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Abstract

Solid lipid nanoparticles (SLNs) introduced at theginning of the 1990s represents an
alternative carrier system to traditional colloidadrriers, such as emulsions, liposomes and
polymeric micro and nanoparticles. A number of austration routes such as topical, oral,
parenteral, nasal and pulmonary have been propfusethe delivery of SLNs. This paper
reviews various production techniques for SLNsudotg their advantages and disadvantages,
drug incorporation, loading capacity with the fastaffecting drug incorporation and loading
capacity and drug release, especially emphasizingechanism drug release.

Key Words: Colloidal carriers; Drug incorporation; loadingpe&ity; Entrapment efficiency.

Introduction

In recent years, the development of new drug alsmet sufficient to provide the base for the
progress in drug therapy and timevitro data obtained from various experiments are vetgnof
followed by disappointing resulta vivo due to following reasons

a. Poor absorption, rapid metabolism and eliminateadlto insufficient drug concentration
at the specific site.

b. High fluctuation of the plasma levels due to unptdble bioavailability after peroral
drug administration

c. Poor drug solubility
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A promising strategy to overcome these problemslu®s the development of the suitable drug
carrier system.

The new drug delivery system for lipophilic drugsamast started during 50s. The first safe fat
emulsion (Intralipid) was developed for parentenatrition. The advantage of this carrier system
is the reduction of pain during injection [1]. Thejor limitation is the instability of the physical
state due to reduction of Zeta potential, whichdée# agglomeration, drug expulsion and
consequently breakage of the emulsion [2].

Liposomes are spherical vesicles composed of duilgyer of amphipathic molecule such as
phospholipids with an aqueous compartment inside d@mount of poorly water-soluble drug
that is possible to incorporate is, however, ligitdue to the relatively small volume
(0.7ml/mmol of lipid) of the hydrophobic region dfe lipid bilayer in comparison to agueous
interior (2-3ml/mmol of lipid). In addition, othesbstacles for the development of liposomal
formulation are limited physical stability, drugakage, and instability in the vascular system due
to lipid exchange with lipoproteinand rapidremoval from circulation following intravenous
administration primarily by Kupffer cells of thiver and fixed macrophages of the spleen

[31.[4].

Polymeric nanoparticles, which are generally madé suitable biodegradable polymers, such
as polyalkylcyanoacrylate, polymethylmethacrylateén been shown to prolong the release of
the incorporated drugs [5]. Advantage of polymestem is to provide chemical modifications,

including the synthesis of block and co-polymenabfem associated with it are lack of large

scale production methods to yield a product of aliuacceptable for registration by the

regulatory authorities, cost of the polymeric madetoxic solvent residues from the production

process (e.g. solvent evaporation method), cytoityxof some polymeric particles (e.g. lactic

acid release from polylactic acid particles), arbroical problems with the polymers (e.qg.

catalyst residues, molecular non-homogeneity) [6].

SLNs indicate lipids, which are used in the manufiaeg of nanoparticles, are solid at room
temperature and also at body temperature and wathnndiameter approximately between 50
and 1000nm. Here SLNs combine advantages such gsicah stability, protection of
incorporated labile drugs, controlled release ax@ekent tolerability of other innovative carrier
system (fat emulsion, liposomes and polymeric nartapes) while at the same time minimizing
the associated problem. For high drug loading antchpment efficiency, lipophilic drug with
good compatibility with lipids, have often beeneszéd to incorporate in to SLN. Many methods
are developed to prepare SLNs, such as high pee$sumogenization, microemulsion, solvent
emulsion diffusion, solvent emulsification evaparat high speed stirring and Ultrasonication.
In addition to above traditional techniques, feweldechniques also used are supercritical fluid,
membrane contactor, solvent injection and multgrteulsion technique.

II. Preparation techniques for solid lipid nanoparticles

Various methods have been developed for the preparaf SLNs which uses biocompatible
lipids or lipid molecules with a history of safeeuim medicine. The essential excipients of SLNs
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are solid lipid as matrix material, emulsifier awdter. The term lipid is used here in a broader
sense and includes

Saturated monoacid triglycerides- tristearin, tnén, trilaurin, trimyristin

Partial glycerides - glyceryl monostearate, glytbshenate, glyceryl palmitostearate
Fatty acids- stearic acid, behenic acid, palmitid adecanoic acid

Steroids- cholesterol and

Waxes - cetyl palmitate.

