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A B S T R A C T

A new era of science and technology has emerged in pharmaceutical research with focus on developing novel
drug delivery systems for oral administration. Conventional dosage forms like tablets and capsules are associated
with a low bioavailability, frequent application, side effects and hence patient noncompliance. By developing
novel strategies for drug delivery, researchers embraced an alternative to traditional drug delivery systems. Out
of those, fast dissolving drug delivery systems are very eminent among pediatrics and geriatrics. Orally disin-
tegrating films are superior over fast dissolving tablets as the latter are assigned with the risk of suffocation. Due
to their ability of bypassing the dissolution and the first pass effect after oral administration, self-emulsifying
formulations have also become increasingly popular in improving oral bioavailability of hydrophobic drugs.
Osmotic devices enable a controlled drug delivery independent upon gastrointestinal conditions using osmosis as
driving force. The advances in nanotechnology and the variety of possible materials and formulation factors
enable a targeted delivery and triggered release. Vesicular systems can be easily modified as required and
provide a controlled and sustained drug delivery to a specific site.

This work provides an insight of the novel approaches in drug delivery covering the critical comparison
between traditional and novel “advanced-designed” systems.

1. Introduction

“To liberate the drug at the right time in a right amount of concentration
at a specified target site” is the major objective of a drug delivery system
(Vijaya Shanti and Mrudula, 2011). The requirements for a successful
drug delivery are usually determined by the physicochemical char-
acteristics of the therapeutic agent and bio-barriers like the skin and
membrane of body organs. Depending on size, chemical composition,
hydrophilicity and ability to bind specific receptor, drug properties may
vary greatly even when used to treat the same symptoms. Many drugs
suffer from an insufficient bioavailability due to insolubility in phy-
siological fluids and low permeability of different body organs. Hence,
the therapeutic performance is not merely dependent on the activity of
the applied drug, but also, on the bioavailability at the target side ac-
cording to evidence (Mbah et al., 2014).

In the past decades, the treatment of serious diseases or chronic
illnesses has mainly consisted of rapid acting and simple compound that
are administered conventionally in form of as tablets, pills, capsules,
cremes, liquids, aerosols, suppositories, injectables or ointments (Vijaya
Shanti and Mrudula, 2011; Khan and Irchhaiya, 2016). These conven-
tional drug delivery systems represent the classical method for delivery
of drugs orally. These common dosage forms are often accompanied by

systemic adverse effects that are primarily attributable to their un-
specified bio-distribution and missing controllability of the drug release
characteristics (Liu et al., 2016). Furthermore, conventional drug de-
livery systems have been found to have severe constraints including
non-controlled release, higher doses and a frequent application (Liu
et al., 2016; Bhagwat and Vaidhya, 2013). Another major challenge in
the formulation of drugs is the improvement of bioavailability (MH a
et al., 2013).

To overcome the limitations of conventional drug delivery systems,
pharmaceutical companies focused on the development and design of
novel drug delivery systems. The need for high performance, flexibility
and controlled release systems are provoked by the compelling ad-
vancements in patient compliance, clinical efficacy, prolonged product
life through a controlled drug release and economic aspects like re-
duced frequency and expenses of administration. For this reason, novel
drug delivery systems might be among the fastest expanding segments
in the drug industry (Vijaya Shanti and Mrudula, 2011).

Novel drug delivery systems are engineered according to a rational
design to enhance the delivery and the performance of existing drugs
with respect to traditional systems. Novel drug delivery systems in
comparison to traditional ones combine advanced techniques and new
dosage forms in order to target, control and modulate the delivery of
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drugs. By the evolution of a drug from a conventional to a novel drug
delivery system the performance regarding efficacy, safety and patient
compliance can be remarkably improved (Vijaya Shanti and Mrudula,
2011). There are two prerequisites that novel drug carriers aim to ful-
fill: the delivery of the drug to the specific target site at a pace and
extent geared by the demands of the body and the monitoring of the
active unit directly during the treatment. In contrast, the term “drug
delivery system” is limited to only those systems that involves the de-
livery of drug to a target site for a specific period. The main rationale
for the advancement of novel drug delivery systems is to enable a
sustained and controlled drug delivery, to maintain efficient drug level
and simultaneously reduce adverse effects (Jain et al., 2014; Namdeo
et al., 2014; Akhtar, 2014).

Amid the different novel drug delivery systems, fast dissolving drug
delivery systems have acquired remarkable importance regarding oral
route of administration. Initially developed as alternative to tablets,
capsules and syrups for pediatric and geriatric patients with the fear of
suffocation, fast dissolving drug delivery systems have the major benefit
of a quick disintegration or dissolution in the salvia without the need of
additional liquid (Heer et al., 2013). Amid the various approaches to
improve oral bioavailability of hydrophobic drugs, self-emulsifying
drug delivery systems (SEDDSs) also possess significant potential. After
oral administration, dispersion in gastrointestinal fluid is formed and
produces micro-emulsified or nano-emulsified drug that easily gets
absorbed via lymphatic pathways and hence bypasses the first past
metabolism in the liver (Mahapatra et al., 2014). Traditional oral for-
mulations have almost no control over drug release and the effective
concentration at target site, which may lead to fluctuations in plasma
concentration. By using osmotic pressure as driving force, osmotic de-
vices allow a controlled drug delivery independent upon gastro-
intestinal conditions (Sowjanya et al., 2017; Singh et al., 2016). Part of
this emerging interest in novel drug delivery systems has also been
stimulated by the advances in nanotechnology and the variety of na-
noscale platforms. Due to their size in the nanoscale, nanoplatforms can
selectively accumulate and specifically bind to the target site with a
controlled release behavior (Crommelin and Florence, 2013). Drugs can
also be successfully targeted and released in a controlled or sustained
manner trough encapsulation in vesicular structures. A large number of
vesicular systems has been developed, whereby every newly vesicular
system is advantageous over the former one (Namdeo et al., 2014).

This work provides an insight of the novel approaches in drug de-
livery covering fast-dissolving, self-emulsifying, osmotic, nanoparticu-
late and vesicular drug delivery systems.

2. Fast dissolving drug delivery systems

2.1. Notable characteristics

The oral route is the most favored route for drug delivery for
medical practitioners and manufacturers due to cost effectiveness, ease
of administration and hence the highest level of patient compliance.
Tablets and capsules are the most popular oral solid dosage forms.
Although these have numerous benefits like precise dosing, painlessness
and self-medication compared to other administration routes, they re-
main problematic. While tablets and capsules are hard to swallow
especially for geriatric, pediatric and dysphagic patients with fear of
suffocation, the major challenge for syrups and other liquid orals is
accurate dosing. Furthermore, special cases such as kinetosis, allergic
shocks or simply the unavailability of water show the need of a novel
oral drug delivery system. In 1970s fast dissolving drug delivery sys-
tems were developed mainly to solve swallowing problems. About
25 years later the first fast dissolving tablet (FDT) containing the an-
tihistamine loratadine called Zydis ODT was approved by the FDA
(Bhattarai and Gupta, 2016).

FDTs are also called porous tablets, fast melting/disintegrating ta-
blets or orodispersible tablets in subject-related literature. Without the

requirement of additional liquid and mastication in the administration
process, the dissolution or disintegration takes place within one minute
after being moistened by the salvia. By immediate absorption of the
released drug and hence a direct entry to the systemic circulation the
first pass metabolism is avoided. This way a better alternative to con-
ventional oral dosage forms, particularly for patients suffering nausea
and vomiting as well as bedridden patients, is provided. Anyways FDTs
are still associated with the fear of choking. Several surrounding con-
ditions like expensive packaging, poor formulations causing unpleasant
tastes, friability and difficult handling during manufacturing and
transportation led to the development of fast dissolving oral films
(FDOFs) (Heer et al., 2013; Bala et al., 2013; Irfan et al., 2016).

Research focused on the concept of transdermal patches to develop
a better dosage form. In the first place, FDOFs also known as oral strips
or oral wafers, were introduced to the market as breath strips for oral
care and are nowadays also available as over-the-counter drugs and
prescription-free medication as displayed in Table 1.

Since the design has evolved according to the principle of FDTs,
water or chewing aren't required for intake. Oral strips allow admin-
istration via the buccal, sublingual or intragastric route causing a local
action or a systemic delivery (Heer et al., 2013; Bhattarai and Gupta,
2016). Fast dissolving films can be classified in flash release, mu-
coadhesive melt-away wafers and mucoadhesive, sustained release
wafers, which differ e.g. in thickness, structure and application (Bala
et al., 2013). Conventional methods for preparation are solvent casting
and semi-solid casting, hot melt and solid dispersion extrusion or rolling
(Irfan et al., 2016).

Oral strips consist of a group of flat elegant films, which can be
compared to postage stamps in relation to their object properties such
as shape and thickness. The size ranges from 1 to 20 cm2 depending on
the incorporated drug and dose level. A single dose up to 30 mg is
possible (Bala et al., 2013). An ideal film should have the following
qualities: flexibility, elasticity, softness together with good physico-
chemical abilities (Karki et al., 2016). While the water-soluble polymer
is used to integrate drug in the form of a matrix, there are many other
excipients affecting the characteristics of the strips as listed in Table 2
(Irfan et al., 2016).

Efficacy at low doses, a pleasant taste and a sufficient stability in
both water and salvia and an adequate permeability are ideal properties
of the active pharmaceutical ingredient (API). Hydrophilic polymers are
used to form films. The molecular weight is directly related to the
dissolution rate i.e. an increase in weight leads to a reduction of the
quantity to be disintegrated. The mechanical features, a quick dis-
solution upon contact with a wet surface along with a good mouth feel
are affected by the choice of the hydrophilic polymer. Similar to APIs,
there are certain criteria hydrophilic polymers must meet: besides being
non-toxic, low-priced and well-tolerated, good spreadability and wet-
ting properties are assumed (Bhattarai and Gupta, 2016).

