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ARTICLE INFO ABSTRACT

This review article is an updated overview on lipid-polymer hybrid nanoparticles (LPHNSs) including the various
types of LPHNs polymers used in their preparation, various methods of preparation, their physiochemical, in-
vitro and in-vivo evaluation parameters and their application in various delivery systems. LPHNs show a com-
bined advantage of biodegradable polymeric nanoparticles and liposomes. LPHNs mainly consist of a biode-
gradable polymeric material core containing drugs or any substances which are to be encapsulated then this core
is further enclosed by a phospholipid layer i.e. lipid PEG layer. LPHNs show good physical strength and bio-
compatibility. The hybrid structural design can offer various benefits such as controlled particle size, high drug
loading, surface functionality with various ligands (antibody fragments, peptides, monoclonal antibodies, ap-
tamers, and folate molecules), and encapsulation of combinational therapeutic agents, showing prolonged re-
lease of drug and drug circulates in the blood for longer duration. Significantly, the LPHNs have recently been
confirmed as a better drug delivery route and good cellular delivery efficacy of various drugs as compared to
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polymeric nanoparticles and liposomes.

1. Introduction

This review will discuss the category of nanoparticles mainly in the
size range between 10 and 1000 mm. This system was developed in the
last 20 years in the field of medicine for the treatment of disease in
more effective ways such as site specificity, receptor targeting in re-
levant times and doses and removal of the toxic effect of drugs.
Nanoparticles can be synthesized from various natural, synthetic and
semi-synthetic polymers. Nanoparticles are widely used as delivery
vehicles of beneficial therapeutic substances like small drugs, genes,
protein-peptides and diagnostic imaging agents encapsulated inside or
conjugated on the surface of nanoparticle carriers (Kim et al., 2010;
Soppimath et al., 2005; Hans and Lowman, 2002).The comparison be-
tween nanometric size drug carriers with microparticles is that they are
made up of biodegradable polymers which are only useful for con-
trolled and localized drug release from several weeks to months after
administration but they are too large for intravenous administration
and also for drug targeting (Miiller et al., 2000). For that reason, na-
noparticles play an important and successful role in achieving the target
of controlled and site-specific drug release. In 1986, Dior introduced
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liposomes for cosmetic use in the market, but some years after this li-
posomes were used in pharmaceutical products for the treatment of
various diseases. In the area of nanocarriers, micro and multiple
emulsions were also invented but they have disadvantages like de-
gradation of active incorporated compounds and instability in the for-
mulation. Commonly used nanocarriers were polymeric nanoparticles,
polymeric micelles, dendrimers (polymers), liposomes, solid lipid na-
noparticles (lipids) and metal (gold, silver, silica) nanoparticles
(Mullera et al., 2002; Hadinoto et al., 2013).

Liposomes are spherical vesicles with a lipoidal bilayer membrane
containing amphiphilic lipid molecules which are used to deliver both
hydrophobic and hydrophilic drugs that protect the drug from the ex-
ternal environment (Fig. 1A) (Zhang and Zhang, 2010; Albanese et al.,
2012; Enlow et al., 2011; Sharma and Sharma, 1997). But the appli-
cation of liposomes in drug delivery was limited because of low en-
capsulation efficiency of low water-soluble drugs such that the release
of entrapped the drug occurs quickly resulting in the instability of the
drug. Some liposomal formulations also available on the market include
daunorubicin liposome (DaunoXome), amphotericin B liposomes (Am-
bisome) and morphine liposome (DepotDur) (Gregoriadis, 1995). On
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Fig. 1. (A) liposomes bilayer structure, and (B) Lipid polymer hybrid nanoparticles with inner polymer core containing drug molecule surrounded by lipid and lipid

PEG layer.

the other hand, polymeric (biodegradable) nanoparticles contain hy-
drophobic drugs with high loading capacity as compared to liposomes.
Drug release from these polymeric nanoparticles with polymer de-
gradation and drug diffusion can be controlled by selecting appropriate
polymers, but they also had problems like moderate circulation lifetime
and possible biocompatibility issues (Zhang and Zhang, 2010; Pinto
et al., 2006.

Due to the various restrictions of liposomes and biodegradable
polymeric nanoparticles, a novel drug delivery system known as a lipid-
polymer hybrid nanoparticle (LPHNs) was used which has more bene-
fits as compared to liposomes and nanoparticles (Zhang and Zhang,
2010; Zhang et al., 2008). The structure of drug loaded LPHNs is shown
in Fig. 1B which shows three distinct functional components. The inner
polymer matrix (core) which contains therapeutic drug material
(mainly low water soluble/hydrophobic drug) with high loading effi-
ciency and the lipoidal layer which is surrounded by a polymer core
that confers biocompatibility and encourages drug retention inside the
polymer core. The outer layer is made up of lipid PEG which coats the
lipoidal layer and thus enhances the stability, prolongs in vivo circula-
tion time and helps in steric stabilization (Chan et al., 2009). The
polymeric core and lipid covering are linked through Vander walls
forces, hydrophobic interactions, electrostatic interactions, and various
noncovalent forces but the water-soluble polymer core layer is fre-
quently conjugated by covalent bonds to the surrounding lipids. Var-
ious pharmaceutically bioactive therapeutic molecules like drugs,
genes, proteins peptides, vaccines, diagnostic imaging agents and tar-
geting ligands can be encapsulated, adsorbed, or covalently bound in
this hybrid polymeric system (Gao et al., 2007; Li et al., 2010; Moon
et al., 2012; Mieszawska et al., 2012). LPHNs have been rapidly in-
volved in robust drug delivery platforms due to their many advantages
over other nanocarrier systems like high structural reliability, storage
stability, controlled release ability attributed to the polymer core high
biocompatibility because of the presence of PEG-lipid (Chan et al.,
2009; Thevenot et al., 2007).

2. Types of lipid polymer hybrid nanoparticles (LPHNS)

The hybrid nanoparticles were classified into different groups based
on the different arrangement of lipids and polymers (Fig. 2).