P20 T

All classes of emulsifiers have been used but plhygically compatible emulsifiers such as
phospholipids (Soyabean lecithin, egg lecithin, qgi@tidyle choline), bile salts (Sodium
cholate, Sodium taurocholate, sodium glycholate) poloxamers (Poloxamer- 188, 182, 407)
are preferred as stabilizers and in few cases ads#iers (e.g. butanol) are used. A large
number of drugs and solid lipids used for the prafien of SLNs by different techniques are
given in the Table 1.

Table 1. Drugs and lipids used for preparation of glid lipid nanoparticles by different

methods
Methods Drugs Lipids Literature
1. High pressure homogenization technique;
A-Hot homogenization Poepancreatic Glyceryl tripalmitate  [8]
lipase and colipase Dyriasan® 116)
Glyceryl trimyristin
(Dynasan® 114)
Diazepam Cetyl palmitate [9]
Clotrimazole Glyceryl tripalmitate [10]
(Dynasan® 116)
Nitrenadipine Glyceryl tripalmitate [11]
Cetyl palmitate
Glyceryl monostearate
Isotretinoin Glyceryl palmitostearate [12]
(Precirol® ATO 5)
Doxorubicine Stearic acid [23]
Paclitaxel Tripalmitin [23]
Vitamin-E Cetyl palmitate [26]
All-trans retinoic acid Tricaprin [15]
Retinol Glyceryl behenate [16]
Tribehenate
(Compritol 888 ATO)
3’-azido-3’-deoxythymidine Trildar [17]
palmitate
Cyclosporine Glycerol monostearate [20]
Imwitor®900
Cyclosporine-A Stearic acid [21]
oxybenzone Cetyl palmitate [73]
B-Cold homogenization Viniia-bitartrate Glyceryl monostesr  [22]
2, Microemulsion technique; Curcooides Stearic acid [29]
Glyceryl monostearate
Podophyllotoxin Stearic acid [34]
Verapamil Cacao butter [53]
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Tea polyphenol Glyceryl monostearate [25]
Cyclosporine A Stearic acid [30]
Insulin Stearic acid [39]
3, Solvent emulsification-evaporation technique;
Oridonin Stearic acid [54]
Insulin Stearic acid [39]
4, Solvent emulsification-diffusion technique;
Clobetasol propionate Mstearin [46]
Gonadorelin Monostearin [43]
Rifampicin, Isoniazid, te@ric acid [42]
Pyrazinamide
5, Melt dispersion technique; Origo Stearic acid [54]
6, Ultrasonication technique; Indgihracin Glyceryl behenat [52]

Tribehenate
(Compritol 888 ATO)

Vinpocetine Glyceryl monostearate [56]
Triptolide Tristearin glyceride [51]
Mifepristone Glycerol monostearate [55]
Oridonin Stearic acid [54]
Lecithin
7, Double emulsion technique; Insulin Tripalmitin [59]
Insulin Palmitic and [60]
Stearic acid
Ceramide Tripalmitin [61]
8, Membrane contactor technique; Vitamin-E Glyceryl behenate [62]
[Gelucire-44/14]
9, Supercritical fluid technology; Indorhatin, Tristearin, Tripatim [67]
Ketoprofen Glyceryl behenate
[Gelucire-50/13]
Bovine serum albumin Trimstin [69]

[Dynasan® 114]
Glyceryl behenate
[Gelucire® 50/02]

II.A. High pressure homogenization technique

In high pressure homogenization technique lipigsrshed with high pressure (100-200 bars)
through a narrow gap of few micron ranges. So ské@ss and cavitation (due to sudden
decrease in pressure) are the forces which caesdishuption of particle to submicron range.
Normally the lipid contents are in the range of@4L At this concentration it does not cause any
problem to homogenize6ELN can be stabilized by wide range of surfactamtpolymers and
their mixture but the emulsion for parenteral riidn is stabilized by lecithin only. In contrast to
other preparation technique high pressure homoggoizdoes not show scaling up problem [7]
Basically, there are two approaches for SLN pradacby high pressure homogenization, hot
and cold homogenization techniqué®r both the techniques depicted in Figure 1,dhe is
dissolved or dispersed or solubilized in the lipging melted at approximately 5-10° above the
melting point.