Along with the ease of administration FDOFs have many advantages
compared to traditional oral dosage forms such as a higher dissolution
rate due to a larger surface area and a quick disintegration leading to an
enhanced bioavailability especially for lipophilic, insoluble drugs. By
avoiding the first pass effect due to a direct entry to the blood stream
the bioavailability is improved. Additionally, there is no need of water
for oral administration, an unpleasant taste of the drug can be

Table 1
Examples for already marketed fast dissolving oral films covering the supplied
drug, the indication and the dose strength. This table was revised from Heer
et al. (2013).

Trade name Drug carried Application Dose level

Benadril Diphenhydramine HCl Antihistaminic oral strips 12.5 mg
Donepezil Donepezil HCl Alzheimer's disease 5/10 mg
Sudafed PE Phenylephrine HCl Decongestant oral strips 10 mg
Theraflu Dextromethorphan HBr Prolonged cough 12.5 mg
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overcome and the risk of suffocation is eliminated. This drug carrier
enables an enhanced stability as well as dosing accuracy and is easy to
manufacture, transport and package. FDOFs still suffers from a few
limitations. In comparison to fast FDTs it is only possible to integrate
low doses. Furthermore, there are some technical issues and the main
target is to achieve dose uniformity (Heer et al., 2013; Bhattarai and
Gupta, 2016; Bala et al., 2013).

2.2. Recent advances and clinical aspects

Today FDOFs are the state-of-the-art in rapid dissolving drug de-
livery systems and are becoming increasingly important lately.
Amitriptyline hydrochloride, which is administered to treat severe de-
pression has a poor bioavailability of 30–60% due to a significant first
pass metabolism. Salman et al. presented a study to enhance the bioa-
vailability and patient compliance and accordingly optimize the ther-
apeutic effect of amitriptyline hydrochloride by developing oral films.
Ten formulations were produced, made of various kinds of polymers,
plasticizers and surfactants using the solvent casting method. After vi-
sual inspection, the thickness, drug content uniformity, folding en-
durance and tensile strength were evaluated as well as the surface pH
was calculated to prevent oromucosal irritation. Additionally, in vitro/

in vivo disintegration tests and an in vitro dissolution study were
conducted. The formulation containing 22.67% w/w maltodextrin and
HPMC 15cp each showed the best results concerning an in vitro/in vivo
disintegration time of 16.8/13.2 s, 80% drug release within 1.1 min and
89.77% of the drug dissolved after two minutes along with satisfying
mechanical properties. As proof of concept a cross-over study using
rabbits was designed to compare the pharmacokinetic data of the op-
timized formulation with a commercially available solution
(Amitriptyline Hydrochloride). The bioavailability study showed a rise
of the peak blood concentration (0.927 μg/mL) in a short time (2 h)
which suggests a fast absorption. In conclusion fast dissolving films of
amitriptyline HCl are appropriate to treat depression if rapid onset of
action and increased patient compliance is desired (Salman et al.,
2014).

Numerous other studies were performed to evaluate fast dissolving
films as novel drug carrier for multiple drugs demonstrating their im-
portance as novel drug delivery systems, which are shown in Table 3.

The joint purpose of these studies was to accomplish direct access to
the systemic circulation in order to avoid the first pass effect indicating
higher levels of bioavailability. The solvent casting was used for the
preparation of oral films in each study. The characterization parameter
mainly involved the physicochemical properties as well as the surface
pH and moisture content (Bala and Sharma, 2018; Tayel et al., 2016;
Sayed et al., 2013).

Furthermore, orally soluble films were investigated in some clinical
trials to compare their bioavailability with a marketed product.
Ondansetron (OND) is used to prevent patients from vomiting and
nausea after chemotherapy, radiotherapy or surgery. To overcome
swallowing issues of dysphagic patients and consumers suffering from

dry mouth a novel oral dosage form of OND was formulated. A study to
compare the bioequivalence between the oral soluble film (OSF) 8 mg
(Zuplenz) and the orally disintegrating tablet (ODT) 8 mg (Zofran) was
performed in form of three individual open-label, randomized, cross-
over studies. In each, healthy adult subjects (men and woman) were
treated with a single dose of OND OSF 8 mg and OND ODT 8 mg each.
The drug was administered under fasted conditions (study 1 with 48
subjects), under fed conditions (study 2 with 48 subjects) and fasted
with or without water (study 3 with 18 subjects) followed by a 7-day
(study 1 and 2) respectively 3-day washout period (study 3). Blood
samples were collected 1 h before and 24 h after treatment to receive
pharmacokinetic data. The results revealed a maximum plasma con-
centration within the 80–125% range, similar clinical efficacy and
safety profile as well as a corresponding bioequivalence between OND
OSF 8 mg and OND ODT 8 mg. To conclude OND OSF 8 mg are an
appropriate alternative to the conventional tablets (Dadey, 2015).

3. Osmotic drug delivery systems

3.1. Unique properties

Conventional drug carriers often lack in control regarding the drug
release and the effective concentration at site of action. This may en-
gender unanticipated, variable plasma concentrations (Sowjanya et al.,
2017; Patra et al., 2013). Although research has shown that frequent
dosing leads to a low patient compliance, standard drug therapy in
terms of dosage level and frequency is designed to provide plasma
concentration within the therapeutic range (Patel and Parikh, 2017).
Apart from that, some drug substances suffer from a poor oral bioa-
vailability due to solubility and permeability difficulties (Sowjanya
et al., 2017). Thus, remarkable attention was paid to the development
of a new drug delivery system that provides a controlled release of the
API over an prolonged period of time and is not affected by gastro-
intestinal conditions (Sowjanya et al., 2017; Patel and Parikh, 2017).

The design of controlled drug delivery systems facilitates an on-
going release of the bioactive component at a predestined rate over a
defined, extended time with forestalled and replicable kinetics (Syed
et al., 2015; Ratnaparkhi et al., 2013). While typical controlled dosage
forms like matrix systems or reservoir systems are reliant on pH-value,
motility of the GIT and the presence of food, osmotic drug delivery
systems (ODDSs) are irrespective of physiological conditions (Patra
et al., 2013).

Among the several pharmaceutical attempts to develop a long-
acting pharmaceutical form for a single administration per day, osmotic
devices are the most dependable ones. Osmotic pressure acts as driving
force to release the API in a monitored manner (Syed et al., 2015). Both
oral and parenteral administration are possible, whereby a distinction is
made between gastrointestinal therapeutic systems, respectively oral
osmotic pumps and implantable pumps (Sharma et al., 2018).

Osmosis can be conventionally described as the net motion of water
across a semi-permeable membrane created by the disparity in osmotic

Table 2
Standard ingredients for the formulation of fast dissolving oral films including the concentration, purpose of use and examples (Bhattarai and Gupta, 2016; Bala et al.,
2013; Irfan et al., 2016; Karki et al., 2016).

Ingredients Concentration Examples Purpose of use

Drug 5–30% Antiallergic, antidepressants, antiemetic Active pharmaceutical agent
Hydrophilic polymer 40–50% Pectin, pullulan and polyvinyl alcohol As film forming agents
Plasticizer 0–20% Citrate derivatives, glycerol, PEG To increase the elasticity and to reduce fragility
Sweetener 2–6% Glucose, saccharin, stevioside For a sweet taste and to enhance palatability
Salvia stimulating agent 3–6% Ascorbic acid, citric acid, lactic acid To stimulate the salvia production
Surfactant q.s. Poloxamer 407, sodium lauryl sulfate, tween For a rapid dissolution and hence to release the API
Flavors, colors, fillers q.s. Peppermint oil, FD&C colors, natural colors To better the aesthetic character

API: Active pharmaceutical components, FD&C: Food, drugs and cosmetics (certified color additives for the use in food, drugs and cosmetics), PEG: Polyethylene
glycol.
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pressure across this membrane. The selectivity of the membrane allows
only the passing of water, but declines the entrance to most solute
molecules and ions (Patel and Parikh, 2017). The release of bioactive
agents from osmotic devices is regulated by the osmotic pressure im-
pelled through the penetration of liquid from external surroundings.
Moreover, the extent of drug release is directly proportional to the
osmotic pressure in the core (Patra et al., 2013). Solubility, osmotic
pressure, dimension of the delivery orifice and membrane properties
mainly affect the drug release from ODDSs. An important factor is to
attain a steady osmotic pressure gradient between the inner and ex-
ternal compartment by maintaining saturation of the osmotic agent in
the compartment (Patra et al., 2013). In 1955 the first drug delivery
technology based on the concept of osmotic pressure was invented by
Rose and Nelson, approximately 75 years after the osmosis principle
was discovered (Sowjanya et al., 2017; Patel and Parikh, 2017). The
simplest form of osmotic pump, the elementary osmotic pump, was
developed by Theeuws in the 70s. The concept comprises a core en-
closed by a semi-permeable membrane with one or several delivery
pores as seen in Fig. 1.

Hence, many new ODDSs, as for example the push-pull osmotic
pump and oral osmotic release systems have been investigated to ad-
dress the restrictions of the elementary osmotic pump (Yang et al.,
2016; Missaghi et al., 2014; Ranjan et al., 2014).

There are three main components in osmotic systems: the drug, the
osmotic agent and the semi-permeable membrane. The ideal selection
of API should exhibit a brief biological life.

(3–6 h), a high potency and is suitable for long-term treatment. That
means especially drugs to treat chronic diseases are good candidates for
ODDSs. Further, the API should show a water-solubility within
50–300 mg/L for an optimized drug release. Osmotic agents, or re-
spectively osmogents, are either from organic or inorganic nature, as for
example sodium chloride, sodium sulphate and methylcellulose. Semi-
permeable membranes have already been used in pharmaceutical in-
dustry before. An adequate wet strength and modulus, an ample water
permeability and biocompatibility are some of the ideal characteristics
for the formulation of ODDSs (Patel and Parikh, 2017; Sharma et al.,
2018).

Generally, ODDSs can be classified in single chamber osmotic sys-
tems, multi chambered osmotic pumps and specific type of osmotic
systems as shown in Table 4 (Syed et al., 2015).

