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G R A P H I C A L A B S T R A C T
� Anti-diabetic drugs suffer from low
bioavailability and adverse effect issues.

� Transdermal drug delivery is an efficient
route for systemic drug delivery.

� Nanoformulations have been found to
enhance drug permeation through skin
layers.

� Transdermal approach with nano-
formulations have shown potential to
improve different properties of anti-
diabetic drugs.
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Diabetes mellitus is a concern of disorder globally and which is increasing continuously. Diabetic complications
lead to physical, mental and societal issues to patients. Oral medications are being prescribed but these have
problems like frequent dosing, side effects and non-patient compliance. Insulin therapy is also problematic due to
injectable route of delivery. Dose missing of these treatments lead to fluctuations in blood glucose levels which
cause severe adverse effects. Recent developments have shown the potential of transdermal drug administration
in association with nanoformulations for improving the efficacy and safety of anti-diabetic medications. Nano-
technology offers modification of size and surface characteristics of nanocarriers which enhances the drug
permeation through biological barriers. Transdermal drug delivery in conjunction with nanocarriers provide
enhanced permeation, improved bioavailability and sustained effect with reduction in adverse effects. This article
first presents the current scenarios of diabetes mellitus and important aspects of transdermal drug delivery sys-
tems. In later sections, a detailed description (pharmaceutical and preclinical characteristics) of various nano-
formulation assisted transdermal drug delivery systems (polymeric nanoparticles, ethosomes, nanostructured lipid
z).
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carriers, solid lipid nanoparticles, microemulsions, liposomes, niosomes, nanoemulsions, transethosomes and
transfersomes) have been reviewed. Transdermal drug delivery in conjunction with nanoformulations can be
utilized for the better management and control of diabetes.
1. Introduction

Diabetes mellitus is a chronic disease expressed by increased pro-
duction of glucose level in the bloodstream. Glucose level is raised by the
lack of sufficient quantity of insulin in the body. Diabetes mellitus may
lead to brain stroke, heart failure or may be death if not treated. In
comparison to type 1 diabetes, which affects about 5–10% of the popu-
lation, type 2 diabetes is more prevalent. The International Diabetes
Federation estimates that 425 million persons worldwide have diabetes
mellitus. According to the modern statistics of the World Health Orga-
nization (WHO), the number of cases of diabetic mellitus had raised to
4.7%. WHO estimate that diabetic mellitus will be the seventh death-
causing disease worldwide by 2030. Nowadays use of insulin is crucial
in the management of diabetes. Type 1 diabetes is brought on by the loss
of insulin producing beta cells which results in a complete lack of insulin
secretion. Type 1A occurs when beta cells are demolished by the immune
system. Idiopathic diabetes, also known as Type 1B diabetes mellitus, is a
condition in which there is no recognized autoimmune mechanism
causing beta cell loss. Type 2 diabetes mellitus has a stronger link to
family history and heredity than type 1. It also depends on factors related
to environment. Gestational diabetes mellitus is characterized by the less
production of insulin during pregnancy which leads to increase in
glucose levels.1–3 One of the most prevalent problems in diabetic in-
dividuals that affects the retinal microvasculature is diabetic retinopathy.
It is sometimes referred to as diabetic eye disease and is a medical con-
dition when diabetes mellitus leads to harm to the retina.4 Diabetic
cardiomyopathy, a further complication of diabetes mellitus, is charac-
terised by abnormality of ventricular dysfunction.5

In recent years treatment modalities have been developed to manage
diabetes as well as complications related to it. Anti-diabetic drugs which
are commonly used consist of insulin, insulin analogues and non-insulin
hypoglycaemic drug candidates. Insulin (a protein drug), a powerful
medicine is used clinically for the treatment of patients related to dia-
betes mellitus.6–8 The current formulation approaches are still not up to
date to address the problems associated with the anti-diabetic drug de-
livery. The most important issue is low oral bioavailability and instability
in the gastrointestinal tract (GIT) of drug candidates due to less aqueous
solubility and harsh conditions of GIT respectively. Several nano-
formulation approaches have been developed to counter the oral
bioavailability issues like polymeric nanoparticles, self-nanoemulsifying
drug delivery systems, nanoemulsions, solid lipid nanoparticles, nano-
structured lipid carriers, liposomes, nanocrystals, nanosuspensions,
etc.9–18 In recent years many nanocarrier mediated transdermal drug
delivery systems have been investigated to further strengthen the treat-
ment approaches of diabetes. This review first summarizes the important
aspects of transdermal drug delivery systems. In the next section, a
detained account has been presented related to nanoformulation based
approaches for transdermal delivery systems of anti-diabetic drugs
through reports of pharmaceutical and preclinical characteristics.