1. Hot homogenization technique

For the hot homogenization technique the drug ldadelted lipid is dispersed under stirring by
high shear device (e.g. Ultra Turrax) in the aqeeswrfactant solution of identical temperature.
The pre-emulsion obtained is homogenized by usimpyston gap homogenizer (e.g. Macron
LAB 40 or Macron LAB 60 or APV-2000) and the proedchot o/w nanoemulsion is cooled
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down to room temperature. At room temperatureifhid tecrystallizes and leads to formation of
SLNs [8],[9],[10],[11],[12],[13],[14],[15],[16],[1T. In case of glycerides composed of short
chain fatty acids (e.g. Dynasan-112) and glyceridigls low melting point (too close to room
temperature), it might be necessary to cool theo@amulsion to lower temperature than room
temperature to start recrystallization [18],[19].

Cold homogenization Hot homogenization

Melting of lipid 5-10°c
above the melting point

|

Rapidly cooled to solidify drug Dissolve/disperse the drug Dispersing of drug loaded lipid
loaded lipid in liquid nitrogen |€¢—— in the melted lipid —»| in aqueous surfactant solution
or dry ice

l

High speed stirrer is used to
pre-mix and pre-emulsion is
formed

The solid lipid drug milled to

micron size (50-10@m) l
High pressure homogenization
at a temperature above the lipig

l melting poin
Dispersing the milled powder l

in an aqueous surfactant
solution to form a pre-mix

Hot o/w nanoemulsion

| |

High pressure homogenization Solid lipid Recrystallization of
in room temperaturer below —> nanoparticles (SLN) — nanoemulsion by cooling down|
to room temperature.

FIGURE 1. Schematic representation of SLN preparatn by hot and cold homogenization

In general, high temperature results in lower plrtsize due to the decreased viscosity of the
inner phase, but the disadvantage is that, at teghperature the rate of drug and carrier
degradation is more and further due to small dertsize and presence of emulsifier, lipid

crystallization may be highly retarded and the demmpmains as supercooled melt for several
months [20]. A great disadvantage of hot homogeiuzdechnique is that, it is a poor technique
for hydrophilic drug candidate because during Imggtihe drug partitions into aqueous phase and
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when cooled, most of drug particle remained atdhter layer of the solid lipid nanoparticles,
which leads to burst release [21].

2. Cold homogenization technique
Cold homogenization is carried out with the solgd containing drug and therefore called as
milling of a suspension. Cold homogenization haanbdeveloped to prevent:

* Temperature induced drug degradation

» Partitioning of hydrophilic drug from lipid phase aqueous phase

 Complexity of the crystallization step of the name#sion leading to several
modifications and/or supercooled melts

The first step of preparation is same as hot homaggon which includes dispersion or
dissolving or solubilisation of the drug in the teel lipid. Then the drug lipid mixture is rapidly
cooled either by means of liquid nitrogen or drg.i€he drug containing solid lipid is milled by
means of mortar or ball mill to micron size (50-16@cron) and these microparticles are
dispersed in chilled emulsifier solution yieldingpee-suspension. Then this pre-suspension is
subjected to high pressure homogenization at roonbetow room temperature, where the
cavitation force is strong enough to break the apmarticles to SLNs. This process avoids or
minimizes the melting of lipid and therefore minaimmg loss of hydrophilic drug to aqueous
phase [22]. Another method to minimize the losshgdirophilic drug to aqueous phase is to
replace water with other media (e.g. oil or PEG)6@@h low solubility for the drug. In
comparison to hot homogenization, in cold homogaion particle size and polydispersity index
are more. The cold homogenization only minimizesttiermal exposure of drug, but it does not
avoid completely it due to melting of the lipid/drmixture in the first step of preparation.

High pressure homogenization increases the temyperaf the sample (e.g. 10-20°C for each
homogenization cycle) [23ln most of the cases, 3-5 homogenization cycl&®@t1500 bar are
sufficient to prepare SLN. Increasing the number ldmogenization cycle or the
homogenization pressure resulted in increase dicfgasize due to particle coalescence which
resulted from high kinetic energy of particles [24]

[1.B. Microemulsion technique

Microemulsions are clear, thermodynamically stabystem composed of a lipophilic phase,
surfactant and co-surfactant (in most cases) ardrWwide concept of microemulsion technique
for the production of SLN was developed and optediby Gasco and co-workers which has
been adapted and/or modified by different laboresdi25].