Besides the previously mentioned advantages such as independency
on physiological conditions in the GIT, this delivery system benefits
from a zero-order release after a primarily retardation, an entirely
foreseeable, programmable drug release rate and the possibility of a
delayed or pulsed drug delivery. Further, this highly understood and
characterized delivery system reduces adverse effects, enhances bioa-
vailability and is suitable for long-term treatment. However, there areTa

bl
e
3

St
ud

ie
s
pe

rf
or
m
ed

to
m
ai
nt
ai
n
th
e
id
ea
l
fo
rm

ul
at
io
n
of

fa
st

di
ss
ol
vi
ng

or
al

fi
lm

s
fo
r
th
e
de

liv
er
y
of

va
ri
ou

s
dr
ug

s
fo
llo

w
ed

by
it
s
ev

al
ua

ti
on

an
d
co

m
pa

ri
so
n
to

a
cu

rr
en

t
pr
od

uc
t
on

th
e
m
ar
ke

t:

D
ru
g

St
ud

y
pe

rf
or
m
ed

Pr
oo

f
of

co
nc

ep
t
an

d
st
ud

y
de

si
gn

R
es
ul
ts

ob
ta
in
ed

co
m
pa

re
d
to

re
fe
re
nc

e
fo
rm

ul
at
io
n

R
ef
er
en

ce
s

A
pr
ep

it
an

t
In

vi
tr
o
ch

ar
ac
te
ri
za
ti
on

In
vi
tr
o
di
si
nt
eg

ra
ti
on

ti
m
e,

w
et
ti
ng

ti
m
e

an
d
dr
ug

re
le
as
e

In
vi
vo

co
m
pa

ra
ti
ve

ph
ar
m
ac
ok

in
et
ic

an
im

al
st
ud

y
O
pt
im

iz
ed

fo
rm

ul
at
io
n
co

nt
ai
ni
ng

40
–4

5%
pu

llu
la
n
an

d
15

–2
0%

PE
G

40
0
sh
ow

ed
a
sh
or
te
r
di
si
nt
eg

ra
ti
on

ti
m
e
(2
0
s)
,a

gr
ea
te
r
di
ss
ol
ut
io
n
ra
te

(8
8.
87

%
)

an
d
al
ik
e
ph

ar
m
ac
ok

in
et
ic

va
lu
es

Ba
la

an
d
Sh

ar
m
a,

20
18

Tw
o
pe

ri
od

,t
w
o
se
qu

en
ce
,c

ro
ss
-o
ve

r

Su
m
at
ri
pt
an

su
cc
in
at
e

In
vi
tr
o
ch

ar
ac
te
ri
za
ti
on

In
vi
tr
o
di
si
nt
eg

ra
ti
on

ti
m
e
an

d
di
ss
ol
ut
io
n

st
ud

y

In
vi
vo

co
m
pa

ra
ti
ve

ph
ar
m
ac
ok

in
et
ic

st
ud

ie
s
in

he
al
th
y
hu

m
an

vo
lu
nt
ee
rs

O
pt
im

iz
ed

fo
rm

ul
at
io
n
co

nt
ai
ni
ng

60
%

PV
A

20
00

0
an

d
24

%
PE

G
44

00
sh
ow

ed
a
hi
gh

er
pe

ak
co

nc
en

tr
at
io
n
(1
0.
78

ng
/m

L)
,s
ho

rt
er

di
si
nt
eg

ra
ti
on

ti
m
e

(0
.2
5
h)

an
d
an

in
cr
ea
se
d
A
U
C

Ta
ye

l
et

al
.,
20

16

R
an

do
m
iz
ed

,t
w
o
tr
ea
tm

en
t,
tw

o
pe

ri
od

,c
ro
ss
-o
ve

r
Te

rb
ut
al
in
e
su
lp
ha

te
In

vi
tr
o
ch

ar
ac
te
ri
za
ti
on

In
vi
tr
o/

in
vi
vo

di
si
nt
eg

ra
ti
on

ti
m
e
an

d
di
ss
ol
ut
io
n
st
ud

y

Bi
oa

va
ila

bi
lit
y
st
ud

ie
s
in

he
al
th
y
hu

m
an

vo
lu
nt
ee
rs

O
pt
im

iz
ed

fo
rm

ul
at
io
n
co

nt
ai
ni
ng

H
PM

C
-N

a
al
gi
na

te
-m

al
to
de

xt
ri
n,

PE
G

an
d
w
at
er

sh
ow

ed
a
qu

ic
k
di
si
nt
eg

ra
ti
on

ti
m
e
(2
5
s)
,a

hi
gh

er
pl
as
m
a
co

nc
en

tr
at
io
n
of

12
.5
25

μg
/m

L
an

d
a
gr
ea
te
r
A
U
C

Sa
ye

d
et

al
.,
20

13

R
an

do
m
iz
ed

,
si
ng

le
do

se
,
cr
os
s-
ov

er

A
U
C
:A

re
a
un

de
r
th
e
cu

rv
e,

H
PM

C
:H

yd
ro
xy

pr
op

yl
m
et
hy

lc
el
lu
lo
se
,
PE

G
:P

ol
ye

th
yl
en

e
gl
yc
ol
,P

V
A
:P

ol
yv

in
yl

al
co

ho
l.

Fig. 1. Structure of elementary osmotic pump consisting of drug core, semi-
permeable membrane and delivery orifice. Illustration of drug liberation after
imbibing water. This figure was adapted from Kumar et al. (2018) and
Swojanya et al. (2017) (Sowjanya et al., 2017; Bala and Sharma, 2018).
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still some restrictions that must be considered including high expenses,
poorly manufactured films leading to dose dumping, size of delivery
orifice, the impact of food intake, no possibility for retrieval therapy
and a quick development of tolerance (Sowjanya et al., 2017; Patel and
Parikh, 2017; Sharma et al., 2018).

3.2. New approaches to research

A current trend in the design of novel drug delivery systems is the
usage of strategies based on two steps. The first phase is aimed to im-
prove the solubility of the API by e.g. micronization, while the second
step enables the control of drug liberation by using osmotic systems
(Liu et al., 2014a).

In a recent study, Li et al. designed and evaluated a new osmotic
pump capsule comprising pH-modulated solid dispersion for the con-
trolled release of flurbiprofen (FP). Flurbiprofen, a non-steroidal anti-
inflammatory drug, is among the 40% of drugs with a poor water-so-
lubility and thus limited clinical application. The purpose of this study
was to enhance the solubility and oral bioavailability of FP and at the
same time to minimize fluctuations in plasma concentration. The pre-
paration of the pH-modulated solid dispersion was conducted by using
solvent evaporation method. Then, the osmotic pump capsule was
amassed by a semi-permeable capsule shell of cellulose acetate pro-
duced by perfusion approach and filled with tableted solid dispersion,
penetration enhancer and suspending agents. To optimize the for-
mulation and to assess the formulation aspects a two factor, five level
central composite design was used. Various methods were utilized for
physical characterization of the optimized formulation including spec-
trophotometer, differential scanning calorimetry, power X-ray diffrac-
tion, Fourier-transform infrared spectroscopy and microscope ob-
servation. In addition, the in vitro dissolution in consonance with USP
paddle method, the morphologies employing scanning electron micro-
scopy and in vitro drug release were studied. The final formulation
contained FP as bioactive compound, Kollidion® 12 PF as hydrophilic
device and Na2CO3 as alkalizer in a ratio of 1:4.5:0.02 with a zero-order
release profile and a completed drug delivery. The outcome of differ-
ential scanning calorimetry and power X-ray diffraction displayed a
transition from crystalline structure into amorphous form of the drug.
To prove the concept in vivo, a randomized, two period cross-over study
was implemented in beagle dogs to determine the pharmacokinetic
parameters compared to marketed tablets and a washout period of two
weeks. In comparison to commercially available tablets, the osmotic
pump capsule showed an increased relative bioavailability of 133.99%
and a reduced peak plasma concentration of 59.26 μg/mL. To sum up,
the consolidation of solid dispersion and osmotic pump enabled a
controlled delivery, reduced administration frequency, enhanced
bioavailability and reduced mean peak plasma concentration of the
insoluble drug (Li et al., 2015).

Similar to FP, the application of carvedilol is limited by a poor
water-solubility and a broad first pass effect in the liver leading to a
poor oral bioavailability. Although oral bioavailability can be improved
through formulating nanosuspensions, an initial release of drug and
extensive fluctuations in plasma concentration are still occurring. To
address these drawbacks, Liu et al. prepared and evaluated novel os-
motic pump capsules for controlled delivery of carvedilol nanosuspen-
sion. Therefore, carvedilol-loaded nanosuspension was produced using
freeze-drying method. Next, the capsules assembled by semi-permeable
capsule shells of cellulose acetate were filled with carvedilol-loaded
nanosuspension drying powder, penetration amplifiers and suspension
promoters. In order to predetermine the optimal constitution, central
composite design and response surface methodology were employed.
The physicochemical characterization of nanosuspension involving
particle size, distribution of size, zeta potential and morphology was
performed by laser diffraction method and transmission electron mi-
croscope (TEM) analysis. Furthermore, the in vitro dissolution was ex-
amined in conformity with USP paddle method. The preliminary in-
vestigations predicted formulation contained 200 mg Plasdone S-630,
94 mg mannitol and 2,34 g PEG 400 in the solution for coating. The
constitution of the coating solution as well as the temperature for lyo-
philization had a great impact on the homogeneity, elasticity and shell
color. Additionally, a bias of about 1% was revealed indicating an ap-
propriate correlation between predicted and actual values. The findings
of physicochemical analysis revealed a globular shape in TEM pictures,
an average size of 252.19 nm and negative zeta potential. As proof of
concept a randomized, two period cross-over study was conducted to
obtain pharmacokinetic profiles of eight healthy beagle dogs with a-
week long washout period. The in vivo results exhibited a bettered re-
lative bioavailability of 203.5% and a lower peak plasma concentration
of 706.59 ± 187.71 ng/mL compared to commercially available ta-
blets. In conclusion, the combined strategy of nanosuspension and os-
motic pump is promising in increasing oral bioavailability, reducing
administration frequency and attenuating maximum plasma con-
centration (Liu et al., 2014b).