2.1. Polymer core lipid shell

This is the simplest form of LPHNS. It consists of a polymer partial
core which is coated with lipid single layer or bilayer (lipid PEG and
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lipid shell
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Fig. 2. Different types of lipid-polymer hybrid nanoparticles.

lipiodial shell) (Fig. 1B), the biomimetic quality of lipids and structural
advantage of biodegradable polymer core jointly give an advanced and
beneficial delivery system which is useful for the treatment of various
systemic and topical disorders. (Thevenot et al., 2008).

2.2. Core-shell type lipid polymer-lipid hybrid nanoparticle (CSLPHNs)

This type of nanoparticle has an empty inner core which is bordered
by a concentrated lipid covering, followed by a polymeric coating on
the inner core and surrounded by lipid coating with lipid PEG as shown
in Fig. 3A. This polymeric core is surrounded by single or several layers
of lipid. They are usually arranged by mixing the properties of both
liposomes and polymeric nanoparticles to form the complexes of
polymer and lipid in which a bilayer of lipid or lipid multilayer sur-
rounds the polymeric core surface. The gap between the core of the
polymers and the layer of lipid is generally filled with aqueous buffer or
water. For promoting electrostatic interactions with oppositely charged
polymers mainly cationic or zwitterion phospholipids were used to
prepare the covering of the lipoparticles (Mandal et al., 2013; Shi et al.,
2011).

2.3. Erythrocyte membrane-camouflaged polymeric nanoparticles

These nanoparticles are also called biomimetic nanoparticles. They
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Fig. 3. Different types of lipid-polymer hybrid nanoparticles.

are in the sub-100nm size range coated with an erythrocyte cell
membrane (RBC) polymer as shown in Fig. 3B to form vesicles that
mimic or copy the difficult surface chemistry of the erythrocyte mem-
brane (Hu et al., 2011). These types of nanoparticles easily cross the
membrane barrier and easily deliver drugs for long periods of time by
circulating in the bloodstream.

2.4. Monolithic lipid-polymer hybrid nanoparticles

Monolithic LPHNs are also known as mixed lipid-polymer hybrid
nanoparticles. In this type of nanoparticle lipid or lipid PEG molecules
are distributed in a polymeric core matrix which contains drug mole-
cules as shown in Fig. 3C (Shi et al., 2011).

2.5. Polymer caged liposomes
This method involves the self-possession of polymers coated at the
liposome surface to provide stability of the system as shown in Fig. 3D

(Enlow et al., 2011; Lee et al., 2007).

3. Various methods of preparation of lipid polymer hybrid
nanoparticles

Generally, LPHNs can be synthesized mainly by two broad methods;
one step processes and two-step processes which can be further sub-
divided shown in Fig. 4. All the methods of preparation are also de-
scribed below.

3.1. Two-step method

The two-step process is the frequently adopted technique used in the
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starting phase of LPHNs formulation; it is commonly used to prepare
monolayer, bilayer or multilayer shells. In this method, with the help of
electrostatic interactions, cationic lipid vesicles are combined with
anionic polymeric nanoparticles. Firstly lipid nanoparticles were pre-
pared by various methods like micro-emulsification, ultrasonication,
high-pressure homogenization (hot and cold), melt emulsification,
solvent emulsification, and solvent injection methods. Then the
polymer cores were prepared by dissolving suitable biodegradable
polymers in water-immiscible organic solvents such as chloroform
containing drugs, then the polymeric solution was mixed with the
preformed lipid nanoparticles to make lipid-polymer hybrid nano-
particles with the help of simply vortexing, needle extrusion, or ultra-
sonication high-pressure homogenization. (Hadinoto et al., 2013;
Zhang and Zhang, 2010; Mandal et al., 2013; Troutier et al., 2005b)
Fig. 5 shows the main steps for the preparation of LPHNs by the two-
step method. Two-step methods are mainly of two types conventional
and non-conventional two-step methods, which are described below.

3.1.1. Conventional two-step methods

Conventional methods are used for mainly small scale preparations
of hybrid nanoparticles. Polymeric nanoparticles were prepared with
the help of Emulsification solvent evaporation, nanoprecipitation, or
high-pressure homogenization. Then these nanoparticles are complexed
with the preformed lipid vesicles with the help of electrostatically
bonded lipids or PEG which adhere to the surface of the polymeric
nanoparticles. The polymeric nanoparticles prepared earlier were
added to a dried thin film of lipid formed by dissolving the lipid in an
organic solvent followed by vaporization in a rotary evaporator. Then
the solution mixed above was subjected to ultra-sonication or vortexing
at temperatures greater than the transition temperature of lipids re-
quired to form LPHNs. The LPHNs were centrifuged to separate them
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Fig. 4. Various method of preparation of LPHNs.

from the solution.

For obtaining the monodispersed form of LPHNs they were exposed
to extrusion or homogenization steps (Troutier et al., 2005b; Wu et al.,
2006; Messerschmidt et al., 2009). For example, Zhao et al., 2012
prepared LPHNs using PLGA polymer which forms the inner core and
outer shell made up of cationic lipids of FA-OQLCS/ PEG-OQLCS/
Cholesterol. LPHNs were prepared by adding the PLGA nanoparticles
with the vesicles of lipids at constant stirring or with the help of a bath
sonicator at 30 °C resulting in the formation of LPHNs with 200 nm size
and (+) 20-30 mV zeta potential. A similar procedure was also done by
Sengupta et al. (2005) and Wang et al. 2010a.

