. In conclusion, entrapment of an an-
tidiabetic drug in proniosomal form allows the drug to diffuse
slowly into blood from the system, giving higher bioavailabil-
ity as compared to conventional oral tablets. 

2.4.3. Transferosomal gel with chemical enhancer ‘iodophor’ 
Transferosomal gel system consisting of chemical enhancer
‘iodophor’ was presented by Marwah et al. [25] to investi-
gate its use in permeation of antidiabetic agents such as in-
sulin into skin. The transferosomes were fabricated using soya
lecithin as phospholipids, sodium cholate as surfactant and
insulin as drug by a conventional rotary evaporation sonica-
tion method. The study showed that the drug and excipients
present in the system were compatible with each other. The
entrapment efficiency of transferosomal gel increased as the
concentration of drug loaded increased until it reached 10 mg,
where significant reduction in entrapment efficiency was ob-
served. 78% of insulin was successfully entrapped in the for-
mulations with 2.5 I.U. of the drug and 25% of sodium cholate.
An in vitro study on drug release using a cellophane membrane
revealed the sustained released pattern of transferosomal gel.
A transferosomal suspension was found to exhibit the highest
cumulative amount of drug release as compared to transfero-
somal gel and plain gel. The cumulative percent drug release
was found to be 83.11% ± 3.78%. On the other hand, in vivo
study showed that transferosomal gel with iodophor is able
to reduce blood glucose level initially, in a sustained manner,
before the level rises steeply. This phenomenon might be at-
tributed to the viscosity of transferosomal gel, meaning it is
poor in controlling the drug release. Thus, the transferosomal
gel system with chemical enhancer iodophor is proposed to
have better potential for disrupting the epidermal layer to de-
liver insulin into the skin, thus achieving a higher bioavail-
ability of the drug. Entrapment in transferosomal gel shows
significantly higher entrapment efficiency, and hence greater
drug release. 

2.4.4. Microemulsion gel 
Shinde et al. [26] studied microemulsion gel transdermal de-
livery of Repaglinide (RPG) in drug permeation and antidia-
betic effect. Microemulsion systems were prepared by mix-
ing oil (kept under 8%), surfactant, co-surfactant and wa-
ter. 0.6% (w/w) of xanthan gum was added to the formu-
lation to prepare a microemulsion gel with mean globule
size of 36.15 ± 9.89 nm while RPG was loaded into it un-
der ultrasonication. The rationale behind their design was
based on the drug dissolution property, avoidance of first-pass
metabolism, controlled and sustained drug release properties
of microemulsion using transdermal route and gel. RPG mi-
croemulsion gel indicated higher in vitro drug permeation by
exhibiting 10.97 times higher flux of drug. In vivo results also
showed significant ( P < 0.05) and greater hypoglycemic activ-
ity than oral suspension formulation. These data suggest that
this transdermal formulation could be explored for effective
T2DM treatment as it can reduce the blood glucose level in
controlled manner. Similar to transferosomal gel, higher skin
permeation and drug diffusion are elucidated in the use of
microemulsion gels in transdermal delivery systems in dia-
betes management. Hence, this transdermal system demon-
strated a better glucose lowering effect as compared to oral
formulation. 

2.4.5. Transdermal nanoemulsion encapsulation 

Mostaga et al. [27] studied the encapsulation of fennel
essential oil (FEO), an antidiabetic agent in transdermal
nanoemulsions (NEs). The nanoemulsion system was formu-
lated using distilled water as an aqueous phase, oleic acid as
an oil phase and Tween 20 and propylene glycol as surfactant
and co-surfactant respectively. Tween 20 and propylene glycol
(Smix) were formulated in three portions: 1:9 (F1), 2.8 (F2) and
3.7 (F3). The thermodynamic stability test of NE tested using
centrifugation at 5000 rpm for 20 min demonstrated the good
stability of NE without the occurrence of phase separation.
An ex vivo study revealed F1 and F2 having better cumulative
drug permeation and permeation rates. In the in vivo study,
male Wistar rats weighing 160–200 g were used as subjects
and a single intraperitoneal dose of streptozotoxin (STZ) of
60 mg/kg was used to induce diabetes. At 0.5, 1, 2 and 4 h after
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ral glucose administration, rats treated with FEO and FEO 