2. Transdermal drug delivery systems

A number of techniques and approaches (nanoformulations, ionto-
phoresis, electroporation, microneedle) are being utilized to manage the
diabetes by using a diverse range of transdermal systems. These trans-
dermal systems have superior bioavailability than oral delivery because
they avoid first pass metabolism and have a prolonged drug release
property. Additionally, because medications are released in a controlled
manner and an extended period of time, blood glucose levels can be
controlled for long duration, which improves patient compliance.
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Transdermal drug delivery systems are intended to put a precise dose of
drug through the skin of patients and into the bloodstreams. The medi-
cations need to enter the skin and get to the target area quickly for
transdermal drug delivery systems to work. The best method for deliv-
ering insulin is transdermal route which allows it to pass through the skin
barrier.19,20 In situations like; a patient cannot take oral medication,
constipation, unconsciousness, transdermal delivery is the best route for
administration of drugs with improved bioavailability and patient
compliance. In transdermal system, the drug-loaded nanoparticles are
transmitted throughout the use of skin.21 Ideally, the drug candidates for
transdermal delivery should have low molecular weight (less than 500
Dalton), skin permeability coefficient of >0.5 � 10�3 cm/h, high parti-
tion coefficient (>1) and non-irritating to the skin surface.22–25

3. Nanoformulation based transdermal delivery systems of anti-
diabetic drugs

Nanotechnology assisted transdermal drug delivery systems offer
several beneficial features like enhanced skin permeation, improved
bioavailability, controlled release and targeted drug delivery.26 Diabetes
requires a long duration of action which can be done by designing a
suitable nanocarrier based formulation (Fig. 1). The different pharma-
ceutical and preclinical characteristics of various nanoformulation based
transdermal drug delivery systems are discussed in below sections and
summarized in Table 1.

3.1. Polymeric nanoparticles

Polymeric nanoparticles (NPs) have sizes ranging from 10 to 1000 nm
that may include active substances that are either entrapped within or
surface-adsorbed onto the polymeric core. The term "nanoparticle" refers
to both nanocapsules and nanospheres, which difference in morphology.
Nanocapsules are vesicular structures acting as drug reservoirs, in which
active pharmaceutical ingredients are enclosed by polymeric shell.
Nanospheres are solid mass of polymeric matrix and drug molecules are
trapped in the centre or adsorbed at the sphere surface.27 Behin et al
formulated transdermal films of glipizide with changing concentrations
of chitosan (0.5–2.5% w/v). A control formulation of glipizide was
formulated without beta-cyclodextrin. Further using (chitosan 1.5%
w/v), the glipizide was effectively absorbed into the skin of the rats with
a well-controlled medication release. Chitosan 1.5% w/v produced a
drug release of 96% during a 24 h and had the highest concentration of
the drug. It was shown that the formulation had no risk of causing skin
irritation.28 Jaimini, et al formulated gliclazide based matrix type
transdermal formulation, using plasticizer, polyethylene glycol 400.
Further, when compared to other formulations, i; e [polymer 2% (w/v),
Eudragit1 S100 and PVP in a 2:1 ratio] produced the best results. It was
also discovered that the formulation which had concentration of plasti-
cizer (40% w/w) was sufficient to preserve the formulation and keep the
formulation attached to the medium. The improved formulation con-
tained 92.77% of the medication and delivered 87% of maximum drug
release for up to 20 h.29 Zhang et al incorporated metformin into poly-
meric microneedles and coated with polydopamine/lauric acid
(PDA/LA). Further metformin loaded and PDA/LA-coated were enclosed
into poly(vinylpyrrolidone) (PVP)micro needle. During study on diabetic
rats when metformin based micro needle insert into skin tissue it was
confirmed that its showed significant antidiabetic effect. The bioavail-
ability of micro needle of responsive drug was 95.8 � 2.7%. when
compared to subcutaneous injection of metformin.30
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3.2. Ethosomes

Ethosomes are phospholipid nanovesicles utilized for the cutaneous
and transdermal distribution of active pharmaceutical ingredients.31

Bodade et al formulated repaglinide based ethosomes by using dipalmi-
toyl phosphatidylcholine and ethanol. Repaglinide based ethosomes
showed size of 0.171–1.727 μm and had maximum permeation (64–97%
of the administered dose) as compared to a free drug and its aqueous
solution of alcohol applied to excised rat skin. In vivo, study of repaglinide
ethosomal system showed sustained release of drug and antidiabetic
effect.32

Tiwari et al formulated glimepiride based ethosomes by utilizing
various amount of alcohol (20–30% w/w) and soya lecithin (3.5–4% w/
w) in different ratios and propylene glycol (10% w/w). During in vitro
study, vesicle range of optimized formulation was found 22–105 nm.
Entrapment efficiency of optimized formulation was 47.91 � 0.3 to 58.4
� 0.3. The cumulative percentage of optimized formulation was in range
from 34.34 � 0.01% to 49.01 � 0.03% respectively at end of 24 h. The
amount of drug permeation (release) of optimized formulation via the
egg membrane after 24 h was 49.01 � 0.03% and 47.03 � 0.02%. The
Stability studies of the optimized ethosomes was remain stable at
refrigeration (4 � 2 �C) and room (25 � 2 �C) temperature.33