4. Nanoparticulate drug delivery systems

4.1. Properties of nanodevices

Nanoparticulate drug vehicles are solid, colloidal systems with a
high surface-to-volume ratio due to their small size (1–1000 nm) and
properties and morphology determined by the design. Since nanoma-
terials are either composed of lipids and polymers (synthetic or natural)
or inorganic metals, the division can take place in inorganic and organic
nanodevices as seen in Figure 2 (Thakor and Gambhir, 2013; Martinelli
et al., 2019; Rizvi and Saleh, 2018).

Nanoparticulate drug delivery systems are usually composed of two
fundamental constituents: the nanoparticle itself and the carried ther-
apeutic agent. The drug is either covalently attached to the surface or
alternatively, entrapped and encapsulated by the nanoparticle in order
to be protected from demotion and denaturing (Thakor and Gambhir,
2013). The optimum particle size is about 100 nm small, so that in-
stantaneous clearance by the lymphatic system is averted, the blood
brain barrier is penetrated and an adequate amount of drug is delivered
due to a large surface area. More recently, polymer coating with water-
soluble polymers such as polyethylene glycol (PEG) or polysorbate 80
was invented to prolong circulation in the blood stream (Thakor and
Gambhir, 2013; Rizvi and Saleh, 2018). Common approaches for the
synthesis of nanoparticles are the top-down method and the bottom-up
method (Khan et al., n.d.).

Besides the capability of integrating lipophilic and hydrophilic
drugs, nanoparticles have a great stability, high drug loading capacity
and numerous possible administration routes due to an adjustable size,
shape and surface properties. However, there are safety concerns in
regard to the application such as a slow dissolution rate and a poor

Table 4
General classification of osmotic drug delivery systems and further subdivision
(Sowjanya et al., 2017; Syed et al., 2015).

Type of osmotic pump Subtype

Single chamber Elementary osmotic pump
Multi-chambered Push-pull osmotic pumps

Sandwiched osmotic pump
Osmotic pump with non-expanding second chamber

Specific type Controlled porosity osmotic pump
Monolithic osmotic pumps tablet
Colon targeted oral osmotic system
Asymmetrical membrane osmotic tablet
Liquid oral osmotic system
Effervescent osmotic pump tablet
Multiparticulate delayed release system
Self-emulsified osmotic tablet
Telescopic capsule for delayed release
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degradation in the human body (Thakor and Gambhir, 2013; Martinelli
et al., 2019). Momentous effort has been made in the design of novel
nanodevices for the delivery of API especially in the field of nano-on-
cology as shown in Table 5 (Kakkar et al., 2017).

4.2. Targeted delivery and triggered release

Nanocarriers can be designed to enhance the efficacy and at the
same time to minimize adverse effects by delivering the API to a certain
target-site. In anticancer therapy, for example, nanoparticles can take
advantage of the enhanced permeability and retention effect of tumor
cells due to their small size and leave the systemic circulation in order
to get into the extravascular space to amass in tumor tissues. But
multiple limitations are associated with passive targeting like a poor
drug diffusion and controllability, which led to the development of
active targeting. Active targeting is based on the molecular recognition
via antigen-antibody or ligand-receptor interactions and is achieved
with the help of surface modification through attaching different li-
gands such as peptides, antibodies or oligosaccharides. This assumes
that the targeted molecule must be overexpressed on the target site, i.e.
imperceptible in healthy cells. Furthermore, nanocarriers can be de-
vised to respond to a certain stimulus and therefore release the drug
locally by altering their structure. Triggered release profits from a very
specific, controlled drug delivery enabling protection of healthy tissues
from perturbation. Such triggers include oxidative stress, pH value,
ultrasounds and temperature (Thakor and Gambhir, 2013; Martinelli
et al., 2019; Patra et al., 2018).

4.3. Types of nanoscale drug delivery systems

4.3.1. Polymeric nanoparticles
While polymeric nanoparticle is a generic term for different types of

polymer nanoparticles, nanospheres and nanocapsules are mainly de-
scribed (Thakor and Gambhir, 2013; Patra et al., 2018). Basically, na-
nospheres are spherical, solid particles with a size ranging from 10 to
200 nm, based on a matrix system and a homogeneous structure
throughout (Mamo, 2015; Khalil et al., 2017). In comparison nano-
capsules are vesicular systems consisting of a rather oily than aqueous
liquid core surrounded by a polymer membrane or coating (Thakor and
Gambhir, 2013; Frank et al., 2015). In the inner core the drug is en-
capsulated either in dispersed or dissolved form, in the polymeric
membrane entrapped and amid the pseudo-phase distributed. The wall
forming polymer is mostly made of a biodegradable material of natural
or synthetic origin. Frequently employed polymers are gelatin, chit-
osan, polylactide and polylactide-co-glycolic (Frank et al., 2015; Lai
et al., 2014). While nanoprecipitation is the most popular approach for
the production of nanocapsules, a total of six methods is reported:
polymer-coating, interfacial deposition of preformed polymer, solvent
displacement, emulsion coacervation, double emulsification and
emulsion-diffusion.

Since nanocapsules as drug vehicles have been investigated in var-
ious studies for different routes of administration indicating their di-
versity, several other benefits can be achieved by the entrapment of the
API. On the on hand the chemical stability along with photoprotection
are provided due to the polymer in the nanocapsules interface. Further,
there is an enhanced interaction with tissues and cells since the ther-
apeutic agent is usually taken up while being entrapped within the
nanocapsules. By using nanocapsules as drug delivery system, the

Fig. 2. Classification of nanomedicines based on the materials used for synthetization. This figure was modified from Martinelli et al. (2019) (Martinelli et al., 2019).

Table 5
Examples for already approved nanodevices for different anticancer drugs. This table was modified from Martinelli et al. (2019) (Martinelli et al., 2019).

Trade name Material description Indications Year of approval

Abraxane Albumin-bound paclitaxel Metastatic breast cancer 1995
Doxil Liposomal doxorubicin HIV-related sarcoma, metastatic breast and ovarian cancer 2005
Oncaspar Polymeric PEG-L-asparaginase Acute lymphoblastic tumor 1994
Onivyde Liposomal irinotecan Pancreatic cancer 2015
Mepact Liposomal mifamurtide Osteosarcoma 2009
Myocet PEGylated liposomal doxorubicin Lymphoma, leukemia,

carcinoma and sarcoma
2000

Nanotherm Iron oxide Glioblastoma 2010

HIV: Human immunodeficiency virus, PEG: Polyethylene glycol.
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bioavailability and efficacy is improved and at the same side effects are
reduced. While a large number of research has been published, only a
few products are currently available in the market (Frank et al., 2015;
Yurgel et al., 2013). The clinical use of conventional formulations of
anticancer drugs is associated with severe limitations leading to an
extensive research in the field of nanocarriers.

In this area, Gonzalo et al. investigated the potential of polyamino
acid nanocapsules for nano-oncological therapy to improve the toxicity
and efficacy ratio of plitidepsin. These biodegradable nanocapsules
were produced using an adapted solvent displacement technique
whereby the polyglutamic acid (PGA) was electrostatically applied onto
the oily core. The physicochemical characterization was performed
using photo correlation spectroscopy, laser doppler anemometry and
TEM. The findings revealed a mean particle size of 200 nm, a negative
zeta potential and an encapsulation efficacy over 90%. Furthermore,
the nanocapsules could be lyophilized and showed an improved long-
term stability during storage. As proof of concept the pharmacokinetic
and toxicity profile of PGA and PGA-PEG nanocapsules was compared
to that of the control formulation. The result obtained from healthy
mice after i.v. administration of a single dose revealed extended blood
circulation and significant reduction of toxicity. Overall, the findings of
the study highlighted the ability of polyamino acid nanocapsules as
drug delivery systems for anticancer drugs (Gonzalo et al., 2013).

4.3.2. Solid lipid-based nanoparticles
Solid lipid-based nanoparticles were designed with the intention to

accomplish a substitute drug delivery system to polymeric nano-
particles, liposomes and emulsions. In fact, there are two key types
differing in the constitution of the solid particle matrix as seen in Fig. 3:
solid lipid nanoparticles (SLNs) and nanostructured lipid carriers
(NLCs) (Yoon et al., 2013; Naseri et al., 2015; KH et al., 2013; Ganesan
and Narayanasamy, 2017).

While SLNs are referred to the first generation of solid lipid-based
nanoparticles, NLCs belong to a new era in developing solid lipid-based
nanoparticles and each can be further divided in three subtypes as seen
in Table 6 (Yoon et al., 2013; Ganesan and Narayanasamy, 2017).

SLNs have a spherical morphology with a size in the nanoscale and
remain in solid state at human body or room temperature compared to
physiological lipids. While hydrophilic drugs are separated externally
from the lipid matrix as a result of being thermodynamically im-
miscible, lipophilic drugs disperse easily in the lipid matrix (Yoon et al.,
2013). Primarily, these lipids deployed to form the matrix involve tri-
glycerides, complex glyceride mixtures, fatty acids and waxes. More-
over, a significant impact is exerted by the choice of the lipid compo-
nent on the particle size, long-term stability during depository as well as
on the drug loading capacity and the drug release profile (Naseri et al.,
2015; KH et al., 2013; Ganesan and Narayanasamy, 2017). Additional
components added to stabilize and to prolong systemic circulation the

matrix are surfactants and polymers (Yoon et al., 2013). Most popular
approaches for the manufacturing of SLNs are micro emulsification and
high pressure homogenization at low and high temperatures (KH et al.,
2013).