Microemulsion needs to be produced at a temperatoge the melting point of the lipids, so
the lipid should have melting point above room temapure. At first solid lipids are taken
(approximately 10%) and melted at a temperaturg@®%. Separately, a mixture of surfactant of
15%, co-surfactant of 10% and water were heateshtoe temperature as the lipid and then
added to melted lipid under mild stirring [26]. Pahsparent, thermodynamically stable system
was formed which was then dispersed under stiinngxcess cold water (2-3°C) in the typical
ratio of microemulsion to cold water ranges fromiQLto 1:50 using a specially developed
thermostated syringe with gentle stirring [27],[28The composition of microemulsion
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determines the dilution process. The SLN prepanatwere washed three times with distilled
water and filtered using a membrane (e.g. Diaflo ¥YBD) having cut off 100,000 Dalton in
order to remove any unwanted bigger lipid parti¢3],[30]. The excess water was removed
either by ultra-filtration or by lyophilisation iorder to increase the particle concentration

In the microemulsion, drugs are partitioned pamiythe internal oil phase and partly at the
interphase between internal and continuous phapendiing on their lipophilicity. When SLNs
are formed by a quick quenching of the microemulstbe presence of the droplet structure of
the microemulsion does not allow the drug molectdasucleate and form the crystal lattice, and
consequently the drug molecules remain dispersethenlipid matrix of the SLNs in an
amorphous state [31].

The major parameters during scaling up are temperajradient (the temperature difference
between lipid melting and emulsion process), the yatue and the water content. High
temperature gradients facilitate rapid lipid criisgtation and prevent aggregation [32]. The
removal of excess water from the prepared SLN déspe is a difficult task with regard to the
particle size and high concentrations of surfastamd co surfactants which are necessary for
formulating purposes [33],[34].

II.C. Solvent emulsification-evaporation technique

In solvent emulsification-evaporation method, tipephilic material and hydrophobic drug were
dissolved in a water immiscible organic solveng(eyclohexane, dichloromethane, toluene,
chloroform) and then that is emulsified in an agquephase using high speed homogenizer
[35],[36],[37],38]. To improve the efficiency ofrfe emulsification, the coarse emulsion was
immediately passed through the microfluidizer. Badter, the organic solvent was evaporated
by mechanical stirring at room temperature and cedpressure (e.g. rotary evaporator) leaving
lipid precipitates of SLNs as indicated in Figuie Blere the mean patrticle size depends on the
concentration of lipid in organic phase. Very snmaltticle size could be obtained with low lipid
load (5%) related to organic solvent. The greataathge of this technique is the avoidance of
any thermal stress, which makes it suitable foritleerporation of highly thermolabile drugs. A
clear disadvantage is the use of organic solventtwimay interact with drug molecules and
limited the solubility of the lipid in the organsolvent.

I1.D. Solvent emulsification-diffusion technique

In solvent emulsification-diffusion technique, thalvent used (e.g. benzyl alcohol, butyl lactate,
ethyl acetate, isopropyl acetate, methyl acetatgdtrbe partially miscible with water and this
technigque can be carried out either in agqueousepba oil [39],[40],[41],[42],[43]. Initially,
both the solvent and water were mutually saturatestder to ensure the initial thermodynamic
equilibrium of both liquid [44]. When heating isquired to solubilize the lipid, the saturation
step was performed at that temperature. Then thid Bhnd drug were dissolved in water
saturated solvent and this organic phase (intgghate) was emulsified with solvent saturated
aqueous solution containing stabilizer (dispersedsp) using mechanical stirrer. After the
formation of o/w emulsion, water (dilution mediunm) typical ratio ranges from 1:5 to 1:10,
were added to the system in order to allow solwbfftision into the continuous phase, thus
forming aggregation of the lipid in the nanopadglvhich has been depicted in Figure 2b. Here
the both the phase were maintain at same elevategerature and the diffusion step was
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performed either at room temperature or at the &atpre under which the lipid was dissolved
[45]. Throughout the process constant stirring wasntained. Finally, the diffused solvent was
eliminated by vacuum distillation or lyophilizati¢46].