Wahid et al formulated saxagliptin based ethosomes using various
amount of ethanol, soya lecithin and cholesterol. During study, vesicle
range of optimized formulation was 117.3 � 1.0577 nm, polydispersity
index was 0.230 � 0.010 and entrapment efficiency was 64 � 1.5329%.
Further in vitro study of ethosomal gel across rat skin using Franz diffu-
sion cell (area, 3.14 cm2) was compared with conventional gel and found
higher amount or drug permeated in case of ethosomal gel. The devel-
oped formulation of saxagliptin was found to be non-toxic and showed
efficient transdermal drug delivery system for saxagliptin through skin.34

Aouta et al formulated transdermal patch of combined drug (duloxetine
and glimepiride) by utilising solvent casting process and a 32 factorial
design was used to optimize the ethosomal formulation. Total nine for-
mulations were formulated using ethanol and phospholipid as indepen-
dent components while entrapment efficiency and particle size were
selected as dependent variables. Formulation F9 was found to be optimal
and exhibited in vitro cumulative drug release of >60% in 24 h and skin
permeability of>200 μg/cm2. The results showed the potential approach
for the therapy of diabetic neuropathic pain and diabetes by dual drug
delivery by ethosomes incorporated into transdermal patch.35
Fig. 1. Nanoformulation based app
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3.3. Nanostructured lipid carriers

Nanostructured lipid carriers (NLC) are innovative pharmaceutical
formulations made up of physiological and biocompatible lipids, sur-
factants, and co-surfactants. As a second-generation lipid nanocarrier,
nanostructured lipid carriers have developed as a viable alternative to
first-generation nanoparticles throughout time.36 Sohrab et al formulated
pioglitazone based nanostructured lipid carrier. The mean size of the
optimised nanostructured lipid carrier was 166.05 nm and the drug
loading capacity was found to be 10.41% with flux of 47.36 μg/cm2/h
and the entrapment efficiency of pioglitazone nanostructured lipid car-
rier was ~70%. During in vivo pharmacokinetic study it was observed
that pioglitazone nanostructured lipid carrier based transdermal system
when compared to the commercial formulation (Piosys tablet), lowered
enhanced blood sugar levels in a sustained and for long duration.37 In
another study, Kesharwani et al formulated nanostructured lipid carrier
based repaglinide consuming cetyl alcohol, oleic acid, tween 80 and
lecithin. During in vitro study significant particle size of nanostructured
lipid carrier was (157.8 � 15.8 nm) and entrapment efficacy was
~79.82%, and particle size and entrapment efficiency of solid lipid nano
particles was 238.4 � 48.2 nm, 72.04 � 1.03% respectively. Stability
study of nanostructured lipid carrier-based formulation also confirmed
that it was stable at 180 days of storage. In vivo study confirmed the blood
sugar level was declined, and throughout all time intervals, the average
blood sugar value was considerably less than the baseline glucose
value.38

Jahan et al formulated nanostructured lipid carrier based gliclazide
by using Tween20, lipid (glyceryl monostearate þ Lauroglycol™). Dur-
ing the optimization of nanostructured lipid carrier based gliclazide, the
particles size was obtained 120.4 nm, polydispersity index of optimized
formulation was 0.316, �5.58 mV zeta potential with entrapment effi-
ciency of 87.32%. further during in vitro study, it was confirmed that the
drug release of gliclazide nanostructured lipid carrier was 68.27� 2.98%
and conventional gliclazide dispersion was 45.87� 2.85% and gliclazide
nanostructured lipid carrier gel formulation permeation was 76.89 �
2.52% when compared to standard gel that is (45.65� 2.79%). Confocal
laser scanning microscopy on rat skin treated with nanostructured lipid
carrier-based gel revealed deeper permeation (35 μm) than standard gel
(15 μm).39
roaches of anti-diabetic drugs.



Table 1
Summary of transdermally delivered nanoformulations for diabetes.

Type of
nanoformulation

Name of the Drug Method of Preparation Major Outcomes Reference

Polymeric
nanoparticles

Glipizide Stirring followed by
sonication

Chitosan with 1.5% (w/v) showed a sustained drug release of ~96% for 24 h and
exhibited safety to rat’s skin (no irritation reaction).

28

Polymeric
nanoparticles

Gliclazide Solvent casting method The optimized formulation showed a sustained release of drug (~87%) of up to 20 h
and exhibited Korsmeyer-Peppas release kinetics.

29

Polymeric
nanoparticles

Metformin Diffusion method The bioavailability of optimized formulation delivered transdermally was found to be
higher when compared to subcutaneous injection of metformin

30

Ethosomes Repaglinide Cold Method The ethosomal gel formulation of repaglinide showed efficient transdermal drug
delivery, sustained drug’s effect with reduction in dosing frequency.

32

Ethosomes Glimepiride Cold method The optimized ethosomal formulation showed drug permeation of ~49% after 24 h
and was found to be stable at temperatures of 4 � 2 �C and 25 � 2 �C.

33

Ethosomes Saxagliptin Cold method The results exhibited the potential of ethosomal formulation for transdermal drug
delivery (~51.98 μg/cm2/h) and found to be safe.