Polymer = drug solution

Polymer core

o5

2 |—
&
??? (2]

Lipid+lipad PEG solution

Liposome

3.1.2. Nonconventional two-step method

The non-conventional method is mainly used for large scale pro-
duction of LPHNSs. In this method, LPHNs were prepared with the help
of various techniques like spray drying and soft lithography particle
molding. In the spray drying technique polymers such as polyglutamic
acid and polylysine were used to produce nanoparticles in the size
ranging of 400-500 nm, after which they were dispersed in organic
solvent (dichloromethane) containing various lipids. The lipoidal
polymeric suspension was further spray dried to produce LPNHs. For
example, Wang et al. worked on a relative study using spray drying
(SD) and spray freeze-drying (SFD) to form LPHNs of levofloxacin in the
dry powder form through an inhalation route (Wang et al., 2012).
Another approach to synthesize LPHNSs of the smaller size used a newly

Lipid polymer hybnd nanopartical

» . A ’
“ 4
t'f"‘\"\}‘,‘\‘-

Fig. 5. Preparation of LPHNs by two-step method; (1) polymer core containing drug prepared separately, (2) lipoidal shells (liposomes) with lipid PEG prepared

separately; (3) polymer core and liposomes mixed together by different techniques.
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commercialized nano spray dryer (Hitzman et al., 2006; Li et al., 2010).
A soft lithography molding technique also is known as particle re-
plication in nonwetting templates (PRINT) was used to prepare LPHNs
for genetic material delivery (Hasan et al., 2011) In this method, or-
ganic solvent polymer PLGA or genetic material such as siRNA were
dissolved and then shed into a polyethylene terephthalate (PET) sheet,
then heated in conformal contact with a PRINT mold, allowing the
polymer to pour into the mold and leave to solidify upon being returned
to ambient temperature, then polymeric nanoparticles were formed.
After this, nanoparticle were removed from the mold and with the help
of aqueous solution of lipids nanoparticles were separated from PVA
coated PET sheets leading to the formation of LPHNs. After the freeze
drying of LPHNs the particles had needle shapes with 200 nm length
and (+) 5mV zeta potential (Hasan et al., 2011).

3.2. One step method

One step method for the preparation of LPHNs shows various ben-
efits such as cost-effectiveness, highly scalable, and the method of
preparation was conventional. The drawback of two-step methods is
separate preparation of polymeric nanoparticles and lipid vesicles
which are very time consuming requiring higher energy expenses. To
overcome these problems a one-step method was developed which in-
volves a simple mixing of lipid solution and polymeric nanoparticles by
nanoprecipitation or emulsification solvent evaporation method which
is described in Fig. 6.

3.2.1. Self-assembled nanoprecipitation

The self-assembled nanoprecipitation method showed high pro-
duction yield of sub 100 nm lipid-polymer particles. In this method
LPHNs were prepared by firstly dissolving the polymers and drugs to be
encapsulated in water or any organic solvent then lipid or lipid PEG was
dissolved in water by heating at 65-70 °C to form a uniform dispersion.
The solution was then continuously stirred or sonicated, the polymeric
drug solution was added dropwise to precipitate the polymer and the

Polymer + drug solution

Lipid+lipid-PEG solution
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lipid or lipid PEG molecule self-assembled around the core of the
polymer with hydrophobic interactions. To the polymeric core a water-
immiscible lipid tail was attached and to the external environment, a
water-miscible head was attached forming LPHNs sterically stabilized
by lipid or lipid PEG. The LPHNs were then centrifuged to remove extra
lipid and polymer and to evaporate the solvent (Schafer et al., 2009; Su
et al., 2011). The size and polydispersity index of the hybrid nano-
particles depends on polymeric material concentration, solvent volume
ratio and mixing speed of the solution. The lipid-polymer ratio in-
directly affects the encapsulation efficiency, drug loading and drug
release kinetics (Zhang et al., 2008; Schafer et al., 2009). Hybrid na-
noparticles of dextran sulphate PLGA of vincristine sulfate were pre-
pared by the self-assembled nanoprecipitation method to increase the
encapsulation efficiency and oral bioavailability of vincristine sulfate
(Ling et al., 2010). Recently microfluidic nanoprecipitation and multi-
inlet vortex microreactors were two advanced methods of nanopreci-
pitation which included high production and improve size homogeneity
of nanoparticles.

3.2.2. Modified emulsification solvent evaporation [ESE]

The ESE method is divided into two types, single and double
emulsification methods which were firstly reported by Gurny et al.,
1981. In these methods, the lipid is dispersed in water through various
processes like stirring, bath sonication and for the uniform dispersion of
lipid in water, it is heated at a particular temperature to dissolve the
organic solvent, polymer and drug. Then the organic solution was
added drop wise in the aqueous dispersion and afterwards the mixture
was probe sonicated for 5 min to convert polymeric particles into small
particles and thus spherical shaped nanoparticles with a lipid layer
coating were formed. With the help of rotary evaporator, the organic
solvent was vaporized at room temperature then the solution was
stirred overnight. The suspension was cold centrifuged to purify along
with repeatedly washing with distilled water. To obtain the nano-
particle in solid form the suspension was lyophilized (Mandal et al.,
2013).

Lipid polymer hybrid nanopartical

Fig. 6. A one-step method forming hybrid nanoparticles through a nanoprecipitation and self-assembly method mixing drug containing polymer solution with lipid

and lipid PEG aqueous solution.
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Fig. 7. Hybrid nanoparticle preparations by single emulsification solvent evaporation method.

3.2.2.1. Single emulsification solvent evaporation. A single ESE method
(o/w) is shown in Fig. 7. In the single ESE process the therapeutic
material to be encapsulated and the polymer is dissolved in a lipophilic
solvent like an oil phase, then it is transferred, into a lipid-water
dispersion to formulate an oil in water (o/w) emulsion under constant
stirring, probe or ultra-sonication. The organic solvent is removed with
the help of a rotary evaporator under reduced pressure; producing the
polymer core and at the same time, the lipid or lipid PEG self assembles
in the surrounding region of the polymer core (Cheow and Hadinoto,
2011; Bershteyn et al., 2008). The method formulates a large number of
LPHNs as compared to the nanoprecipitation method due to the
formation of a stable emulsion.

3.2.2.2. Double emulsification solvent evaporation. This method is
employed when the drug is insoluble in an organic solvent. In this
method the drug is first dissolved in water and then in the oil phase
(containing lipid and polymer) it is emulsified to form a w/o.
Afterwards this emulsion is added into the aqueous phase (containing
lipid PEG) to formulate w/o/w emulsion. With the help of a rotary
evaporator, the oil phase of the emulsion was evaporated leading to the
formation of LPHNs. The method of preparation is shown in Fig. 8. In

Agqueous phase
(lipid-PEG)

double ESE method, LPHNSs contain a lipid layer inside which covers the
hollow core of the aqueous media and the polymer layer is present
between these two layers with the lipid-PEG layer present outside (Zhao
et al., 2012).