Solvent emulsification-diffusion technique Solvent emulsification- evaporation tnique
Solvent + Water rup + lipid are dissolved
are mutually saturated inH>0 immiscible solvent

Emulsification

In aqueous phase
v v

Add drug and lipid o/w emulsion
Emulsification Seit evaporation
v at room temperature

v and reduced pressure
o /w emulsion
+ SLN
Dilution media (water)
in the ratio 1:5 - 1:10
Diffusion of solvent
to continuous phase

SLN

FIGURE 2. Schematic diagram of (a) Solvent emulsification-difision technique (b) Solvent
emulsification-evaporation technique

This approach has clear advantages over the otledhoas, namely: (a) it is efficient and
versatile. (b) easy implementation and scaling np rfeed for high energy sources). (c) high
reproducibility and narrow size distribution. (@t physical stress (i.e., short exposure to high
temperatures and to mechanical dispersion). (i) bt necessary to dissolve the drug in the
melted lipid. Drawbacks associated with this methosl (a) the need to clean up and concentrate
the SLN dispersion. (b) drug diffusion into ague@sise occurred easily ,which leads to low
entrapment of drugs in SLN [47].

II.LE Melting dispersion method (Hot melt encapsulation rathod)

The melting dispersion methadas as follows, in first step, drug and solid lipiere melted in

an organic solvent regarded as oil phase and simedusly water phase was also heated to same
temperature as oil phase. Then in second stemiltpbase added in to a small volume of water
phase and the resulting emulsion was stirred dtehigom for few hrs. At last it was cooled
down to room temperature to give SLNs. The lasp stas same as solvent emulsification-
evaporation method except in melting dispersion hmeét no organic solvent had to be
evaporated. Reproducibility was less than thatobfent emulsification-evaporation method but
more than ultrasonication method [48],[49].
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II.F. High shear homogenization and/or Ultrasonicaibn technique

This ultrasonication technique is a dispersing mépe, which was initially used for the
production of solid lipid nanodispersion [50]. Wsonication based on the mechanism of
cavitation. In first step, the drug was added tevmusly melt solid lipid. In second step, the
heated aqueous phase (heated to same temperaagr@dded to the melted lipid and emulsified
by probe sonication or by using high speed storeaqueous phase added to lipid phase drop by
drop followed by magnetic stirring [51The obtained pre-emulsion was ultrasonicated using
probe sonicator with water bath (at 0°C). In oreprevent recrystallization during the process,
the production temperature kept at least 5°C abbedipid melting point [52]. The obtained
nanoemulsion (o/w) was filtered through a @@bmembrane in order to remove impurities
carried in during ultrasonication [53]. Then thaabed SLN is stored at 4°C. To increase the
stability of the formulation, was lyophilized bylyophilizer to obtain freeze-dried powder and
sometime mannitol (5%) was added into SLNs as ¢oteptor [54].

Advantages of this technique are widespread ang teakandle. It is a simple, available and
effective method to produce SLNs without organiweots; but it also having the limitation that,
it require an extra step of filtration of formed I$Lemulsion in order to remove impurity
materials (e. g. metal) produced during ultrasdivecaand is often compromised by the presence
of microparticles [55],[56].

I1.G. Double emulsion technique

In double emulsion technique the drug (mainly hpthibc drugs) was dissolved in aqueous
solution, and then was emulsified in melted lipichis primary emulsion was stabilized by
adding stabilizer (e.g. gelatin, poloxamer-407).effhthis stabilized primary emulsion was
dispersed in aqueous phase containing hydrophiiglsfier (e.g. PVA). Thereatfter, the double
emulsion was stirred and was isolated by filtrafigr],[58]. Double emulsion technique avoids
the necessity to melt the lipid for the preparatidrpeptide-loaded lipid nanoparticles and the
surface of the nanoparticles could be modifiedriaheo to sterically stabilize them by means of
the incorporation of a lipidPEG derivative. Sterical stabilization significgntmproved the
resistance of these colloidal systems in the gaéstinal fluids [59]. This technique is mainly
used to encapsulate hydrophilic drug (peptidesim#&or drawback of this technique is the
formation of high percentage of microparticles. iBodcromoglycate containing SLN was tried
to be prepared by this technique but the produoddidal system gave the average particle of
micrometer range. Insulin loaded SLN was prepased hovel reverse micelle-double emulsion
technique, using sodium cholate-phosphatidylchdiased mixed micelle [60],[61].