Initially developed to combine the advantages and to conquer the
difficulties of several drug carriers, SLNs offer many reasons to be
considered as promising drug delivery system. By replacing the liquid
with a solid lipid not only a controlled release of the bioactive agent is
enabled, but also, the chemical degradation is reduced due to the de-
crease of mobility in the solid matrix. Additionally, the biocompatibility
and biodegradability of the employed lipids lead to a reduced acute and
chronic toxicity and an improved bioavailability of the incorporated
drug. From the fabrication perspective, SLNs are advantageous due to a
cost-effective synthesis through high pressure homogenization e.g. and
the possibility of large-scale production. Despite these benefits, a lim-
ited payload due to a tight lipid crystal structure and drug expulsion
during storage caused by polymorphic transition must be considered.

To overcome said complications the next generation of lipid nano-
carriers was developed: nanostructured lipid carriers. The matrix of
NLCs comprises a mixture of solid and fluid lipids but remain in a solid
condition at room and human body temperature. Firstly, variations in
the structure of the solid and liquid lipid lead to an imperfect crystal
structure allowing an increased drug loading capacity. Secondly, the
presence of liquid drug release is inhibited. But at the same time no
significant reduction of the cytotoxicity is reported (Naseri et al., 2015;
Jaiswal et al., 2016; García-Pinel et al., 2019; Poovi and Damodharan,
2018).

Recently, Cirri et al. investigated NLCs as inventive oral formulation
of hydrochlorothiazide for pediatric use to enhance therapeutic effi-
ciency (Cirri et al., 2018). In a former study, hydrochlorothiazide-
loaded low-dosage liquid SLNs already improved therapeutic efficacy
and prolonged drug release (Cirri et al., 2017). The object of this study
was to appraise the actual benefits compared to SLNs. Hereto, the
performance of several synthetic and natural lipids was studied. In

Fig. 3. Illustrative representation of (A) Solid lipid nanoparticles and (B) Nanostructured lipid carriers. This figure was adapted from Yoon et al. (2013) (Yoon et al.,
2013).

Table 6
Classification of solid lipid nanoparticles and nanostructured lipid carriers
based on the distinct character of the matrix. This table was modified from
Ganesan and Narayanasamya (2017) (Ganesan and Narayanasamy, 2017).

Solid lipid nanoparticles Nanostructured lipid carriers

Type Nature of matrix Type Nature of matrix

I Homogenous matrix
model

Imperfect Imperfectly structured solid
matrix

II Drug enriched shell
model

Amorphous Structureless solid amorphous
matrix

III Drug enriched core
model

Multiple Multiple oils in fat in water
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order to determine their influence on the properties of NLCs two
methods were deployed for the preparation: namely homogenization-
ultrasonication and microemulsion. Besides the physicochemical char-
acterization using dynamic light scattering, the drug entrapment effi-
cacy and drug loading capacity, the long-term stability upon storage as
well as in vitro drug release were examined. The optimized formulation
was prepared by microemulsion and contained Precirol®ATO5 as solid
lipid along with tween 80 and tween 20 in a ratio of 1:4 as surfactants.
The results presented a mean particle size of 327.6 ± 3.7 nm, a
polydispersity index of 0.38 ± 0.03, negative zeta potential and long-
term stability over 3 months during storage. As in vivo proof of concept
a pharmacological study was performed in rats to determine the
diuretic activity after single treatment including a control group. To
conclude, nanostructured lipid carriers> solid lipid nanoparticles in
regard to a higher drug entrapment efficacy, exhibit a prolonged drug
release of 6 h and better diuretic acitivity (Cirri et al., 2018).

4.3.3. Gels
Hydrogels consist of a three-dimensional network with porous

characteristics made of cross-linked, hydrophilic polymers from natural
or synthetic sources, imbibing large amounts of water and therefore
have high levels of flexibility (Ullah et al., 2015; Caló and
Khutoryanskiy, 2015). The resemblance to living tissue in the swollen
state permits high biocompatibility and makes them suitable for nu-
merous applications. The term “smart” or respectively “stimuli-re-
sponsive” refers to hydrogels that can respond to changes in the en-
vironment by altering their volume (Lee et al., 2013; Vashist et al.,
2014). The use of glucose sensors such as lectin in order to control
swelling – or respectively deswelling - allows a self-regulated release of
insulin, for example (Lee et al., 2013). Polymers obtained from natural
or synthetic sources, can either be chemically or physically cross-linked
as demonstrated in Fig. 4.

Recently, physical hydrogel has gained more attention, as often
toxic cross-linking agents are not required for the production. This
process is attained through chain aggregation, crystallization, hydro-
phobic association, and hydrogen bonding for instance and is usually
reversible as a result of conformational adjustments (Ullah et al., 2015;
Caló and Khutoryanskiy, 2015). Among the different kinds of classifi-
cation for hydrogels, a frequent one takes place based on their pre-
paration methods as follows: homopolymer, copolymer, semi-inter-
penetrating and interpenetrating network (Ullah et al., 2015; Das,
2013).

Nanogels, also called the next era of hydrogels, have similar struc-
ture and characteristics to hydrogels, apart from their size in the na-
noscale. The classification is either based on the type of cross-linking of
the three-dimensional network or on the behavior towards an explicit
stimulus (Neamtu et al., 2017; Yadav et al., 2017). Most noteworthy are
pH or temperature sensitive nanogels exhibiting ideal drug loading and
drug release properties due to their swelling and shrinking property
(Neamtu et al., 2017). For example, by employing polymers with

deionizable functional groups in the synthesis pH-responsive nanogels
are prepared (Yadav et al., 2017).

In addition to previously mentioned advantages, due to their small
particle size, nanogels provide the following possibilities in relation to
other drug delivery systems including nanocarriers. Nanogels are inert
in the aqueous milieu as well as in the blood and hence enable pre-
vention of an immunogenic response. The drug delivery via nanogels
improves biocompatibility and biodegradability, whereas the latter
avoids toxicity and side effects caused by aggregation of nanomaterials.
Due to functional groups on the polymeric network and the ease of drug
incorporation, a greater level of drug payload is possible. However,
even if the production is an affordable process, the removal of the
surfactant and solvent in the end can be expensive (Yadav et al., 2017;
Jain et al., 2019).

Lately, Schütz et al. examined the favorable effect of surface mod-
ification of positively charged chitosan-loaded nanoparticulate com-
plexes with polyanions to build negatively charged particles in contrast
to chitosan hydrogels. To explore the advantages of nanogels, El-Feky
et al. prepared and assessed silver sulfadiazine-loaded chitosan nano-
gels with sodium alginate (ALG) coating. Due to its antibacterial effect
silver sulfadiazine (SSD) is widely used to treat burn wound infections.
Conventional creme formulations are associated with the lack of con-
trollability of drug release and painful removal due to poor biode-
gradability. To define process criteria and to optimize respective pro-
cess settings a two-level design of experiment was chosen. By deploying
32 factorial design nine disparate batches of nanogel formulations were
prepared with the percentage of ALG and SSD as independent variables.
The characterization of SSD-loaded nanogels included particle size, zeta
potential, drug entrapment efficacy and in vitro drug release. All na-
nogels showed an initial blast followed by a gradual and sustainable
drug release. The optimized formulation predicted by JMP® software
contained 0.4% ALG and 0.414% SSD with an average size of
960 ± 98 nm, negative zeta potential and encapsulation efficacy of
62.65 ± 2.98%. The in vivo study was performed to determine the
therapeutic efficacy in the treatment of infected burn wounds. Herein,
the animals were divided into three groups and respectively treated
with no medication, freeze-dried nanogel powder and commercially
available creme. The findings revealed a higher therapeutic efficacy
compared to marketed formulation (El-Feky et al., 2017).

5. Vesicular drug delivery systems

5.1. Distinctive features

Highly ordered units of one or more concentrical lipid bilayers
formed when amphiphilic building blocks are in contact with water are
called vesicular systems. Frequently used materials for the preparation
are cholesterol, phospholipids and non-ionic surfactants. Additionally,
there is a varied assortment of amphiphilic components. The efficacy is
heavily affected by the form, size, construction, lamellarity and

Fig. 4. Preparation of hydrogels made of liquid or solid water-soluble polymers via cross-linking. This figure was adapted from Caló et Khutoryanskiy (2015) (Caló
and Khutoryanskiy, 2015).
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encapsulation capacity (Shilakari et al., 2013). Vesicular drug delivery
systems (VDDSs) are favorable over conventional dosage forms due to
the fact that both lipophilic and hydrophilic drugs can be entrapped in
the bilayer, respectively in the aqueous core. Furthermore, the positives
include an improved bioavailability, especially of hardly dissolvable
drugs, a retarded metabolization, a prolonged systemic circulation and
a reduced toxicity (Jain et al., 2014; Namdeo et al., 2014). Among these
benefits, VDDDs still have to deal with several drawbacks concerning
the drug loading capacity and amount of drug leaked during produc-
tion, conservation and in vivo transportation (Namdeo et al., 2014).

Today VDDSs are also known as “rebirth systems”, as every newly
developed system brings advantages in comparison to the existing
systems (Namdeo et al., 2014; Kamboj et al., 2013). The design offers
numerous opportunities through delivery a defined amount of drug to a
specific target-site and navigation of the effective unit at the site of
infection. In this manner multiple administration routes, drug targeting
as well as a sustained or controlled release of drugs are supplied
(Namdeo et al., 2014; Kamboj et al., 2013; Pattni et al., 2015). A pos-
sible categorization of VDDSs can be done from liposomes according to
the composition as demonstrated in Fig. 5.

5.2. Liposomes

Liposomes are self-assembling, globular blisters composed of an
aqueous core surrounded by one or several concentric lipid bilayers
ranging from 20 nm up to a few micrometers. Since the main compo-
nent are phospholipids there is a high inclination of forming mem-
branes in aqueous environments as illustrated in Fig. 6.