4. Various routes for therapeutic delivery of LPHNS system

Advances in nanomedicine have mainly been attained in the use of
nanoparticles for the delivery of therapeutic substances, but in delivery
systems, nanoparticles in the range of 50-500nm are suitable de-
pending on the administration route. Many routes are suitable for de-
liveries of LPHNPs. With the help of nanoparticles, the pharmacoki-
netics of the drug is changed without changing the active drug.
Significant effect on drug efficacy is completely dependent on the
method by which a drug is delivered.

4.1. Oral therapeutic delivery system for LPHPs
The oral route is the most suitable route for the delivery of ther-

apeutic substances because it is highly accepted by patients. As man-
ufacturing of oral formulations does not require a sterile environment

Core-shell-type lipid polymer lipsd hybrnid nanopartical (CSLPHN')

l w/o/w emulsion I

o
Aqueous phase -
(drug)

Oilphase
(polymer+lipid)

Fig. 8. Hybrid nanoparticle preparation by double emulsification solvent evaporation method.
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they are cheaper than other formulations. Encapsulation of drugs in
nanoparticles reduces disadvantages of the drug such as degradation
from the gastric environment is prevented, delivery of the drug is only
at the targeted site thus achieving sustained release of the drug (Yun
et al., 2012). With the help of four mechanisms nanoparticles can easily
cross the biological membrane i.e. paracellular transport, transcellular
transport, receptor-mediated and carrier-mediated transport as shown
in Fig. 9. In the GI tract, drug absorption depends on various factors like
hydrophobicity, molecular weight, pH stability of the drug and biolo-
gical membrane, hydrophobicity (Ensign et al., 2012).

4.2. Transdermal or topical therapeutic delivery system for LPHNPs

In this type of drug delivery system, the therapeutic substance is
applied on the skin to achieve the therapeutic level of drug in the blood.
This type of drug delivery provides various advantages like first pass
metabolism of the drug is avoided, easy to administer the drug, main-
tain the concentration of drug in a steady state manner in blood etc.
This leads to enhanced patient compliance, particularly when long term
treatment is required, as in chronic pain treatment like cancer therapy
and smoking cessation therapy. In the case of toxicity during treatment,
the transdermal or topical therapy can easily be discontinued by the
patient (Valenzuelaa and James, 2012). The study report was per-
formed by Gonzalez et al. produce particulate hybrid carriers con-
taining a glyceryl monostearate (Lumulse® GMS-K), a waxy triglyceride
(Cutina® HR), silanized TiO, and caffeine were investigated with the
aim of producing sunscreens with UV-radiation protection properties
for topical application (Troutier et al., 2005a).

Nanoparticles in the topical administration provide various ad-
vantages like provide sustained release of the drug, protects the drug
from the chemical degradation. In topical drug delivery system, the
drug enters the skin through the intracellular mechanism, transcellular
mechanism, transappendageal pathway as shown in Fig. 10. The entry
of nanoparticle in the skin depends on various factors like size, poly-
mers and lipid properties used in the preparation, surface charge, en-
capsulation of the drug, lamellarity of the particles. (Chen-yua et al.,
2012).
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4.3. Pulmonary therapeutic delivery system for LPNPs

In the recent years, pulmonary delivery of the active drug substance
through nanoparticles has recently gained important interest in the
drug delivery system because of the high bioavailability, avoids lung
phagocytic and mucociliary clearance mechanisms of lung resulting in
elongated drug residence time. Moreover, hybrid nanoparticles in
general exhibit higher hydrophobicity than polymer nanoparticles re-
sulting in enhanced cell intake and lower cytotoxicity. In the case of
drugs which have poor bioavailability, the pulmonary route is the
preferred route (Wang et al., 2012). Wang et al. worked on comparative
studies of employing spray drying (SD) and spray freeze-drying (SFD) to
produce an inhalable dry powder form of drug loaded lipid-polymer
hybrid nanoparticles of levofloxacin for the treatment of lung infection.
The mechanism of drug delivery through the pulmonary route is shown
in Fig. 11.

After orally inhaled, there are three established mechanisms for
retrieving the particles in the lung: gravitational sedimentation,
Brownian diffusion, and inertial impaction. For the deposition of ag-
glomerates and microparticle impaction and sedimentation play an
important role. The particles with the diameter less than 5nm get a
deposit in the flat form in oropharynx as compared to the particle which
has diameter ranged from 1 nm to 5nm i.e. nonporous particle can at-
tain the pulmonary deposition deeply but they get engulfed by an al-
veolar macrophage. Because of the low density of the porous large
particle, they get a deposit in the lung deeply and due to their larger
diameter, they escape the phagocytosis phenomena (Liang et al., 2014;
Olsson et al., 2011).

4.4. Ocular therapeutic delivery system for LPNPs

As compared to the conventional delivery system nanoparticle show
more benefits to treat the various eye-related disease as they do not
cause any type of irritation to the parts of the eye like cornea, iris, pupil
etc. Delivery of drugs to the eye in the form of nanoparticle reduces the
dose, shows a good drug release profile providing prolonged release of
time, concentration of the drug at target site was increased; residence
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Fig. 10. Transdermal or topical delivery pathway for entry of nanoparticles into the skin. Nanoparticles entering the stratum corneum by (1) transcellular route, (2)
intracellular route (across the intact horny layer), (3) transappendageal pathway (the hair follicles with the associated sebaceaous glands) reaching the epidermis,

dermis and blood vessels.

time of drug on the surface of cornea is increased and reduces the
systemic toxicity of drug (Das and Suresh, 2010). For the delivery of
nanoparticle through intraocular tissue two factors need to be con-
sidered i.e. cornea or blood-ocular barrier as it is difficult to cross this
barrier and reach the drug at the site of action. By topical (drops,
ointment etc.) application, the drug gets diffuses around the tear film,

cornea, iris, cilliary body, and vitreous humor before it reaches to the
target tissue in the posterior eye. The systemic delivery of drug shows a
poor response in the retina. Intravitreal or Subconjunctival implant
through transscleral diffusion increases the concentration of drug in the
retina (Zimmer and Kreuter, 1995). The deliveries of the drug in the
eyes through various routes were shown in Fig. 12.
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Fig. 11. Pulmonary delivery pathways for entry of nanoparticles according to particle size deposit into the lungs.
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Fig. 12. Ocular delivery pathways for entry of nanoparticles into the eye by a topical, systemic and intravitreal or subconjuctival implant.