II.H. Membrane contactor technique

It is a novel technique to prepare the SLN. In memb contactor technique the liquid phase
was pressed at a temperature above the melting pbthe lipid through the membrane pores
(kerasep ceramic membrane with an active ,2e9er on an AI@-TiO, support) allowing the
formation of small droplets as indicated in Fig8rél'he aqueous phase was stirred continuously
and circulates tangentially inside the membrane utlegdand sweeps away the droplets being
formed at the pore outlets. SLNs were formed bydbeling of the preparation at the room
temperature. Here both the phases were placea ithémmostated bath to maintain the required
temperature and nitrogen was used to create tissyme=for the liquid phase.
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Tungential flow of :> SLN — :

the agueous phase
Membrane F I . B N . H

Lipid phase
permeation under applicd pressure
(Temperature = lipid melting point emperature)

FIGURE 3. Schematic drawing of the membrane contaor for the SLN preparation [62].

The influence of various process parameters (acupbase cross flow velocity, the lipid phase
pressure, aqueous and lipid phase temperaturd, pipase amount and membrane pore size)
were studied [62]. The role of cross—flow velodgyto contribute to the detachment of the SLN
formed at the pores outlet and to homogenize thd Suspension. The aqueous cross flow
velocity has little effect on the particle sizevesl as on lipid phase flux, because the lipid ghas
circulates from membrane outside to the membrasiderand is a case of classical ultrafiltration
or microfiltration. The lipid phase flux is incressb with the increase in lipid phase pressure
within a range 3-6 bar but at the highest pressleelittle decrease in size of particles was
observed. It was seen that below the temperatutbeofipid fusion point the smaller particles
(70-80nm) were formed but the flux time increasduere as above the melting point of the
liquid the flux time decreased and the particlee sizas increased. The membrane contactor
method is also used for the preparation of polymeanoparticles, by methods involving a
polymerization of dispersed monomers (interfacialymerization method) or a dispersion of
preformed polymers (nanoprecipitation method) [6@)e advantages of this process of SLN
preparation using a membrane contactor are shovioe tibs facility of use, the control of the
SLN size by an appropriate choice of process paemiand its scaling up ability [64]. Vitamin-

E loaded SLN was prepared by this technique [62].

Il.I. Solvent injection technique

Solvent injection technique is a novel approacprepare SLN, which has following advantages
over other production methods like use of pharn@gioally acceptable organic solvent, easy
handling and fast production process without tecdlty sophisticated equipmerit.is based on
lipid precipitation from the dissolved lipid in stion. In this technique, the solid lipid was
dissolved in water-miscible solvent (e.g. etharaaetone, isopropanol) or a water-miscible
solvent mixture. Then this lipid solvent mixture svimjected through an injection needle in to
stirred aqueous phase with or without surfactahe fesulted dispersion was then filtered with a
filter paper in order to remove any excess lipid][6

The presence of emulsifier within the agqueous pha$es to produce lipid droplets at the site of
injection and stabilize SLN until solvent diffusievas complete by reducing the surface tension
between water and solvent resulting in solvent.[65]

I1.J. Supercritical fluid technology
This is a novel technique which recently appliedtfe production of SLNs. A fluid is qualified
as supercritical when its pressure and tempera&txceed their respective critical value. Above
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the critical temperature, it is not possible toubfy a gas by increasing the pressure. The
supercritical fluid has unique thermo-physical es. As the pressure is raised, the density of
the gas increases without significant increasasoosity while the ability of the fluid to dissolve
compounds also increases. A gas may have littleot@bility to dissolve a compound under
ambient condition can completely dissolve the commgbunder high pressure in supercritical
range. Therefore, its solvation power is altereccaseful control of changes in temperature and
pressure. Many gases like, @mmonia, ethane, CHGInd CHFCF; were tried, but CQis

the best option for SCF technique because, it regdly regarded as safe, easily accessible
critical point [31.5°C, 75.8 bar), does not causesoxidation of drug material, leaves no traces
behind after the process, is inexpensive, noninfiairie, environmentally acceptable an easy to
recycle or to dispose off. Most of the time solithienhancers (e.g. ethanol) are used to increase
the solubility of less soluble solvent (e.g. waiarjhe SCF phase or this technique generally use
organic solvents (e.g. DMSO, DMFA) because they fatly miscible in SCF-CQ This
technology comprises several processes for nandparproduction such as rapid expansion of
supercritical solution (RESS), particles from gasusated solution(PGSS), gas/supercritical
antisolvent (GAS/SAS), aerosol solvent extractiolvent (ASES), solution enhanced dispersion
by supercritical fluid (SEDS),supercritical fluickteaction of emulsions (SFEEMainly SAS
and PGSS were used for SLN preparation [66],[68],[69],[70].