The amphiphilic character of the lipids making them particularly
suitable as drug carriers for drugs and cells (Bozzuto and Molinari,
2015; Goyal and Liposomes, 2014). Among the most widely used pre-
paration approaches are the bulk method and the film method (Patil
and Jadhav, 2014). A frequently-used categorization of liposomes is
done based on the structural design or on the composition, as shown in

Table 7 (Pattni et al., 2015).
Three decades after being first documented by Bingham in the

1960s the first liposomal formulation containing the anticancer drug
doxorubicin was launched in the market under the name Doxil (Fan and
Zhang, 2013; Estanqueiro et al., 2015). To conquer limitations asso-
ciated with the first generation of liposomes, research focused on the
lipid arrangement, vesicle size and surface charge to implement a new
era of liposomes. The attachment of cholesterol to the lipid bilayer of
liposomes improves stability and reduces permeability due to a tighter
package of phospholipids. Pharmacological restrictions such as a swift
clearance from circulation are evaded by surface modification via PE-
Gylation. Although this way an enhanced stability and prolonged cir-
culation time are accomplished, the efficacy of PEGylated liposomes is
confined by the absence of specificity. By additional adjustments
through target-specific ligands or antibodies PEGylated liposomes can
be actively addressed. For a triggered release of the therapeutic agents,
stimuli-responsive components can be further installed (Pattni et al.,
2015; Bozzuto and Molinari, 2015).

While liposomes have been studied for several decades, a growing
interest is noted in the last two decades (Pattni et al., 2015). Conven-
tional treatment of glaucoma consists of timolol maleate (TM)-loaded
eye drops to reduce the ocular pressure. A downside of this treatment
though is a low bioavailability, the need for frequent application and an
accordingly patient compliance.

Yu et al. studied the potential of liposomes dispersed in ion-sensitive
in-situ-gels for the ophthalmic delivery of TM to optimize its bioavail-
ability and histocompatibility. For preparation of the liposomal for-
mulation the pH-gradient method was combined with reversed eva-
poration. In the next step, the TM-loaded liposomes were dispersed into
deacylated gellan gum gels. Besides the physicochemical characteriza-
tion, the drug loading efficacy was examined. Additionally, in vitro re-
lease studies and in vitro permeability of the cornea isolated from rab-
bits using the Franz-cell-type were investigated. Furthermore, in vivo
fluorescence imaging as well as eye-irritation studies for single and
multiple doses were performed in rabbits. The optimized formulation
containing TM 0.25% (w/w), cholesterol 0.75% (w/w), soy phospha-
tidylcholine 2.0% (w/w) and deacetylated gellan gum 4.0% (w/w)
showed a uniform and spherical shape in TEM pictures. Moreover, a
vesicle size of 136 nm, an encapsulation efficacy of 47% and no eye-
irritation were shown. As proof of concept an in vivo pharmacodynamic
study in comparison to traditional eyedrops was carried out in rabbits
before and after water-induced hypertension to measure the intraocular
pressure. The results from 30 to 180 min after water loading revealed a
significant reduction of interocular pressure with a minimum of

13.61 ± 0.95 mmHg at 2 h and longer duration of effect than
observed with TM eyedrops. This is probably the outcome of a longer
retention time and a 1.93 times greater permeability demonstrating a
great cornea penetration (Yu et al., 2015).

Another study was aimed to develop a novel drug carrier for tar-
geted delivery of the anticancer drug paclitaxel to overcome adverse

Fig. 5. Classification of vesicular drug delivery systems starting from liposomes according to the main components into lipid-based and non-lipid-based analogues
(Kamboj et al., 2013).

Fig. 6. Schematic illustration of liposomes. Structure of phospholipids with
hydrophilic head and hydrophobic tail (Bozzuto and Molinari, 2015).
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effects and restrictions with passive targeting. Herein, Ravar et al.
produced paclitaxel-loaded hyaluronic acid-coated liposomes by thin
film method. The physicochemical characterization included the en-
capsulation efficacy and the drug release profile. In addition, uptake
studies, flow cytometry analysis and an in vitro cytotoxicity assay were
conducted under respective use of T47D and 4 T1 cells. The liposomal
formulation had a spherical shape in TEM pictures, a small vesicle size
of 106.6 ± 3.2 nm, a satisfactory encapsulation efficacy of
92.1 ± 1.7% and released 95% of paclitaxel in buffer within 40 h. The
results of the confocal laser scanning microscopy and the flow cyto-
metry analysis revealed a higher cellular internalization in respect of
free coumarin and an improved cell uptake led to a greater cytotoxic
activity compared to free paclitaxel. As proof of concept the antitumor
efficacy and biodistribution were investigated in 4 T1 tumor bearing
mice to compare the liposomal formulation with a commercially
available solution (Intaxel®). The in vivo animal studies showed an in-
crease of the tumor accumulation and also acceptable antitumor ac-
tivity by the use of active targeting with the aid of hyaluronic acid
coated liposomes (Ravar et al., 2016).

However, current approaches in the era of liposomal drug delivery
are promising but still suffer from several impediments especially in the
transfer to large-scale production and to clinical usage (Pattni et al.,
2015; Bozzuto and Molinari, 2015).

5.3. Non-lipid-based analogue

5.3.1. Niosomes
Niosomes are considered as alternative to liposomes regarding the

similarity in terms of structure and physical features but slightly differ
in composition. Due to a high susceptibility and cost intensity of lipids
included in the first vesicular drug carriers, niosomes are formulated by
using non-ionic surfactants. The decisive difference is a better chemical
and physical stability as well as lower expenses (Khan and Irchhaiya,
2016). This system is characterized by a bilayer structure, which is
devised through self-assembling of non-ionic surfactants. Similar to li-
posomes, niosomes can be categorized in small unilamellar vesicles,
large unilamellar vesicles and multilamellar vesicels (Ag Seleci et al.,
2016). Furthermore, cholesterol can be added to the formation to
provide rigidness to the bilayer and hence restrain its drug leakage
(Akhtar, 2014). The attachment of charged groups to the bilayer en-
hances the stability of niosomes by improving the surface charge den-
sity and therefore providing prevention from aggregation (Ag Seleci
et al., 2016). The properties of niosomes are strongly dependent on the
method of preparation (Khan and Irchhaiya, 2016). Common ap-
proaches for production are e.g. thin film hydration, reverse phase
evaporation and microfluidization (Ag Seleci et al., 2016).

Niosomes offer the following merits including a wide range of bio-
compatible, biodegradable and immunogenic surfactants, various
routes of administration namely oral, parenteral, ocular and topical
routes with an enhanced bioavailability as well as osmotic activity and
stability over traditional liposomal formulations and other DDSs.

Niosomes have already conquered the cosmetic industry and are
now being explored to determine the potential for further commercial
applications (Khan and Irchhaiya, 2016; Akhtar, 2014). Recently,
Asthana et al. studied the capability of niosomes for controlled delivery

of clarithromycin. The results showed that a sustained and extended
drug delivery along with an enhanced bioavailability were provided by
the niosomal formulation (Asthana et al., 2016). Another study pre-
sented by Fathalla et al. aimed to formulate and evaluate aceclofenac-
loaded niosomal gels for sustained delivery. Further, the impact of the
extent of non-ionic surfactant, cholesterol and concentration of ace-
clofenac on the encapsulation efficacy was investigated. Aceclofenac is
an anti-inflammatory drug used for the treatment of osteoarthritis and
rheumatoid arthritis, but the application is restricted by a short biolo-
gical lifetime and a low therapeutic index. The reverse phase eva-
poration method was used for the preparation. The characterization of
the formulations was performed using different types of techniques
including TEM, optical microscope, differential scanning calorimetry
and Fourier-transform infrared spectroscopy. Elected aceclofenac-
loaded niosomal formulations were incorporated in several gel bases
like HPMC, PEG 600 and ALG and investigated for in vitro drug release
and in vitro skin permeation. The findings showed a spherical shape
with a certain inner aqueous core of niosomes and an increased drug
encapsulation efficiency. In comparison to free drug loaded gel for-
mulations, the niosomal gels provided a sustained drug release up to 6 h
and a larger skin permeation. The in vivo comparative efficacy study in
carrageenan-induced rats using paw edema test revealed an enhanced
anti-inflammatory activity along with an prolonged release of aceclo-
fenac suggesting that niosomal gel formulations are appropriate drug
carriers (Fathalla, 2015).

5.4. Lipid-based analogues

5.4.1. Transfersomes
The concept of transfersomes was first invented in 1990s and de-

scribes an utmost malleable vesicle with an elastic nature that enables
penetration through pores minor than its own size (Shilakari et al.,
2013). Conveyance of therapeutic agents through skin is considered as
an advanced and fortunate route for drug delivery since the skin is the
largest human organ in terms of surface with

2.5–3 m2 (Sachan et al., 2013; Sarmah, 2013). Conventional lipo-
somes and niosomes are not capable of deep penetration and therefore
larger portions remain in in the upper skin layers due to the lack of
flexibility (Garg et al., 2016). The mechanism of action of transfersomes
is based on the osmotic gradient across the many skin layers (Garg
et al., 2016).

Apart from phospholipids, edge activators such as tween 80 or span
60 are the main constituents in the formulation of transfersomes. This
single chain surfactants effect the destabilization of the lipid bilayers
leading to an increase in its malleability making them particularly
suitable for skin penetration (Sarmah, 2013; Garg et al., 2016).
Common techniques for the preparation of transfersomes are the thin
film hydration method and the modified hand shaking, or respectively
lipid film hydration method (Sachan et al., 2013).

Transfersomes are considered advantageous in topical and systemic
drug delivery for the following distinctive features. On the one hand,
transfersomes offer a great encapsulation efficacy up to 90% of drugs
with a low or high molecular weight and a large variety in solubility.
Moreover, the API is protected from biodegradation and a laggard, in-
crementally drug release is enabled due to depot function. Regarding

Table 7
Classification of liposomes based on size, lamellarity and composition. This table was adapted from Pattni et al. (2015).