Es showed a reduction in plasma glucose levels. At 4 h, the 
lasma glucose level was found to be lower in FEO NE than 

fter treatment with FEO alone. Nevertheless, the difference 
as not significant. F1 and F3 formulation showed prolonged 

ntidiabetic effects for up to 7 d, whereas F2 only maintained 

uch an effect for 2 d. It was found that F1 exhibited the 
ighest antidiabetic effect among the 3 formulations, prob- 
bly due to its depot effect. A prolonged antidiabetic effect 
as observed when F1 with high doses of NE (120 mg/kg and 

0 mg/kg) showed significant plasma glucose reduction in 7 d 

s compared to FEO alone at the same doses. The resulting 
lasma glucose levels were higher than non-diabetic control 
roup but were still within the normal range of fasting plasma 
lucose. This system is able to achieve a penetration effect 
ith oleic acid being a powerful enhancer and demonstrating 
 synergistic effect with surfactants used. Generally, the 
urfactants used in the system are considered safe. Glucose 
ontrol using nanoemulsion is better and more prolonged 

ue to higher drug permeation and permeation rate. 

.4.6. Nanostructured lipid carriers transdermal system 

lam et al. [28] fabricated a nanostructured lipid carrier (NLC) 
sing high-pressure homogenization and ultrasonication to 

oad pioglitazone (PZ) in diabetes management. An in vivo 
harmacokinetic study elucidated that bioavailability of PZ 

sing NLC was 2.17 times better than PZ (Piosys) tablets. A 

lower and sustained release pattern over a prolonged dura- 
ion of about 48 h was observed. Besides that, PZ-loaded nano- 
ipid gel showed remarkable reduction of blood sugar level up 

o 101.87 mg for 24 h and maintained a below-hyperglycemic 
evel post 24 h without rising back to diabetic level. The shelf 
ife of the NLC formulation was found to be 1.83 y. These re- 
ults provide an insight into the NLC-based transdermal sys- 
em for promising controlled release formulation for diabetic 
rugs such as PZ. Besides that, this system also proved to 
e potential carrier. It acts as a reservoir for long-term de- 

ivery and efficient absorption and is superior to the oral 
oute. In conclusion, a lipid is used as the carrier (nanolipid 

el) for antidiabetic drugs. Similar to the other systems men- 
ioned above, this system allows for sustained drug release 
ver a prolonged duration, leading to a better hypoglycemic 
ffect. 

.4.7. Hyaluronic acid encapsulated CuS gel-mediated near- 
nfrared laser nanosystem 

ang et al. [29] fabricated a hyaluronic acid encapsulated CuS 
anosystem (HA-CuS) as shown in Fig. 3 for the transdermal 
elivery of antidiabetic drug in Type 1 Diabetes due to its excel- 

ent biocompatibility and photothermal translation efficacy.
A-CuS nanoparticles were synthesized by centrifuging the 

esulting solution made from 150 mg HA, 4 mM CuCl, 50 mM 

a 2 S and 36 mg trisodium citrate under a high temperature of 
0 °C at 12 000 rpm. Cell cytotoxicity tests were performed to 
emonstrate safety and biocompatibility of HA-CuS nanopar- 
icles using normal human dermal fibroblast under laser 
rradiation. Similar cell variability as compared to control 
roups were observed when the irradiation tests were con- 
ucted for 30 s until significant cell death occurred at 10 min.
his shows HA-CuS nanoparticles as a prospective drug deliv- 
ry candidate with good biocompatibility for short-time laser 
rradiation in living cells. In vivo biomedical application of 
A-CuS transdermal drug delivery was investigated on Type 1 
iabetes nude mice using insulin as the treatment. Nude mice 
ere pretreated with HA-Cus gel (50 μl, 100 μg/ml) on the skin 

diameter ∼1.5 cm) before being irradiated with NIR laser at 
.24 W/cm 

2 for 30 s. Nude mice without the aforementioned 

retreatment served as the control group. In the group of 
retreated nude mice, human recombinant insulin solution 