GAS/SAS

In this process SCF acts as antisolvent for pracgs®lid that are insoluble in SCF. It exploits
the ability of SCF to dissolve in organic solvemdareduce the solvation power of solid in
solution, thus causing the solid to precipitatefifdt, the near critical or supercritical fluid wa
introduced in a vessel containing an organic sdluewhich the solid material to be crystallized
was dissolved which causes the intimate mixing hef tluid and liquid resulting in liquid
expansion and particle precipitation. A clear disadage of this technique is the lack of control
on the particle formation. A modification of SAScimique was used to prepare lysozyme
spherical nanopatrticles, which combines both tbenatation and anti-solvent process, by using
water/ethanol solution [71].

PGSS

In this process, the SCF was dissolved in liquisssate, or a solution of substrate in solvent, or
a suspension of substrate in solvent followed bgped depressurization of this mixture through
a nozzle causing the formation of SLN. The greataathge of this process is that it produces
particles of great variety of substance that nesde soluble in SCF-COLimitations are, care
must be taken for thermolabile solute and the fpraduct may contain microparticles. Insulin
nanoparticles are produced by this process, intwthie solvent used, was DMSO and the lipid
mixture (tristearin, phosphatidylcholine, dioctyfesuccinate) were atomized to produce insulin
SLN (<500nm) [72].

[Il. DRUG LOADING CAPACITY AND INCORPORATION

A novel carrier system should allow a high loadtapacity for the incorporated drugs and
provide long term incorporation. The loading capais generally expressed in percent related to
lipid phase (lipid + drug) [73].
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Total weight of drugs - weight of free drugs
Loading efficiency (%) x100
Total weight of drugs
Here, total weight of free drugs is measured bygisitration method or spectroscopic method
from the supernatant liquid after filtering the nanspension/nanoemulsion through membrane
filter.

Factors influencing the loading capacity and incoagion of drug in lipid are:

Drug solubility in the melted lipid.

Chemical and physical structure of solid lipid matr
Polymorphic of lipid material.

Gelatin phenomena.

The existence of supercooled melts.

Al S

To achieve high loading capacity, it is necessagt the drug should have sufficiently high
solubility (i.e. should be higher than requiredcdngse it decreases when cooling down the melt)
in the lipid melt. To enhance the drug solubilitythe lipid melt, sometime solubilizers are used.
In addition, the presence of mono-and diglyceridesthe lipid matrix enhance the drug
solubilization.

The drug can be incorporated between fatty acithshaetween lipid layers or in imperfections
[74]. According to Western et al. the chemical natof lipid shows great importance in loading
and incorporation of drugs, because the lipid vpénfect lattice (e.g. monoacid triglycerides)
leads to drug expulsion [75]. Complex glyceridextore of mono-, di- and triglycerides and
hard fats of different chain length form less petferystals with many imperfections which
provide space to accommodate the drugs. For thdratled optimization of the drug
incorporation and drug loading capacity, charaz&tion of physical state of the lipid particles is
done by NMR and X-ray. In addition, a new techni&8R is very essential.

Polymorphic forms also influence the drug incorpiora Lipid nanopatrticles recrystallize least
in a-form where as the bulk lipid recrystallizes prefarally in f-modification and transferring
rapidly intop-form (most stable form). The formation of morebétaform leads to more perfect
lattice, the number of imperfection decreases, Wwpiomotes drug expulsion. To optimize SLN
carrier system in controlled way, it is necessargreate certain fraction efform and is to be
preserved during storage. By doing this SLN carsistem transform in to an intelligent drug
delivery system by having a built-in trigger mecisamto initiate transformation from-form to
B-forms and consequently controlled drug release B3 transformation can be retarded by
surfactants (e.g. poloxamer) or nitrogen environimaets by inhibiting lipid hydrolysis [76].

Gelatin phenomena, which in most of the cases idrr@versible process, deals with the
transformation of low-viscosity SLN dispersion irdoriscous gel which may occur very rapidly
and unpredictably. In this process increase ingarsurface takes place due to the formation of
platelets inp-modification, so that the surfactant moleculesloryer provide coverage of the
new surfaces and therefore, particle aggregatisees [76].
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Supercooled melts is a phenomenon in which thd tpystallization may not occur although the
sample is stored at a temperature below the mefimigt of lipid. It is a size dependent

crystallization process i.e. a critical number oystallization nuclei are required to start the
crystallization process. But in this phenomenorniaai number of nuclei is less likely to be

formed. So the tendency of the formation of supelemb melts increases with decreased patrticle
size [77].