4.5. Lipid polymer hybrid nanoparticles surface functionalization

The outer lipid PEG layer is necessary to keep the stability of the
LPHNSs both in vitro by decreasing aggregation and in vivo by allowing
the particles to recognize by the reticuloendothelial system (RES) and
other immune cells. Additionally, the lipid-PEG layer also makes
available space for functional groups for further modification of the
hybrid nanoparticles with targeting ligands like monoclonal antibodies,
antibody fragments, aptamers, peptides, and small molecules such as
folic acid. For cell or tissue-specific drug delivery targeting ligands are
conjugated to the nanoparticles through covalent bonds with the
functional groups at the end of the lipid-PEG chains (Zhang and Zhang,
2010). Various studies performed to enhance the active drug substances
by conjugating the ligands on the surface attachment of nanoparticles
were shown in Table 1 (Hu et al., 2010; Liu et al., 2010b; Chang et al.,
2011). In nanoparticles, these targeting ligands can be conjugated with
the lipid-polymer hybrid nanoparticles to enhance delivery efficiency at
targeting site.

5. Lipid polymer hybrid nanoparticles characterization
5.1. Physicochemical characteristics

5.1.1. Particle size distribution, Zeta potential, and Surface morphology

It has been well documented that nanoparticles with a size range of
between 10 and 150 nm were useful and desirable for the delivery of
the drug in blood circulation. To determine the surface morphology of
the particles scanning electron microscopy (SEM), transmission electron
microscopy (TEM) and Atomic force microscopy study was performed

et al., 2005a; Peyrot et al., 1994). Zhang et al. study the surface mor-
phological of the LPHNs by TEM using negative staining (Zhang et al.,
2008).The particle size and their distribution were determined by using
the principle of dynamic light scattering (DLS) (Pinto et al., 2006; Wong
et al., 2006). Valencia et al., 2010 effectively prepared highly mono-
disperse LPHNs with 40 nm particle size and (—) 20 mV zeta potential
by using the nanoprecipitation method in a microchannel (Salvador-
Morales et al., 2009). Surface zeta potential is determined by Malvern
zetasizer which determine electrokinetic potential among the surface of
the particle and the solution present in bulk quantity (Garcia-Gonzaleza
et al.,, 2009). The charge present on the surface of nanoparticle de-
termines the stability of the formulation equally in vitro and in vivo.
With the help of laser doppler velocimetry and photon correlation
principle zeta potential of prepared nanoparticle was determined. The
zeta potential of the surface of the nanoparticle can vary by varying the
end functional group of PEG molecule i.e. by COOH, NH, and CHs.
Higher the value of zeta potential towards the positive or negative side
more stable is the formulation.

5.2. Drug loading and entrapment/encapsulation efficiency

They were determined by various methods like high-performance
liquid chromatography (HPLC), dialysis, and membrane filtration
(Chan et al., 2009; Liu et al., 2010b; Li et al., 2008). The encapsulation
efficiency (EE) is defined as the total amount of the drug that is en-
capsulated inside the nanoparticle. To determine it briefly, a known
amount of the nanoparticle formulation was placed in Eppendorf tube
and centrifuged the formulation. The procedure was repeated multiple
times to obtain a clear supernatant. Further, the concentration of un-

(Salvador-Morales et al., 2009; Garcia-Gonzaleza et al., 2009; Troutier entrapped drug was determined Using Ultra Violet/visible-
Table 1
Examples of conjugated ligands on lipid PEG layer on nanoparticles and their application.

Conjugated ligands Encapsulated material Application Reference

Half-antibody Paclitaxel
A10 RNA aptamer Docetaxel, indium111 and yttrium 90
Folate molecule Docetaxel
Peptide Paclitaxel

Pancreatic cancer
Prostate cancer

Hu et al., 2010
Wang et al., 2010a
Breast cancer

Injured vasculature Chan et al., 2011
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spectrophotometry or through HPLC. The %EE is determined by the
given formula

Amount of encapsulated matrial in nanoparticle pellet (ug)
Amount of encapsulated matrial in nanopartical dispersion (ug)

X 100

(%)EE =

The LPHNs signify a new drug delivery vehicle for hydrophobic
drugs with high encapsulation efficiency and controlled release rates.
The lipid or lipid PEG layer retards the diffusion of small drug mole-
cules from the polymeric core and thus improves the encapsulation
efficiency. Mandal et al. found that many factors that affects drug
loading and EE which depends on hydrophilic nature of the drug, drug
miscibility and affinity in the lipid and polymeric phase, concentration
of lipid or lipid PEG used, charge interaction between the drug and
lipid, pH of the aqueous phase, and preparation method (Mandal et al.,
2013)

5.3. Drug release studies

The release of drug in the solvent medium was determined by cal-
culating the remaining drug content in the nanoparticles by various
method like dialysis followed by high performance liquid chromato-
graphy (HPLC) and UV-Visible spectrophotometry method (Hu et al.,
2010; Liu et al., 2010b; Wong et al., 2006; Zheng et al., 2010; Pinto
et al., 2006). Most commonly dialysis method was used for the drug
release study. In this previously separated nanoparticle resuspended
and dispersed in release medium and transferred into the prewashed
and preconditioned (by equilibrating with release medium for
30-40 min) cellulose ester dialysis membrane bags and sealed. Sealed
bag was placed in release medium at 37 °C with continuous stirring at
120 rpm. At fixed time interval particular amount of release medium is
withdrawn and is replaced by the same volume of the fresh medium to
maintain the sink condition and the quantification of drug is measured
in each release by UV-VIS spectrophotometer or high-performance li-
quid chromatography (HPLC) (Wang et al., 2010a; Narvekar et al.,
2012).