200 μl, 2 mg/ml)-loaded patch was added onto the treated 

kin area. Fig. 4 illustrates the results whereby mice receiving 
retreatment and NIR laser irradiation had a gradual lowering 
f blood glucose to 85.7% at 2 h and to 84.2% at 8 h before

ncreasing back to 99.6% at 10 h. On the other hand, a sudden
eduction of blood glucose to 52.7% at 2 h was observed in 

ice receiving insulin SC injection. This blood glucose was 
hen increased rapidly to similar to that in the HA-CuS sys- 
em: 93.1%, 97.1% and 105.7% at 4, 6, 8 and 10 h, respectively. 

Hence, it is shown that HA-CuS gel-mediated transdermal 
ystem is capable of sustained and controllable transdermal 
rug delivery to maintain blood glucose at a lower level for 
 longer time compared to the currently existing insulin in- 
ections, owing to its excellent biocompatibility and advanced 

hotothermal conversion efficacy. HA-CuS nanoparticles are 
table, relative to the photothermal conversion. However, this 
ystem is only proven to be safe when used for short-time 
aser irradiation (30 s). Significant cell death is observed when 

aser irradiation is increased up to 10 min. This implies that 
pplication of this system must be carried out in a controlled 

nvironment i.e., in clinical settings, and for a strict dura- 
ion. In conclusion, the biocompatible hyaluronic acid encap- 
ulated CuS nanosystem exhibits a more significant hypo- 
lycemic effect and longer control time than SC injections.
aser irradiation acts to enhance the drug release from the 
anosystem. 

.4.8. Solid-in-oil insulin gold nanorods 
ose et al. [30] . assessed the possibilities of using solid-in-oil 

nsulin gold nanorods (SO-INS-GNR) in the delivery of insulin 

o diabetic mice. The gold nanorods (1 mM solution) com- 
lex had an edible surfactant and insulin (1 mg/ml). Processes 
uch as homogenisation of the gold nanorods for 2 min at 26 
00 rpm, rapid freezing in liquid nitrogen for 15 min and sub- 
equent lyophilization using freeze-drying for 24 h were em- 
loyed in the preparation of this system. An in vitro study us- 

ng SO-INS-GNR along with near infrared (NIR) light on mice 
howed high insulin penetration stratum corneum and der- 
is. With the use of NIR light irradiation, the blood glucose 

evel of treated diabetic mice had a plunging decrease at 4 h 

about 58.0% ± 11.5%) as compared to diabetic mice receiv- 
ng other treatments in the experiment. The glucose level 
howed further decreases after 6, 8 and 10 h by 37.0% ± 9.1%,
3.0% ± 4.4% and 15.0% ± 2.9%, respectively. These data indi- 
ate that SO-INS-GNR formulation could be a potential trans- 
ermal drug delivery system to allow slow release of insulin 

nto the systemic circulation. However, such release mecha- 
isms remain unclear. In the nanorod transdermal system, in- 
ulin is complexed into the gold nanorod. When near infrared 

ight is irradiated, the insulin penetrates better across the skin 

arriers and layers. Despite the unknown drug release, such 
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Fig. 3 – HA-CuS Near Infrared Laser Nanosystem (Reprinted with permission from [29] . Copyright 2017 American Chemical 
Society). 

Fig. 4 – Blood glucose levels of diabetic mice in four groups: 
subcutaneous insulin injection (positive control); 
untreated + insulin; HA-CUs treated + NIR laser + insulin; and 

untreated diabetic mice (blank control) (Reprinted with 

permission from [29] . Copyright 2017 American Chemical 
Society). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a system has proven to provide glucose lowering over an ex-
tended duration. 