34

Ethosomes Glimepiride and
duloxetine

Cold method Combined drug loaded ethosomal formulation exhibited the potential for transdermal
drug delivery and can be an alternative for the therapy of diabetic neuropathic pain
and diabetes.

35

Nanostructured lipid
carriers

Pioglitazone High pressure
homogenization

The in vivo results exhibited showed 2.17 times bioavailability and lowered blood
sugar concentration in a sustained manner for a prolonged duration of time from NLC
based formulation in comparison to marketed tablet formulation.

37

Nanostructured lipid
carriers

Repaglinide Solvent diffusion method The optimized formulation showed particle size of ~157.8 nm and was found to be
stable for storage period of 180 days and reduced blood sugar level significantly.

38

Nanostructured lipid
carriers

Gliclazide Melt emulsification followed
by ultrasonication

CLSM images of rat’s skin applied with NLC based gel exhibited a deeper penetration
(35 μm) when compared to the conventional gel formulation (15 μm).

39

Solid lipid
nanoparticles

Metformin Solvent diffusion method The drug loaded SLNs showed stability as indicated by zeta potential of þ27 mV and
revealed high drug permeation through Wistar rats' skin.

41

Solid lipid
nanoparticles

Repaglinide Hot homogenization method The developed drug loaded SLN exhibited particle size in between 85 and 120 nm and
the blood glucose levels in rats were decreased and it was sustained for 48 h.

42

Solid lipid
nanoparticles

Glibenclamide Emulsification followed by
ultrasonication

The formulation showed stability at 4 �C and in vivo studies in rats showed a
substantial decrease in blood glucose levels in diabetic rats with fast onset of action
(0.5 h) and long duration of anti-diabetic activity (24 h).

44

Microemulsion Glipizide Aqueous titration method The optimized formulation exhibited mean droplet size of ~138 nm and in vivo results
showed significant blood glucose reduction in Wistar rats when compared to drug
alone.

46

Microemulsion Repaglinide Aqueous titration method The developed microemulsion showed skin permeation of 229.19 μg/cm2 after 24 h,
which was 2.30-fold higher in comparison to repaglinide suspension.

47

Microemulsion Glimepiride Aqueous titration method In vivo pharmacokinetic results revealed that the bioavailability of glimepiride loaded
microemulsion gel was found to be 5.4 times more in comparison to oral drug
suspension.

48

Microemulsion Insulin Specific emulsification
technique

The developed MEIs exhibited potential for the delivery of insulin in therapeutic
amounts for prolonged duration of time and showed stability at 4 �C as well as at room
temperature.

49

Liposomes Glipizide and
metformin,

Microfluidics manufacturing
process

The microfluidics process demonstrated liposomal vesicle size in between 90 and 300
nm. Co-drug-loaded formulation exhibited improved drug release characteristics
when compared to single drug formulations.

51

Liposomes Glipizide Solvent casting technique Transdermal film containing drug loaded liposomes showed promising
pharmacokinetic profile when compared to oral glipizide and showed enhanced
hypoglycaemic effect.

52

Liposomes Glimepiride Phase evaporation/melting Optimized drug loaded liposomal formulation showed encapsulation efficiency of
41.9% and size of 0.51 μm and transdermal films consisting of drug loaded liposomes
exhibited elongation ratio of 75%, drug release of 26.8% after 12 h, and folding
endurance of 700-fold.

53

Niosomes Glimepiride Thin film hydration In vivo studies revealed the superiority of glimepiride niosomes in reducing blood
sugar level for a longer duration of time in comparison to free drug andmarketed drug
product.

55

Niosomes Pioglitazone Thin film hydration The transdermal improvement from proniosomal formulation was 3.16-times more
than that of pioglitazone from conventional formulation which was further
established by CLSM results.

56

Niosomes Metformin Thin film hydration Drug loaded niosomes exhibited encapsulation in between 13 and 32%, biphasic
release pattern. In diabetic rats, metformin loaded niosomal gel applied every 2 days
exhibited an improved sustained anti-diabetic activity than oral doses administered
daily.

57

Niosomes Insulin Thin film hydration The optimized formulation showed an enhancement in transdermal flux (10-fold) of
insulin from niosomal emulgel than the control formulation and in vivo results further
demonstrated significant reduction in blood glucose levels from niosomal emulgel
formulation.

58

Nanoemulsion Repaglinide Aqueous titration method The optimized repaglinide nanoemulsion showed improved hypoglycaemic activity
in diabetic rats when compared to tablet formulation.

60

Nanoemulsion Glimepiride Spontaneous emulsification Glimepiride nanoemulsion with clove oil showed improved in vitro skin permeation
and enhanced hypoglycaemic effect in comparison to pure glimepiride and marketed
formulation.

61

Nanoemulsion Insulin Aqueous titration method The in vivo results exhibited the slow absorption of insulin through skin of Albino
Wistar rats from the nanoemulsion when compared to subcutaneous injection and
showed a relative bioavailability of 244.5%.