Several factors influence drug release profile of the LPHNs which
includes the interaction between the drug and polymer, the solubility of
the drug, rate of degradation of polymer and size of particles. The re-
lease of the drug from the LPHNs which is physically encapsulated
occurs through drug diffusion and erosion of the polymer. For chemi-
cally encapsulated drugs, the release depended on the linker hydrolysis
(the link between polymer chain and drug). The uniform distribution of
the drug molecules in nanoparticles improves the release kinetics of the
drug with expressively reduced burst release effects (Gary et al., 2007).

5.4. Stability studies of nanoparticles

Stability study for both nanoparticle suspension and the lyophilized
sample was performed to study the loss of drug on storage of nano-
particle at different-different temperature. Accelerated stability study of
the optimized formulation was performed as per International Council
for Harmonization guidelines (ICH guidelines “Q1A (R2) 2003, Stability
Testing of New Drug Substances and Products”). Lyophilized nano-
particle and nanoparticles suspension samples were stored at 20 °C and
at 4 °C for 3 months in the glass vials. After storage duration of 7, 15,
30, 60 and 90 days, lyophilized nanoparticles were redispersed in dis-
tilled water and nanoparticles suspension was directly sonicated for
10-15s and then particle size, PDI, zeta potential and % encapsulation
efficiency was calculated. (Wu et al., 2006).

5.5. Cellular intake and cytotoxicity

Cellular intake and cytotoxicity are the characteristics in vitro assay
to measure the efficacy of drug encapsulated nanoparticles against
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target tissue earlier and correlate to in vivo estimations. Cellular intake
of hybrid nanoparticles is inspected by tagging the hybrid nanoparticles
with suitable fluorescent probes like fluorescence isothiocyanate (FITC)
and with the help of confocal laser scanning microscope (CLSM) tissue
imaging is done.

The cellular intake of nanoparticles in vitro depends on two me-
chanism endocytosis or nonspecific inundate. To assist cellular intake of
the LPHNS, ligands were typically united for targeting LPHNs surface to
trigger the receptor facilitated endocytosis. In this, a variety of targeting
ligands have been used to help binding specificity and cellular intake of
the LPHNs (Sengupta et al., 2005; Wang et al., 2010b).

Cellular cytotoxicity examination was generally performed by the
incubation process for a specific time. After the 72 h of supplementary
culture, cell ability is evaluated with suitable assays such as ATP assay
and MTT assay. When compared to free drugs, the nanoparticles ex-
pressively decrease the side effects associated with the drug. Liu et al.
worked on paclitaxel hybrid nanoparticles and MCF-7 breast cancer
cells were employed to evaluate the cellular intake and cytotoxicity.
After incubation with MCF-7 cells at 0.250 mg/ml nanoparticles con-
centration, the paclitaxel-loaded PLGA nanoparticles of DLPC shell
showed more successful cellular intake versus those of PVA shell. The
analysis of IC50 (the drug concentration at which 50% of the cells are
killed) demonstrated that paclitaxel nanoparticles could be 5.88-, 5.72-,
7.27-fold effective than the commercial formulation Taxol® after 24,
48, 72 h treatment, respectively (Liu et al., 2010b).

5.6. In vivo evaluation

Major problems of drug delivery in the blood circulation nano-
particles are their limited circulation lifetime. On reaching the nano-
particle in the systemic circulation plasma proteins get rapidly adsorbs
on the particle surface and they get rapidly cleared from the circulation
through mononuclear phagocyte system (MPS) in the liver and spleen
by opsonization process.

The in-vivo behavior of the nanoparticle was depended on the par-
ticle size, charge present on the surface of the nanoparticle, modifica-
tion of lipid PEG and a targeting ligand. It is common that conventional
and PEGylated nanoparticles with 10-150 nm size and slightly nega-
tively surface charged are capable to present in the blood circulation for
a specific time and specifically penetrate in tumor tissues by the passive
diffusion and active targeting effects. In the research area targeted
delivery is an important aspect. The study performed by Wong et al.
(2007) to evaluate in vivo efficacy, unwanted toxicity and site-specific
distribution of a doxorubicin loaded LPHNs formulation in a murine
solid tumor model after intratumoral injection resulted in 70% and
100% tumor growth delay for doxorubicin doses of 0.1 and 0.2 mg in
mice, respectively and showed no signs of toxicity (Garcia-Gonzaleza
et al., 2009).

6. Lipid polymer hybrid nanoparticles applications
6.1. Therapeutics drug delivery

LPHNSs were formulated to efficiently incorporate and deliver a wide
range of therapeutic materials with the loading of different types of
drugs alone or in a combination. Water-soluble drugs get encapsulated
in the polymeric core through the nanoprecipitation method and water-
insoluble drugs were encapsulated into the lipid or lipid PEG shell. For
additional controlled release kinetics of the therapeutic substance, it
was covalently attached to the polymer chains. Among their adaptable
applications, some key areas with important medical implications were
discussed in Table 2. The LPHNs application in drug delivery was
classified into three subclasses that are single drug deliveries, combi-
natorial drug deliveries, and actively targeted drug delivery by LPHNs
functionalization with targeting ligands (Pinto et al., 2006). The sub-
100nm lipid-polymer hybrid nanoparticles with a single drug



i 142
Journal of Microbiological Methods 160 (2019) 130-
V. Dave, et al.