Lamellarity and size Composition

Small unilammellar vesicles 20–100 nm Conventional liposomes

Large unilammellar vesicles > 100 nm Long-circulating liposomes
Giant unilammelar vesicles > 1000 nm Cationic liposomes
Oligolamellar vesicles 100–1000 nm Stimuli-responsive liposomes (pH, temperature, magnetic field)
Multilamellar vesicles > 500 nm Immunoliposomes
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production, an easy expansion to large-scale is possible. Despite these
benefits, transfersomes still suffer from some shortcomings such as
tendency of oxidative degradation, a range in purity of phospholipids
from natural origin and an expensive production (Sachan et al., 2013;
Sarmah, 2013).

The oral route is unfavorable for the application of asenapine
maeleate (AM) for antipsychotic treatment of bipolar disorder and
schizophrenic due to an extensive hepatic metabolism. A current study
presented by Shreya et al. examined the potential of nano-transfer-
somes for the delivery of AM via transdermal route. The aim of the
study was to improve bioavailability through bettering skin permeation
by a combination of chemical and transfersomal attempts. The trans-
fersomes were produced by thin film hydration technique. Vesicle size,
zeta potential, incorporation efficacy, polydispersity index, as well as
surface morphology were included in physicochemical characteriza-
tion. An in vitro skin permeation study of AM-loaded transfersomes was
conducted and different kinds of chemical enhancers were used to in-
crease transdermal transportation. The optimized transfersomal for-
mulation was composed of AM, soy phosphatidylcholine and sodium
deoxycholate in a weight ratio of 5:75:10. Further, a spherical shape
with an average vesicle size of 126.0 nm and a drug entrapment effi-
ciency of 54.96% were revealed. The cumulative extent of AM pene-
trated within 24 h was 160 μ, 132.9 μg and 309.3 μg indicating a sy-
nergetic effect of chemical enhancer (ethanol 20% (v/v)) and
transfersomes. As proof of concept the pharmacokinetic profiles ob-
tained from rats after transdermal administration were compared to
oral route. A 1.16 times bigger plasma concentration was revealed in
comparison to the reference substance as well as a significant drop in
bioavailability. Finally, the combination of permeation enhancer and
transfersomes enabled an increase of transdermal permeation and
therefore bioavailability of AM (Shreya et al., 2016).

5.4.2. Ethosomes
Similar to transfersomes, ethosomes can improve the penetration

through the stratum corneum barrier due to a quick permeation and
greater transdermal flow (Parashar et al., 2013). The second generation
of novel vesicular drug carriers are represented by these spherical, lipid
blisters mainly composed of phospholipids, ethanol and water. The high
alcohol content of up to 45% is the main distinguishing feature from
liposomes enabling a decrease in size and elasticity when same method
of preparation is used. In order to reach deeper tissues and cause a
systemic action the penetration of the natural skin barrier and the
magnitude of transdermal permeation are influenced. Further adjuvants
added to the ethosomal formulation are cholesterol to improve stability
or gel markers for increased residence time (Mbah et al., 2014; Garg
et al., 2016; Abd El-Alim et al., 2019). In general, the approaches for
preparation of ethosomes could be assorted in solvent evaporation and
mechanical dispersion (Abd El-Alim et al., 2019).

Besides the aptitude for transdermal and dermal drug delivery, the
most noteworthy advantages of ethosomes include a great patient
convenience due to a semi-solid dosage, a wide range of applicability
and the possibility for instant commercialization. Further, ethosomes
enable a passive, noninvasive drug delivery including larger therapeutic
agents and are an easy attempt compared to phonophoresis or ionto-
phoresis. However, the major challenge is to achieve stability of etho-
somes especially during storage due to oxidation sensitivity of the lipid
component (Parashar et al., 2013; Abd El-Alim et al., 2019).

Recently, Jain et al. prepared and evaluated ethosomal hydrogels
for transdermal delivery of diclofenac to improve its anti-inflammatory
activity and simultaneously to comprehend the correlation of for-
mulation parameters with physicochemical features and permeation
flux. Various approaches to better transdermal drug uptake through
different permeation enhancers and drug carriers are problematic due
to painful and valuable treatment and lasting skin harm. The rotary
evaporation method was used for manufacturing of diclofenac-loaded
ethosomes and liposomal control formulations. The findings of

physicochemical characterization and in vitro skin permeation study
demonstrated the influence exerted by the interplay of variable com-
ponents - especially size and flexibility - plus controllability through its
manipulation. A concentration of 22.9% ethanol and a ratio of soy
phosphatidylcholine to cholesterol of 88.4:11.6 resulted in an optimal
composition with a size of 144 ± 5 nm, an elasticity of 2.48 ± 0.75
and an encapsulation efficacy of 71 ± 4%. The optimized formulation
showed a significant increase of the in vitro permeation as well as a
strengthened anti-inflammatory effect in vivo animal studies compared
to the control formulations. In conclusion, diclofenac-loaded ethosomal
hydrogels can improve the therapeutic efficacy compared to liposomes
and plain hydrogel (Jain et al., 2015).

6. Self-emulsifying drug delivery systems

6.1. Remarkable qualities

Amidst the different administration routes, the oral is the most
popular one due to a high patent convenience and consequentially su-
perior compliance. For absorption from the GIT, the dissolution of the
API in gastrointestinal fluid is necessary (Mu et al., 2013). Almost 40%
of recently developed drugs are affected by a poor water-solubility
leading to an insufficient oral bioavailability, large intra- and inter-
subject variety as well as missing dose proportionality (Pathak et al.,
2013). While various technologies were exploited to address these
shortcomings, lipid-based drug delivery systems have gained con-
siderable attention lately.

The term lipid-based formulation covers a wide range from basic
lipid solutions to well-advanced SEDDSs. In fact, the encapsulation of
the API into inert lipid devices can improve its oral bioavailability (Mu
et al., 2013; Kalepu et al., 2013; Rahman et al., 2013). The selection of
lipid excipient has not only an impact on the solubility of the API in the
formulation, but also affects the drug solubilizing in the GIT during
digestion of lipid in addition to the absorption and bioavailability of the
drug (Mu et al., 2013). To interpret the in vivo behavior of the lipid
preparation with regard to specific physicochemical aspects of the drug,
the “lipid formulation classification model” (LCFS) was introduced in
2000 and updated in 2006 by Pouton. For this purpose, lipid formula-
tions were divided into four types in accordance to their constitution
and conceivable effects regarding dissolution and digestion (Mahapatra
et al., 2014; Kalepu et al., 2013).

Among the various approaches to augment oral bioavailability of
poorly water-soluble drugs, SEDDSs appears promising (Balakumar
et al., 2013a). After oral administration, dispersion in gastrointestinal
fluid is formed and produces micro-emulsified or nano-emulsified drug
that effortlessly gets absorbed via lymphatic system avoiding the first
pass effect in the liver. The agitation needed for self-emulsification is
supplied by the motility of digestion in the stomach and intestines
(Kalepu et al., 2013).

Isotropic compounds of API, lipid and surfactants, mostly with one
or several co-dissolvers or co-emulsifying agents are referred to as
SEDDS. These self-emulsifying oil formulations can promptly build fine
oil-in-water emulsions when introduced into aqueous media upon
gentle agitation. SEDDS is a general term for delivery systems that
usually builds emulsions with a dot size ranging from a couple nan-
ometers to some micrometers. While self-micro-emulsifying drug de-
livery system (SMEDDS) describes transparent microemulsions with oils
droplet size of 100 to 250 nm, self-nano-emulsifying drug delivery
system (SNEDDS) is a more recent concept with a spherical size of
below 100 nm (MH a et al., 2013; Mahapatra et al., 2014). There are
some differences between SEDDS, SMEDDS and SNEDDS that need to
be understood. These differences are summarized in Table 8.

In accordance with LCFS, SEDDSs are isotropic mixtures of oil or
mixtures of oil and surfactant (type II), but are further modified to
SMEDDS and SNEDDS classified as type IIIa and IIIb, which additionally
contain one or several co-surfactants or hydrophilic co-solvents
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(Chatterjee et al., 2016). While the prime mover for the formation of
microemulsions is the extremely low interfacial tense achieved by at
least two emulsifiers, an energy input is required for nano-emulsion
formation provided by either chemical potential or mechanical equip-
ment. As stated by Reiss, the process of self-emulsification appears
when the change in entropy is bigger than the energy necessary to
improve the surface are of the dispersion. Additionally, released energy
of an ordinary emulsion formation is a direct function of the energy
needed to build a novel surface between the oil and water phase (MH a
et al., 2013; Balakumar et al., 2013a).

SEDDS are a possible representative, alternatively, to traditional
oral formulations of lipophilic components. SEDDS can be regarded as
isotropic solutions of oil, surfactant, co-surfactant, and drug forming
oil–water (o/w) emulsions when being exposed to fluids and motility of
the GI tract. The oil is one of the most essential excipients used in the
formulation of SEDDS, not merely because considerable quantities of
lipophilic drugs are solubilized, or self-emulsification facilitated, but
also and primarily the amount of lipophilic drug transported through
the intestinal lymphatic system can be increased. Triglyceride oils with
a long or medium chain length and variable levels of saturation can be
used for the formulation. To form and sustain an emulsion status in the
GIT a surfactant concentration of 30–60% (w/w) is required. The most
frequently recommended surface-active agents are non-ionic ones with
a moderately high hydrophilic-lipophilic equilibrium like tween 80.
Furthermore, co-solvents such as PEG or ethanol are added to allow the
dissolution of larger amounts of hydrophilic surfactants or drugs in the
lipid base. In order to prevent either drugs or unsaturated fatty acid
chains from oxidation, lipophilic antioxidants like α-tocopherol or β-
carotene could be involved in formulations (Mahapatra et al., 2014).

By forming fine oil-in-water emulsions or microemulsions when in
contact with gastrointestinal fluid upon gentle agitation, self-emulsi-
fying oil formulations are offering an enhancement in rate and degree
of absorption and enable more easily reproducible plasma concentra-
tions. In general, the oral bioavailability of hydrophobic drugs can be
improved (Mahapatra et al., 2014; Rahman et al., 2013).