62

Nanoemulsion Aqueous titration method 63

(continued on next page)
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Table 1 (continued )

Type of
nanoformulation

Name of the Drug Method of Preparation Major Outcomes Reference

Foeniculum vulgare
essential oil

The developed nanoemulsion showed superiority in skin permeation profile in
comparison to simple emulsion and in vivo results further showed a high potential of
nanoemulsion in reducing the plasma glucose levels in rats at single topical dose of
120 mg/kg which continued for 7 days.

Transethosomes Berberine HCL Hot method Optimized formulation showed vesicle size in between 185 and 435 nm and zeta
potential of �17.34 to �24.35 mV. CLSM images revealed deeper penetration of
transfersomal formulation into skin when compared to conventional formulation.

65

Transferosomes Glimepiride Coacervation phase
separation

Drug loaded transfersomes showed flux of 5.129 μg/cm2/h) which was higher
significantly when compared with the drug suspension (0.430 μg/cm2/h) and
exhibited stability after 3 months of storage.

67

Transferosomes Pioglitazone Thin film hydration Pharmacodynamic observations (in Wistar rats) exhibited improved and prolonged
anti-diabetic and anti-hypertensive for transfersomal gel applied topically in
comparison to orally administered transfersomes.

68

Transferosomes Insulin Reverse phase evaporation The optimized formulation showed vesicle size in between 625 and 815 nm,
encapsulation efficiency of ~56.55% and permeation flux (through porcine ear skin)
of ~13.50 μg/cm2/h with prolonged hypoglycaemic activity in diabetic rats.

69

Transferosomes Silymarin Rotary flask evaporative and
sonication

The developed transfersomal gel exhibited transdermal flux of 92.41 μg/cm2/h,
which was significantly higher than silymarin suspension and in vivo results showed
that silymarin-loaded transfersomal gel reduced the blood glucose levels significantly
in comparison to oral silymarin suspension and silymarin gel.

70
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3.4. Solid lipid nanoparticles

Solid lipid nanoparticles (SLN) are typically having a round shape and
had a 10–1000 nm in dimension. The lipid core matrix of solid lipid
nanoparticles has the ability to dissolve lipophilic substances, and lipid
core surfactants are utilised for stabilisation. The emulsifier utilized is
more constrained for parenteral administration and relies on the route of
administration.40 Sharma et al formulated metformin solid lipid nano-
particles and incorporated them into Methocel TM K100M transdermal
patches using propylene glycol as a solvent, polymethacrylic acid as a
polymer, and soy lecithin as a lipid foundation. According to the ex vivo
permeation investigation, solid lipid nanoparticles with a high cumula-
tive dose of the drug were able to penetrate Wistar rats' skin. The ideal
formulation had a zeta potential of þ27 mV. A study using electron mi-
croscopy reveals a distinct, spherical structure free of aggregation. The
transdermal patch included solid lipid nanoparticles that mildly induced
an inflammatory response, during a histological examination. The study
supports the potential of creating transdermal metformin for use in
humans.41

Vijayan et al formulated solid lipid based nanoparticles of repaglinide
utilizing lipids i.e. (cephalin and lecithin) and as a stabilizer (Tween 80)
was used. During electron microscopy, the optimized solid lipid-based
formulation was spherical in shape and had a range from 85 to 120
nm, zeta potential value ranges from - 27.1 � 2.5 to �36.1 � 2.1.
Entrapment efficiency value was obtained 80.4 � 4.2% and the drug
loading capacity was 92.3 � 7.2%. Further during in vivo release studies
in diabetic rat, the situation confirmed that the blood sugar levels was
decreased in rats as well as it was sustained for over 48 h.42

Jahan et al formulated transdermal metformin patches made of
HPMC polyvinyl alcohol and the rate of metformin release was examined
at 32 �C at various levels of pH i.e. (pH 5.4, pH 7.4, and pH 8). Study
proved that the drug was released from the patches followed Higuchi
diffusion-controlled release pattern and maximum release rate and ki-
netic constant were measured at a pH of neutral, absorption rate and
kinetic constant were approximately equal at pH 5.4 and pH 8. During
analysis, the kinetic reports of these transdermal patches remained
altered by pH, and highest concentration of the medication was accu-
mulated at neutral pH, transdermal patches for metformin made of
HPMC polyvinyl alcohol can release the medication over a comparatively
long time due to skin's pH.43 Elbahwy et, al formulated glibenclamide
based SLNs by using emulsification and ultrasonication techniques, with
appropriate lipids identified through solubility studies. Physicochemical
evaluation revealed amorphous state of drug, nanometer size and the
preservation of pharmacophore. Prolonged release of drug was obtained
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from SLNwhen compared to drug suspension. The optimised drug loaded
SLNs were tested on rats, and the results showed a substantial decrease in
blood glucose levels in diabetic rats with a rapid onset time (0.5 h) and
long duration of action (24 h). The stability results showed the stability of
formulation at 4 �C. Overall, diabetic rats treated with SLNs of gliben-
clamide showed that the diabetes was well controlled.44
3.5. Microemulsions