2.4.9. Choline and geranate (CAGE) deep eutectic solvent
transdermal delivery vehicle 
Barnejee et al. [31] . investigated the application and effective-
ness of Choline and Geranate (CAGE), without any physical
and chemical penetration enhancer, as a transdermal deliv-
ery vehicle for proteins such as insulin to reduce the blood
glucose level. They tested for the penetration of insulin across
epidermis and dermis using CAGE and found that the penetra-
tion was much superior with CAGE than with commonly used
chemical penetration enhancers. The penetration of insulin
into dermis of non-diabetic rats was 5.46 ± 0.04 μg/cm 

2 at 24 h
and 17.22 ± 1.43 μg/cm 

2 at 48 h. Circular dichroism spectra
revealed the good stability of insulin in CAGE. In vivo topical
delivery of 10 U insulin in rats using CAGE demonstrated a
reduction in blood glucose level of 25% in 2 h and 40% in 4 h,
and the effect was sustained and prolonged over the time of
the study even though a 10% increase in the blood glucose
level was observed over time. 

Hence, the proposed design by Barnejee et al. is considered
to be one of the options for a transdermal vehicle due to its
ability to provide sustained reduction in blood glucose, result-
ing in better patient compliance and long-term glycemic con-
trol. Information on other aspects such as the mechanism of
CAGE, long-term stability and toxicity, and application in di-
abetic rats are required to further investigate its use. In con-
clusion, skin penetration is shown to be higher than in other
chemical penetration enhancers. Along with higher skin pen-
etration of the loaded drug, the glucose control profile also
proves its ability to control glucose level in a sustained and
prolonged manner. 

2.4.10. Amidated pectin hydrogel matrix patch 

Hadebe et al. [32] explored the delivery of an insulin dermal
patch using amidated pectin hydrogel matrix gel. This group
tested the insulin effect on streptozotocin (STZ)-induced dia-
betic mice using the aforementioned system in ameliorating
diabetic symptoms in tissues such as muscle and liver. The
pectin matrix patch can load insulin ranging from a concen-
tration of 76%–94%. The concentration lost 75%–89% of activity
after being stored for 2 months, indicating the stability of such
a patch formulation. The plasma insulin level in STZ-induced
diabetic mice showed a significant increase after acute, short-
term daily application of the pectin hydrogel matrix patch (6 h
daily for 5 weeks) in comparison with untreated STZ-induced
diabetic mice. In the treated group of mice, higher insulin-
loaded patches (9.57 and 16.80 μg/kg) resulted in a higher
plasma insulin level in mice, whereas a plasma insulin level
was reported to be lower when lower doses of insulin-loaded
patches were given (2.47 and 3.99 μg/kg). Moreover, interest-
ingly, the plasma insulin level is higher with pectin insulin
patch application than SC insulin administration. These stud-
ies show the insulin release into the blood from pectin insulin
patch in a concentration-dependent pattern. Pectin insulin
matrix can also prevent leakage of the drug in solution formu-
lations. However, the downside in this study is the inability to
separately investigate the effect of different insulin concen-
trations on plasma insulin concentration and blood glucose
statistically, possibly due to the narrow range of doses used in
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he experiments. Hence, to further understand the use of this 
ystem in clinical aspects, further studies with wider insulin 

oses are necessary and also essential in paving the develop- 
ent to unit dosage forms of insulin patch. 

.4.11. HPMC and PVA blend transdermal patch 

haheen et al. [33] designed a formulation of a transdermal 
atch using HPMC and PVA, which they deemed to have the 
otential to be formulated into a wearable watch-belt in the 
uture. The transdermal patch was formulated using a poly- 

er blend of HPMC and PVA, utilizing a freezing and thaw- 
ng process. In their study, 800 mg of metformin was loaded 

nto the patch. The blood glucose level of normal and dia- 
etic mice treated with this patch for 4 h showed significant 
eduction. They elucidated that metformin HCL can penetrate 
nd cross the membrane easily into blood circulation using an 

PMC-PVA based transdermal patch and provide better drug 
fficacy than the oral route of administration. The HPMC-PVA 

atch can be made to supply doses for multiple days and can 

e taken off if patients experience hypoglycemia symptoms.
n conclusion, a HPMC and PVA-fabricated transdermal patch 

an be used to load an antidiabetic drug, which allows the 
oaded drug to penetrate across the skin membrane more eas- 
ly, resulting in higher blood concentration and so better con- 
rol of blood glucose. 