In addition, the more recent SNEDDS are advantageous because
sensitive drugs are preserved, drug payload is improved and the storage
is simplified due to thermodynamic stability. This novel delivery system
selectively aligns the drug to a specific absorption window in the GIT,
embellishes oral bioavailability enabling lower drug doses and mini-
mizes irritation caused by prolonged contact between bulk-drugs and
intestinal wall. Furthermore, the size in nanoscale leads to a larger
surface to partition the drug in between oil and water compared to oily
solutions. Several drawbacks must be considered including the lack of
suitable in vitro models for the evaluation of formulations and the
several formulations factors affecting self-emulsification (MH a et al.,
2013; Kazi et al., 2019).

6.2. Current trends in research

Talinolol (TAL), a poorly water-soluble, long-acting beta-blocker,
suffers from a fluctuating bioavailability most likely due to precipita-
tion in the GIT, inchoate and irregular absorption as well as P-glyco-
protein imparted efflux transport in the gut. The object of a recent study
was to evolve and examine the performance of self-nano emulsifying
formulations of TAL. Herein, Kazi et al. produced several formulations
using different kinds of natural and semisynthetic oils, lipophilic and
hydrophilic surfactants and water-soluble co-solvents. The character-
ization involving droplet size, PDI and zeta potential were performed
using laser light diffraction analysis method. To attain the maximum
drug loading equilibrium solubility of TAL was conducted in anhydrous
and diluted SNEDDS. Further, in vitro dissolution studies, ex vivo per-
meation experiments and in vitro red blood cell toxicity test were car-
ried out to compare the developed formulations with the plain drug and
a commercially available product. The findings from characterization
and solubility studies revealed a higher stability with smaller droplet
sizes and a greater TAL solubility. In comparison to reference sub-
stances, a significant increase of TAL release of more than 97% within
2 h was achieved by SNEDDS in the dissolution studies. The selected
composition appeared to be the most stable formulation with droplet
size of 35.99 nm, low PDI of 0.18 upon watery dilution as well as a
negative zeta potential. As proof of concept, an in vivo comparative
bioavailability study was completed in rats. A 4-fold increase of gut
permeability and 1,58-fold improved oral bioavailability of TAL com-
pared to plain drug were shown in ex vivo permeability tests and in vivo
pharmacokinetic study. To summarize, TAL-laden SNEDDSs enabled a
better drug payload, drug dissolution, intestinal permeation and oral
bioavailability along with a decreased/no human red blood cell toxcitiy
(Kazi et al., 2019).

In another study, Balakumar et al. formulated and evaluated rosu-
vastatin calcium (ROC)- loaded SNEDDS with the aim of enhancing its
solubility and oral bioavailability. The therapeutic performance of ROC,
a lipid reducing agent, is limited by a poor oral bioavailability of 20%
due to poor water-solubility and extensive hepatic metabolism.
Different kinds of oils involving essential oils were investigated for their
self-emulsification property with surfactants and co-surfactants. To
optimize the system ternary phase diagram was created based on so-
lubility analysis of ROC. The produced formulations were characterized
for their self-emulsification time, robustness against dilution, droplet
size, particle size, zeta potential and in vitro drug release using various
techniques including laser diffraction analysis and phase contrast mi-
croscope. The mixture consisting of 30% cinnamon oil, 60% Labrasol,
10% Capmul MCM C8 had the best self-emulsification property of ROC,
a driblet size of below 200 nm resulting in improved drug solubility and
an appropriate zeta potential of −29.5 ± 0.63 mV for stability. In
comparison to the marketed product the self-emulsifying formulation
showed a clear incline in dissolution as shown by in vitro drug release
tests. To proof the results obtained from in vitro studies, an in vivo
comparative pharmacokinetic study was conducted in rats and the
findings were determined by HPLC method. The recorded findings re-
vealed a 2.45 times higher bioavailability and an increased peak plasma
concentration of 7.83 ± 2.61 μg/mL than ROC in suspension. Finally,
the optimized self-emulsified formulation enabled enhanced oral bioa-
vailability compared to marketed product probably due to collective
mechanism of nanosized dispersion with greater surface area
(Balakumar et al., 2013b). Further advances in the era of SNEDDS and
SMEDDS are summarized in Table 9.

7. Conclusion

The development of novel drug delivery systems plays a leading role
in pharmaceutical sector nowadays. Conventional dosage forms such as
tablets, capsules and emulsions are limited by several drawbacks. To
address these shortcomings of traditional drug delivery systems

Table 8
Main discrepancies between self-emulsifying, self-micro-emulsifying and self-
nanoemulsifying drug delivery systems. This table was adapted from Doaknia et
Joshi. (2015) (Dokania and Joshi, 2015).

Character SEDDS SMEDDS SNEDDS

Dimension > 300 nm <250 nm <100 nm
Occurrence Murky Visually clear Visually clear
HLB level of surfactant < 12 >12 >12
Classification by LCFS Type II Type IIIB Type IIIB
Amount of oil 40–80% >20% >20%
Amount of surfactant 30–40% 40–80% 40–80%

HLB: Hydrophile-lipophile balance, LCFS: Lipid classification formulation
system, SEDDS: Self-emulsifying system, SMEDDS: Self-micro-emulsifying
system, SNEDDS: Self-nano-emulsifying system.
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research mainly focused on improving bioavailability and patient
compliance while reducing toxicity and side effects. A variety of drug
delivery technologies has been developed and evaluated, and numerous
strategies for a controlled and targeted delivery have been explored.
The performance of the drug in terms of bioavailability, safety and ef-
ficacy can be positively changed by alteration of an already existing
drug into a novel delivery technology.

Amid the administration routes the oral one is the most popular one
with the highest levels of patient compliance, but oral bioavailability is
often limited because of a poor water-solubility, low permeability or
high first pass metabolism. By developing fast-dissolving formulations
comprising FDTs and later FDOFs, researchers embraced an alternative
to traditional oral dosage forms. The distinctive features such as the
ease of administration, a rapid disintegration and a quick action within
60 s making it a promising delivery especially for geriatric, pediatric
and dysphasic patients who find it hard to swallow capsules or tablets.
Since almost 40% of newly discovered drugs are encountered with a
poor water-solubility causing a poor bioavailability and missing dose
proportionality, the use of self-emulsifying formulations has become
increasing popular for preclinical studies. The design of SEDDS,
SMEDDS and SNEDDS enable bypassing the dissolution step after oral
administration and the first pass effect indicating higher levels of
bioavailability. Based on the utilization of osmosis as driving force,
osmotic drug devices have come a long way since its origin about
25 years ago. By modulating the formulation factors including dis-
solubility and osmotic pressure of the gist, membrane characteristics
and the orifice size, ODDSs can deliver multiple API in a controlled
manner and irrespective of physiological conditions. Nanotechnology is
also one exciting sector in drug delivery that has experienced growth at
imposing rate lately. Ranging from organic to inorganic nanoparticles, a
large number of materials and formulation aspects are possible and
allow great versatility, controllable size and shape, the functionaliza-
tion to a targeted delivery and triggered release as well as the loading of
various active agents. Drugs can also be successfully addressed to a
specific target site by using lipoidal vesicular systems such as lipo-
somes, transfersomes and ethosomes or non-lipoidal vesicular systems
like niosomes. In this manner toxic or undesirable effects to other sites
can be prevented. This system has been investigated over the years in
drug deliverer, particularly for transdermal drug delivery, due to its
flexibility to be modified for different desired purposes. Finally, VDDSs
enable an improved bioavailability, a prolonged systemic circulation
and enhanced patient compliance.

In conclusion, the evolution of drug delivery systems has come a
long way and will proceed to grow at an extraordinary rate. Plentiful
therapeutic as well as commercial merits are provided by the in-
corporation of drug molecules in novel drug delivery systems. It is
evident that new pathways have been paved and doors opened in the
delivery of already existing as well as new drugs. But some aspects
including translation to clinical use, costly production and limited drug
payload must be addressed in more extensive manner. However, there
is still room for improvement and all newly developed drug delivery
systems will need to be thoroughly characterized and investigated be-
fore being approved to be used in humans.

8. Future perspectives and critical point of view

Today's drug delivery technologies enable the embodiment of the
drug into novel delivery devices and hence facilitate various ther-
apeutic and commercial benefits. Ranging from fast dissolving to na-
noparticulate drug delivery systems, a variety of novel delivery systems
have been developed and evaluated and numerous strategies for a
controlled drug delivery to a specific target-site have been researched.
However, there are several challenges remaining.

One of the permanent features of drug delivery technologies, is the
important part that polymers play in navigating the drug liberation as
well as in manufacturing drug carriers. Progress, especially in the fieldTa
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of nanotechnology, is limited by the availability of suitable bio-
compatible polymers. An ongoing interest in new polymer synthesis has
occurred due to the demand for polymers with aimed physical and
biological features. For this reason, a wide array of biodegradable
polymers form natural or synthetic origin has been studied for their
ability of an extended drug liberation and targeted drug delivery. So far,
only a small number of them are found to be biocompatible. From the
manufacturing perspective, conventional methods have the merit of
easy scale-up but are likely to lose conciseness in monitoring over
particle characteristics. Although top-down techniques would allow to
regulate size and shape, they are only applicable to a few drug delivery
systems.

Several other approaches have been made including in the treat-
ment of diabetes mellitus to address the limitations with the adminis-
tration of insulin. By using the glucose modulation, the insulin delivery
rates can be regulated enabling a self-regulated drug delivery. The
major challenge is to develop a delivery system that exhibits the natural
pattern of insulin release in vivo.

Critically concluded, the need for new materials for their quality of
being biodegradable, biocompatible and low toxicity will be met in
future and in combination with novel fabrication techniques will pro-
vide significant advantages in drug delivery. Tomorrow's drugs will
definitely be more challenging in regard to drug delivery and the
pharmaceutic science will have a really difficult task ahead.
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