Lo ; d
vo animal model an
IS s i i ed vasculature in vi
j:? B o2 specifically deposited in damag manner for 2weeks. It is useful for
* ©0 i inuous .
% g o E g release the drug in 2 contrllnuo therapeutic agent incorporated into the
g . : i emo
™ g | £ 8% = delivery of various single c f lipid PEG layer, to the
$s85 %2 S5 | s E2F i or lipid substances or surface of lip: p
~ 5K e K= g ~ S8 | » =L &5 polymeric core R type of cancers (Schafer
:A£“~ososaos:~~3“ 25 E¢ ifi ting for the treatment of different typ ¢
SS2<8882888 8825 |5 =3 specific targe 18 ia et al., 2010; Wang et al., 2010a). The outcomes o
— R T - = = — o ® —_ K=l . ncla . > : 7
;9N T g SRR S - - al., 2009; Vale . . icted to in
f1T=<2T55+5552<253 |32 ETw iy Bl of the single drug delivery studies were restr
§|STTEEE8T T 53T saf|agEs a widely held o biocompatibility of LPHNs with free drug,
9 :Bogown?»m>om‘$»—_wq) - ET o . icity of LPHNS, bioco 13;
R3} Sas5508p2r28%% =<z 0ol vitro cytotoxicity . K (Hadinoto et al., 2013;
5| =225 <5AN03% -l . tics of drug
= (SR INE % i 5 © cellular intake, and releaseAl;llclil'iionally the LPHNs have shown hUge
= 1 B) .
g S5 s Kularatne and Low, 2010). : delivery. Various drug merging
g ~ 822 ive for combinatorial drug delivery. > .
g g ¥E 28 perspective for ; li was used to treat disease in a
g 5 £58 =2 ies for combinatorial drug delivery -
2 S 8m2 s for ¢ ste
= b} 2 é = a, Strategle bli for LPHNs prepared by the one P
> (3] R ® = 5 : mblin
g g G g = 528 more effective way rese & of the lipid and polymer through
g g E 2y 8 % B method using different precursors d by the two-step process, one
S S A= g 8 Q ™ ¢ . re - X
E £y g g § ey £ 5 % : : % § Py covalent conjugation. For LPH(II\] : pljflpzithe PgIYmeric while the other is
o s U 9 Q0 O3 9 & Ag S8 ¥ o : inside
5| E8epEzocs Sufsso8 |2 ER-IA e e Snecpou e Kularatne and Low, 2010). The study
— T O 9 =} b= = . ini i ula ’ .
s 55225 °¢ SoEsg s £5£8 |3 52 E° in caged into the lipid vesicles ( ted LPHNs system to simulta.
2| 2:8:88282882¢8z%:¢8 BE2 g d by Wang et al., 2010a a targe he treat-
Bl SSh8a8k8555855S38884& ol Sl performed by nd radiotherapy agents for the tr
e s 28 3 ly deliver chemotherapy and rad Joaded nano-
5585 neously The resulting double drug-loade
£l1g8s = ment of prostate cancer. iles for both drugs and improved
|l m2 85 ; d separate release profiles fo * i
I ; les showed sep he se
2|l gsaq pariees lls. The synergistic effect was attained by the
S22 5 killing of tumor cells. The 1., 2013). For the
£ g 88 85 |m=U . ticancer agents (Kong et al., :
oo g § sS S LAY ial release of the two antic . : by func-
S s 2 3 §EE §s|8<€~g quential re delivery is attained by fu
=g T ® 8 g = g . : ted drug delivery .
£ 2 OZ g s i% = § g A LPHNs delivery, the active targe tivge targeting moieties like small
ey 2 & gs g 7 80 . .. ith various ac :
£E5E E E§ 8% %2 |Q Sy tionalizing the LPHNs w : Cheow and Hadinoto, 2012) half
L= = o2 EE B2 |—-S 2% lecules, transferrin (Tf), ( . :
g EEE g EE $8_8% HE 5w folate molecules, rs, (Zhang et al., 2008) single chain
(=] : .
2| 2288 £5=52¢c38 55E% £ §5g o antibody,(Hu et al., 2010) aptax}:ﬁ tal 2009) and peptides (Valencia
=1 © o o g = =B 9 ¢ Kz e .
| 2z:82852: sEscE¢ E 283 variable fragment, (Messerschmi ool targeted delivery reduces
21 £ RN ASSEESSE S5 god 8 . “Benita et al., 2004). Active g
s| 58825298 SPEciids |8 £3E etal, 2010; Bivas Ith 1Is as caused by chemotherapy and
o = g o O =] = .5 s
S ‘-’U.“Q«vg“-ccﬁ"‘.‘:famﬁ = : . n the healthy ce
oo o ¥ o ax g R AEE Kz S E .. < the toxic effects o 1 (El-Aneed 2004)
B|EaEE S AL EFE ZZ o £ & g the tumor cell ( ’
5229 -] 2222 23F g Y3 ug to the .
£ EE2E28%E § § EESES & o8 % increases the exposure of the dli 8 e number of cancerous cells hence it
s | S Z & 2 e ; s s in alar
= | mEEEEE g" 25 v § Folic acid is over expreSSefl iet g(Glover et al., 2005). Through pre-
N P . s ted moie ” e
o ©n | o T E 9 is considered as a targe ting Sugstance is attached to the lipid-PEG
g Q o &5 2 . . hnique targetin;
& = 8= Y o insertion techniq
o0 o eaZ g E
« Y o) 3.+99 828 ial
o =] 7 S5 g o material.
g = o) o o &
g a, = >0 ¢ 3 3
2 Q e = m e S 5
5] a, 3] 1 oh o . . i
g o | w 5 g 2a o | 8o R 6.2. Nucleic acid (gene) delivery
S5l 5| 8 = %] An g =
8| 2| 8 & 8 < a2 2R Eom@me d huge
S| B B 2NN g0 mA = -3 a5 d a challenge and hug
S|l 2| % AEmdEm, EYSEAga g > 8 0 ike DNA, RNA showed a .
= S & RS R, RS 8 ar & ) <9 =3 8 Delivery of gene like > X i t chronic
=] o i ICRER-ETE [l < m & o9 E O oo K . enetic dlseaseS, differen
S| E > a0 tEOJB & A T > 3 9 w0 treheffromvarlousg .
2 5] 28 88 e REQ028R e g s X probabilities to f cancers (Lee and Kim,
8| 5| = oy geaRA~QA N EEE ic disorders, and many types of ¢
SRR SEe3gREQ TR E = 73873 diseases, genetic disorders, icles and of
ot EOEER SR EGER ] 8 1seases, ; ble nanoparticle
E 3 3 E 5 S£3 EREUE g g § S £ g’: g “: ‘3 % 2005). In gene delivery, use of the b1c.>delgra.daestigamdp(Li and Rema,
ol 8|4 AY8283S85R8%3 g o3 . been extensively inv o
Ol Sm2Aa>a g AR | 9584 < : liposomes have be d lipid-
> = cncuﬂanij““,o P g PR AZSgRZ cationic lip : X ods, polymer an p:
gl e ‘1<’<<<<<<"’n$ " SSE < .2 845A between various non-viral based methods, p s like less im.
= <USSSSSSS—15:;‘§§E © 8805 2012) be hich shows variety of benefits like less im
= a3 m e = [P . i 1C . .
S| = |EEarREEAEAR g g < EE based non-viral carriers w] absence of viral recombination, less
o PR} .. SS. .
& " o B = g3 munogenicity, less harmfulne X n of repetitive administration (Oh and
9 .
8 g > = _§ 28§ manufacturing cost, and the opflo 5004y, But these carriers also suffers
< e
Bl £ = < >a o &z ; Papanicolaou et al., . -
= s T (AN s 3o E% Park, 2009; Pap le in serum, show cyto
=] =) x A > S h S A d L. . hev were not stable in s 5
8 £ _ 8 g £ S8 B ious limitation like they b-
15 T E<s 3 S ;290 -0 from variou ! HNs has emerged as a sul
2 g28z7% = 0 382848 - rticle size is larger. Recently, LP lived
S| - S <¢ph & - g z ) B toxicity, pa ) tor system as they are stable, long-live
g £ Q8.5 8 s LS g : he delivery of a vec
s | g 50 ED = S s 8 g PEZ 0 stitute for the ) 7).
E| g EE8E 2 g AEEEEE biodegradable (Feng et al., 2007; Heyes et al., 2007). ier
S| E S geuy c $ 4|8 =2 wE and biodeg . - d high biocompatibility of this car
= = =} =5 g a3 =l 9 E ] (LS v 0% E g Due to the hlgh Stablllty an g . f oenes
T|E E3E£EE998giE cE|S5288 d recently for the delivery of genes.
Q| = T ETEES S = g8 % a, = c) S 3 S = LPHNSs have been use X B like ca-
Sl g|EE5E5%83 R EEZsssZ | 288 8z system ¢ through some non-viral vehicles (like
= & :‘s.‘:‘sgggs‘aoﬁgmmmz wE 5 EY The transport of genes . like PEI (i.e
= k3] = o . ike .e.,
El g FERLSR8R55F5E8ER o O ¥ o i.e., lipoplex) and cationic polymers .
Sle| £E8E8888482 S o33 g tionic lipid DOTAP (i.e., lipoplex) ared to the delivery through viral
k] = < 8 g - polyplex)) is more favorable asllcomlp e e e
o E‘ & TS| 007) For 1p0p exes, ; .
« (ol B I F et al., 2 . f an
S| 5 $8¢ 8 | route (Feng > t the binding of any
S 2222 m A o A mer to preven
g2 Chclcic-g 55 g =) % z lipoplex is covered through the 11)01}’( Al Dos:ri and Gao, 2009). All the
= o o o B=) . . s -
28| pppaos RSS2 EEEEE :.Q £35E non-specific protein to the hpof;;i ex i vivo effect by decreasing the
ol g%%é'ﬁ'gs%%%n>_z.zz.2 8853 hods have shown efficien .
Sl E|=2252E888 T TS Qgagyg above metho . lexes, hence in
G TTTTCTcT @ = - B . to the DNA comp 3
Ble| 888 EEEEgTTE e ess SRR ific binding of the protein : ine th
S| s EE5E5E20909% g0 o000 S o—==< non-specific g . .. . ith decreasing the
< SE B EEEE o bz 48993 in systemic administration w
3] cé; g.?.gggggésﬁsgéﬁqﬁ&é gé§€§ creaslngthemovement}ﬂsy
B F|BREOCC §2535% intake in non-targeted tissues. delivery by conquering the
g §ETES SIRNA plays an important role in gene delivery s, The
PEAIE A IR - g g £1 f particular genes with RNA interference process.
) S = aN®< I ° ion of pa
Eqé i ANBTIBONDBRA A A A~ ’225080 €Xpressio P
£ 3