Microemulsions are isotropically transparent distributions of two
non-miscible liquids, such as water and oil, that are thermodynamically
stable and have very low interfacial tension. A layer of surfactant mole-
cules on the surface stabilises them. An interfacial layer of surfactant
molecules keeps them stable.45 Singh et al formulated glipizide based
microemulsion via employing the water titration method and as an oil
phase oleic acid was consume, as a surfactant tween-80 was used, and as
a co-surfactant propylene glycol was utilised. The enhanced micro-
emulsion formulation gave an o/w type emulsion and had a mean droplet
of size of 138� 4.5 nm. During in vivo experiments on Wistar rats using a
glucose metre, the samples glucose content was determined. The results
denoted that the optimised microemulsion systems was suitable me-
diums for the transdermal administration of glipizide. When compared to
the medication alone, the inclusion complex reduced blood glucose
significantly.46

Shinde et al formulated repaglinide based microemulsion using
several surfactants, cosurfactants and oils and estimated for various
parameter and the optimized microemulsion had globule size of 36.15 �
9.89 nm. During ex vivo permeability studies the steady-state flux was
obtained ~0.5, for microemulsion based repaglinide when compared to
repaglinide based microemulsion gel. After 24 h of interval the cumu-
lative drug permeation of microemulsion were obtained 229.19 � 24.34
μg/cm2, and the microemulsion gel was obtained 180.84 � 17.40 μg/
cm2. Further during in vivo study on Sprague Dawley rats by utilizing oral
glucose tolerance test, it was obtained that repaglinide based micro-
emulsion gel applied topicaaly had remarkable reduction of glucose level
in rats in comparison to orally administered microemulsion.47 In another
study, Madikattu et al formulated glimepiride based microemulsion
formulation by utilizing gelling agent i.e., Carbopol 934, also Transcutol
P as oil phase. During in vivo pharmacokinetic studies on rabbits, it was
obtained that microemulsion based gel was 5.4 times effective than
compared to oral suspension. This showed that glimepiride's plasma
profile was well managed when it was applied topically in the form of a
microemulsion-based gel.48

Islam et al formulated ionic liquid-in-oil microemulsion based
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formulation of insulin (MEI) for transdermal insulin delivery. It was
found that MEIs, which included biocompatible choline-fatty acids as
surfactants, efficiently increased the insulin penetration through the skin
by breaking the rigid structure of skin lipids. In experiments on diabetic
mice, the MEIs significantly lowered blood glucose levels and provided
sustained insulin levels (half-life more than 24 h) in comparison to
subcutaneous injection (half-life of 1.32 h). The MEIs showed stability at
room temperature (for 3 months) and biological activity of MEIs was
preserved at 4 �C (for 4 months). The authors concluded that this
approach would be a potential approach for insulin therapy and may also
for other protein and peptide delivery applications.49

3.6. Liposomes

Liposomes are aqueous, bilayer entities made of phospholipids, both
hydrophilic and hydrophobic drugs can be included in these carrier
systems since they include an aqueous core and a lipid bilayer. Phar-
maceuticals are more soluble in liposomes, which also stop chemical and
biological deterioration while the drugs are being stored.50 Joshi et al
successfully entrapped hydrophilic and lipophilic drugs (glipizide and
metformin, respectively) into liposomes using a microfluidics-based
production process. Glipizide release rate increased from 3% to 12% in
1 h, whereas metformin release rate increased from 35% to 65% in 1 h.
Co-delivery of medications was employed to raise both drugs' release
rates. This was attributable to the fact that glipizide increases by
changing the lipids' packing density, it is possible that the lipid bilayer of
liposomes will improve medication penetration. which are tiny and
highly curved. Furthermore, the aqueous phase of metformin caused a
concentration gradient across the membrane, which disrupts the lipid
bilayer. The simultaneous and accelerated release of the medications as a
result of both of these circumstances has a synergistic impact. The results
demonstrated the utility of microfluidic technology to prepare liposomal
formulations incorporating aqueous and lipid soluble drugs.51 In another
study, Mohamed et al formulated glipizide-based liposomes. The opti-
mized formulation of liposomes showed higher stability as compared to
standard formulation. During in vivo study, the release of glipizide was in
sustainedmanner, ex vivo permeation study revealed that glipizide easily
permeated through the rat skin. Transdermal film was shown promising
pharmacokinetic profile when compared to oral glipizide formulation.52

Ahmed et al developed glimepiride loaded liposomal films employing
the principles of quality by design and process analytical technology.
Optimized drug loaded liposomes showed encapsulation efficiency of
41.9% with size of 0.51 μm. It was incorporated into transdermal films
and showed elongation ratio of 75%, 26.8% drug release after 12 h, and
folding endurance of 700-fold. The results demonstrated the usefulness of
quality by design approach in designing of a transdermal film of glime-
piride with good physicochemical characteristics for transdermal
delivery.53

3.7. Niosomes

Niosomes are cholesterol and non-ionic surfactant-based self-
assembling vesicular drug delivery systems. They are bi-layered, with
hydrophilic heads pointing with respect to aqueous solvent as well as
hydrophobic ends pointing away from it. Due to their unique structure,
which is present in the aqueous core and lipid bilayer, respectively, they
are capable of absorbing both hydrophobic and hydrophilic medicines.54