In conclusion, all the technologies used in entrapment,
enetration and release of carriers are based on gels, pro- 
iosomes, hydrogels, nanoemulsions and nanoparticles. The 

reatment is based on carrier (drug) delivery. In all cases 
igh permeation is a prerequisite for the effectiveness of the 
echnology. 

. Conclusion and future perspective 

s diabetes mellitus is a chronic disease that requires long- 
erm drug administration and glucose level monitoring, a 
reakthrough innovation in treatment strategies for manage- 
ent of the disease would be welcome. If the challenges in 

anufacturing the transdermal patch could be overcome, we 
ill expect a tremendous shift in diabetes management as 

ransdermal drug delivery systems in diabetes management 
re deemed to be a promising approach in providing a bet- 
er clinical outcome compared to conventional dosage forms.
 better drug bioavailability can be achieved, and with this,
iabetic patients will then have a lesser dosing frequency as 
ompared to twice-daily dosing of conventional oral agents 
nd three times or even four times daily SC insulin injec- 
ion. Another notable advantage would be the patients will 
ave a much easier treatment option in which a patch with 

redetermined release rate can be applied to the skin. The 
rolonged and sustained drug release profile will also ensure 
etter glucose control and better prediction of glucose pro- 
le. Besides that, with more sophisticated technologies, mi- 
roneedles in transdermal patch are able to act as biosensor 
o detect glucose level and release drug accordingly. All these 
re exceptionally beneficial to avoid hypoglycemia which is 
ommon with some insulin injection and oral hypoglycemic 
gents such as sulphonylurea. As compared to SC insulin 

njection, transdermal patch will potentially help to reduce 
tigma where patients are needed to inject insulin at pre- 
cribed timing especially when they are in public areas and 

lso reduce needle phobia. 
All in all, this field is becoming an endeavor for researchers 

o explore and venture into, for different transdermal system 

pproaches have shown highly desirable advantages in im- 
roving drug bioavailability, reducing dosing frequency, pre- 
enting risk of side effects and providing painless and easy 
dministration, thus leading to improved patient compliance.
ore dedicated work in developing transdermal systems for 

ntidiabetic drugs should be the focus to overcome the disad- 
antages associated with conventional dosage forms and the 
ncreasing size of the diabetic population. 

With various technologies being employed in the fabrica- 
ion of transdermal drug delivery systems in diabetes therapy,
 microneedle-based approach appears to be the most com- 
only studied field and serves as a basis for drug penetration 

nd dermal delivery. Most of the studies have elucidated that 
t could provide sustained release of medications over a pro- 
onged duration, and avoid a rapid decrease of blood glucose 
n the initial phase to prevent hypoglycemic side effect. How- 
ver, with only microneedle-based delivery, we are unable to 
ontrol the drug release based on varying glucose levels. Ad- 
itional features such as biosensors would add advantages in 

his respect, as the drug release will be triggered according 
o the glucose level. One of the challenges is the precision of 

easurement and correlation between results obtained from 

nterstitial fluid or sweat and plasma or blood glucose. 
With more sophisticated technologies such as carriers and 

aser irradiation, current studies are unable to demonstrate 
ong-term safety profile in a human model. Nevertheless, the 
ransdermal delivery system in diabetes therapy is opening a 
ew avenue for a more precise and disposable wearable-type 
evice for convenient administration and storage. The objec- 
ive of future research in this field could be patch formulation 

or diabetes therapy in the form of a wearable belt or chip. 
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