IV. DRUG RELEASE FROM SLN

Depending upon the method of preparation, drugbslitiy and drug/ lipid ratio, the drug is
located mainly in the core of the particles, in giell or molecularly dispersed throughout the
matrix.

There are mainly three drug incorporation modelgchvidescribe the incorporation of drug into
SLN.

1. Homogenous matrix model.

2. Drug enriched shell, core shell model.

3. Drug enriched core, core shell model.

Drug molecularly lipi¢ore lipid shell
dispersed

Solid solution drug-ermhed shell drug-enriched core

FIGURE 4. Models of incorporation of active compounds into SN: (a) Homogeneous
matrix, (b) Drug enriched shell with lipid core, (9 Drug enriched core with lipid shell.

The above three model are the function of formatatcombination (solid lipid, active
ingredients, surfactants and sometime co-surfactamd of the production techniques (hot vs.
cold homogenization)

Homogenous matrix model or solid solution modelhwitrug being present in amorphous
clusters or molecularly dispersed is mainly obtdiméen incorporating highly lipophilic drugs

into SLN with using hot homogenization techniqueapplying cold homogenization method or
by avoiding potentially drug solubilizing surfactanin the cold homogenization technique the
drug (in molecularly dispersed form) is dispersediulk of melted lipid, then the mechanical
force of high pressure homogenization leads to bheak down of molecular form to

nanoparticles and giving rise to homogenous matioxielas shown in Figure 4a. The same will
happen when highly lipophilic drug nanoparticledaemed by hot homogenization or without
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using the surfactant, is being cooled, crystalliaed no phase separation occur during cooling
process. Etomidate SLN represents the homogenizatadrix model [78].

The drug enriched shell with core shell model wél obtained when performing the production
as shown in Figure 5. During the production, thegdpartitioned to water phase. Upon cooling,
the lipid precipitates first, forming a practicalyug free lipid core due to phase separation. At
the same time, the drug re-partitions into the iamg liquid-lipid phase and drug concentration
in the outer shell increasing gradually [79]. Finalrug enriched shell crystallizes as depicted in
4b. The amount of drug partitioning to the aquephase will increases with the increase of
solubility of drug in the aqueous phase. Mainly tfastors, increasing temperature of the
agueous phase and increasing surfactant concentratie increasing the saturation solubility of
drug in water phase. Tetracaine SLN were prepasettds HPH shows drug enriched shell
model [80]. In this model burst release is higlikelly because most of drugs are present in the
outer shell. Other factors contributing to firstese are short diffusion distance for the drug and
large surface area due to small molecular size.

T

Lipid- drug
Solution

Liquid-lipid particle Recrystallization of SLN

FIGURE 5. Partitioning effects on drug during the production of SLN by the hot
homogenization technique. (a) Partitioning of drugfrom the lipid phase to water phase at

increased temperature, (b) Re-partitioning of the dug to the lipid phase during cooling
(Modified from Ref. 80).

A drug enriched core obtained when dissolving gqeug. prednisolone) in the lipid melts at or
close to its saturation solubility. In this modeboling of the formed nanoemulsion will lead to
supersaturation of drug in melted lipid and it fert leads drug precipitation prior to lipid
precipitation. Further cooling will lead to predgtion of lipid surrounding the drug enriched
core as a membrane as indicated in Figure 4c. Dumdreased diffusional distance and
hindering effect of surrounding solid lipid shethe carrier system shows sustained release
profile [80].
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Conclusion

The important and clear advantages of SLN inclutke ¢composition (solid lipid similar to
physiological lipid), large scale production is pdde because it can rapidly and effectively
produced, avoidance of organic solvent (exceptesahemulsification-diffusion and solvent
emulsification-evaporation). Disadvantages incliae load for a number of drugs, complexity
of the physical state of the lipid (transformatioetween different modifications, possibility of
supercooled melt) which cause stability problemrapudrug storage and administration (gelatin,
increase in particle size and drug expulsion), gtter content of SLN dispersion. To avoid
these disadvantages, alternative carrier systemsinostructured lipid carrier (NLC) and lipid
drug carrier (LDC) were developed. Further workstbis carrier system are carried out by
various scientists. The entrapment efficiency andyaelease depend not only on lipid mixture
employed or type of drug (lipophilic or hydrophiticug) but mostly on the production technique
used.
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