Mohsen et al formulated glimepiride-loaded Niosomes using thin film
hydration method. Niosomes showed encapsulation efficiency of
~98.70% and vesicular size in between 186.8 and 797.7 nm and zeta
potential with negative charge. Sustained release of glimepiride was
obtained from niosomal formulation in comparison to free drug. In vivo
studies further revealed the superiority of drug-loaded niosomes in
reducing blood sugar level and maintaining blood drug level in thera-
peutic range for longer duration of time in comparison to free drug and
marketed drug product.55
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Prasad et al formulated pioglitazone loaded niosomes. The optimised
formulation was discovered to be excellent drug delivery carriers
providing excellent encapsulation as well as increased flux value and
penetration of pioglitazone through skin and was increased. A confocal
laser scanning microscope (CLSM) analysis indicated that proniosome
remained 3.16 times more active than control formulation of pioglita-
zone (ethanol buffer formulation, 3:7). Pharmacokinetic study revealed
that Carbopol based niosomal gel had highest bioavailability as well as
better antidiabetic effect than marketed formulation.56 El-Ridy et al
formulated metformin based niosomes using surfactants and cholesterol.
The entrapment efficiency was found to be in between 13% and 32% and
vesicles size was found in nano size. In vitro release study showed sus-
tained pattern for the release of metformin form optimized niosomal
formulation. Biological observation on diabetic rats showed that met-
formin loaded niosomal gel applied every 2 days exhibited a better and
sustained antidiabetic effect in comparison to oral treatments given
daily.57

Shehata et al formulated insulin-loaded niosomal emulgel for trans-
dermal delivery. A 23 full-factorial design was employed to optimize the
niosomal formulation by using paraffin oil, sodium carboxymethyl cel-
lulose and Tween 80 as independent variables and in vitro drug release,
viscosity and in vitro drug permeation as dependent variables. The opti-
mized formulation exhibited an enhancement in transdermal flux (10-
fold) of insulin from niosomal emulgel than the control formulation of
insulin. In vivo results showed significant reduction in plasma glucose
levels (after 6 h) from insulin niosomal emulgel than control formulation
of insulin.58

3.8. Nanoemulsions

Nanoemulsions are colloidal systems of droplets with a submicron
dimension that serve as therapeutic drug carriers. They vary in size from
10 to 1000 nm. A variety of actives can be incorporated in nano-
emulsions.59 Akhter et al formulated a nanoemulsion of repaglinide and
administrated 1 mg/kg, 2 mg/kg, and 0.5 mg/kg of optimized formula-
tion on diabetic rats. The repaglinide based nanoemulsion showed
instant release of medication within 24 h, along with highest total
medication release of 98.22%, according to the findings when this
formulation was compared with marketed formulation (REGAN®). In
vivo tests with rats which had diabetes saw positive results when the
formulation was given at 1 mg/kg, 2 mg/kg, and 0.5 mg/kg of dosages.
Blood glucose level decreased by 38%, 67%, and 68%, respectively, as
opposed to a 64% decrease by the commercial product (2 mg/kg). The
authors came to the conclusion that a reduction in blood glucose level
from 1 mg/kg from optimized formulation was comparable toward a
reduction of 2 mg/kg from the marketed formulation. Faster drug release
and improved absorption were made possible by the smaller globule size
combined with optimum viscosity and optimum polydispersity.60 Razzaq
et al formulated glimepiride based nanoemulsion by combining
Tween-80, PEG-400, and clove oil. When optimised nanoemulgel for-
mulations were tested in a diabetes model produced by streptozocin, it
was discovered that utilising clove oil improved generally medicine
penetration through the skin and also improved glimepiride antidiabetic
efficacy when compared to the marketed formulation.61

Ali et al formulated a nanoemulsion of insulin by using oleic acid,
isopropyl alcohol, tween 80 and water as independent variables and
droplet size, flux and entrapment ration as dependent variables (using
Simplex lattice design). The optimised formulation showed a droplet size
of ~41.05 nm, entrapment ratio of 93.08%, and flux of 1.75 g/cm2/h.
The developed chromatographic detection method of insulin was found
be sensitive in the range of 0.5–2.4 μg/ml. The optimized insulin nano-
emulsion was found to be stable for three months. The in vivo results
exhibited the slow permeation of insulin through skin from the nano-
emulsion when compared to subcutaneous injection in Albino Wister
rats, and showed a relative bioavailability of 244.5%.62 Mostafa et al
formulated Foeniculum vulgare essential oil loaded nanoemulsions using
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oleic acid, oil phase, Tween20/propylene glycol and water. Encapsula-
tion efficiency was determined for trans-anethole (major component of
Foeniculum vulgare) by HPLC method and found to be 64% in the devel-
oped nanoemulsion. The optimized formulation exhibited thermody-
namic stability and small droplet size. The essential oil based
nanoemulsion showed superior skin permeation profile in comparison to
simple emulsion. In vivo results showed a high potential of essential oil
based nanoemulsion in reducing the plasma glucose levels in rats at
single topical dose of 120 mg/kg which continued for 7 days.63