140



V. Dave, et al.

Delivery of siRNA to cancerous cell begins the interference mechanism
of RNA to prevent the expression of proteins, involved in the tumor
beginning and tumor progression (Ambegia et al., 2005). Various for-
mulations like lipoplexes, polyplexes have been established for the
delivery of siRNA same as delivery of DNA (Chin-Hang et al., 2011).

6.3. Diagnostic and imaging agent delivery

In addition delivering therapeutic agents, the LPHNs can also be
used in the area of bioimaging agents for medicinal diagnostic as de-
livery vehicles like Iron oxide, Quantum dots (QDs) Fluorescent dyes
and inorganic nanocrystals commonly used in magnetic resonance
imaging (MRI) and computed tomography(CT) by encaged them inside
the polymer core (Troutier et al., 2005a). Valencia et al. used QDs to
substitute the hydrophobic polymer to formulate lipid-QD hybrid na-
noparticles by a quick mixing method within a microfluidic system
(Salvador-Morales et al., 2009). The encaged QDs remained their
fluorescence properties and exhibited high stability in aqueous solu-
tions. Mieszawska et al. studied LPHNs delivery, large amount payloads
of gold nanocrystals (Au NC) and QD through nanoprecipitation, where
the Au NC and QD were inundated to the polymer (i.e., PLGA) through
esterification reactions, before the mixing of lipid and polymer. The in
vitro outcomes in mouse macrophage cells displayed useful bioimaging
applications of the Au NC loaded and QD loaded LPHNS, therefore
demonstrating their capable abilities for CT and visual imaging, cor-
respondingly (Troutier et al., 2005a).

7. Conclusion

LPHNs have been considered as a smart and robust drug delivery
system as they were easy to prepare and shows good stability as com-
pared to other types of drug delivery systems. LPHNs are the drug na-
nocarriers which were synthesized from various natural, semi-synthetic
and synthetic polymers. LPHNs possess small size due to which they can
be used into a variety of applications such as anticancer therapy, lung
infection treatment, delivery of vaccines, delivery of genes, gene de-
livery and bioimaging. Moreover, LPHNs protect the drug molecule
such as proteins, DNA or peptides from the degradation by shielding the
drug molecule with the help of lipid PEG layer. The upcoming research
trend should show the possibility of converting the LPNHs to the dry
powder form, deprived of affecting the significant changes on the
LPNHs' physical characteristics so as to maintain their stability. A
number of LPHNs formulations have been accepted under clinical trials
and many of them are beneath the pre-clinical trials.
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