3.9. Transethosomes

Ethosomes, which are lipid and ethanol-based vesicles, are employed
mainly for transdermal drug delivery. Due to some limitations associated
with ethosomes, transethosomes are developed containing edge activa-
tors such as Span 80, Span 25, Tween 80, and sodium cholate. Trans-
ethosomes make the pathways that enable greater penetration into the
epidermal layers and enhanced medication delivery.64 Mishra et al
formulated berberine hydrochloride loaded transethosomes with soya
lecithin, phospholipid, oleic acid as an edge activator, and cholesterol.
The optimized berberine hydrochloride loaded transethosomes were
inspected for their vesicle size, entrapment effectiveness, loading ca-
pacity, polydispersity index, and zeta potential. The X-ray diffraction of
powder, transmission electron microscopy and differential scanning
calorimetric analysis were also performed. During in vitro evaluation,
optimized formulation showed adequate vesicles size (185–435 nm), zeta
potential was between 17.34 and 24.35 mV, while the polydispersity
index varied between 0.141 and 0.321 and high drug entrapment
(67.05–85.21%). According to an in vitro drug release study, berberine
hydrochloride loaded transethosomes was released for 24 h. Confocal
laser scanning microscopy detected the accumulation of transethosomes
in the deeper layers of the skin. According to the findings of stability
experiments, optimised transethosomes were found to be more durable at
ambient temperature (25 �C) than at 4 �C in the refrigerator.65

3.10. Transfersomes

Transfersomes refer to a type of carrier system characterized by the
presence of a lipid bilayer enclosing at least one inner aqueous
compartment, the activator of the edge. These are modified version of
liposomes with inclusion of edge activators. These vesicular systems are
invented with the purpose of efficiently transporting drugs or other
therapeutic agents through biological membranes.66 Chauhan et al
formulated transfersomes based formulation of glimepiride using phos-
phatidylcholine and sodium deoxycholate and further converted into
protransfersome gel. Using Franz diffusion, a skin permeation analysis
was conducted on pig ear skin for 24 h, it was found that, the flux value of
protransfersomal gel was found (5.129 � 1.24 μg/cm2/h) which
remained better than drug suspension (0.430 μg/cm2/h). The optimized
formulation exhibited better stability for 3 months. Pharmacokinetics
study revealed that when compared to a conventional transdermal patch,
protransfersomal gel of glimepiride demonstrated significant drug
release.67

Ramkanth et al formulated pioglitazone based nanotransfersomes and
optimized by Box-Behnken design and further converted into gel form.
During pharmacokinetic study, the optimized nanotransfersomal gel
proved better in terms of long-time monitoring of hypertension and
diabetes in Wistar rats versus drug-loaded oral nanotransfersomal for-
mulations. It was revealed that such combinational therapy will be suc-
cessful for the management of diabetic hypertensive patients.68 Malakar
et al formulated insulin based transfersomes gel using soya lecithin,
cholesterol, Tween 80 and sodium deoxycholate. The drug entrapment
effectiveness of the developed formulation was ~56.55%, and an average
vesicles dimension varied between 625 and 815 nm. The in vitro
permeation of insulin through porcine ear skin from optimized trans-
fersomal gel followed zero-order kinetics for a duration of 24. The in vivo
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results of optimized transfersomal gel in diabetic rats (alloxan-induced)
has showed prolonged hypoglycaemic effect over a period of 24 h after
transdermal application.69 Abdallah et al formulated silymarin-loaded
transfersomal gel to improve the properties of silymarin. A three-factor
and three-level Box Behnken design was used to optimize the trans-
ethosomal formulation employing three independent (surfactant con-
centration, phospholipid concentration, and sonication time) and two
dependent variables (in vitro drug release and encapsulation efficiency).
he pH of drug-loaded transfersomal gel was found to be 7.05, spread-
ability obtained was 55.35 mm, and viscosity was found to be 6.27 Pa.
Silymarin-loaded transfersomal gel showed transdermal flux of 92.41
μg/cm2/h, which was significantly higher than silymarin suspension. In
vivo results revealed that silymarin-loaded transfersomal gel reduced the
blood glucose levels significantly when compared to oral silymarin sus-
pension and silymarin gel.70

4. Conclusion

Drug loaded nanoformulations through transdermal delivery offer
beneficial features for the management of diabetes like improved patient
compliance, controlled release, non-invasive administration, less adverse
effect, reduction in dosing frequency and enhanced bioavailability.71,72 It
has been established that drugs were efficiently delivered into systemic
circulation by nanoemulsions, liposomes, polymeric nanoparticles,
ethosomes etc. and allowed efficient penetration across the epidermal
barrier. There are still some issues that needs to be resolved, such as
loading capacity, skin permeability, long-term stability, and potential
skin irritations. Molecular level studies are need of the hour for antidi-
abetic drug nanoformulation based transdermal delivery which can be
translated into clinical applications.
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