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ABSTRACT

Solid Lipid Nanoparticles (SLNs) are useful carriers for
delivering BCS Il and IV drugs. SLNs microstructure is
decisive parameter to attain significant drug payload.
Its inability to retain hydrophilic molecules demands
smart exploitation of SLNs that begins with careful
selection of structural components. Besides, other
challenges as lipid polymorphism and molecular inter-
actions substantially influence SLNs properties asking
for a detailed microstructural investigation. This work
attempts to provide a comprehensive yet critical view
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on SLNs from microstructural perspective. These
structural attributes are conclusive while entrusting
their functionality. Besides with better understanding
of their assembly mechanics it is practicable to devise
SLNs of desired properties.

Keywords: Solid Lipid Nanoparticles (SLNs), Micro-
structure, Polymorphism, Neutraceuticals, Hydrophil-
ic molecule

*Correspondence: Dipak D Kumbhar, Department of
Pharmaceutics, KYDSCT's College of Pharmacy, Ma-
harashtra, India, E-mail: dipakk16@gmail.com

Electron Microscopy; RT: Room Temperature; DSC: Differential
Scanning Calorimetry; WAXS: Wide Angel X-Ray Scattering;
NMR: Nuclear Magnetic Resonance; LC: Loading Capacity; EE:
Encapsulation Efficiency; NLC: Nanostructured Lipid Carriers;
BBB: Blood Brain Barrier

INTRODUCTION

At nanoscale, molecules and atoms behave differently, allowing
for several unexpected and intriguing applications. It increases
the efficiency of new materials, including those for medical ap-
plications, where traditional techniques may be limited. The most
challenging aspect in pharmaceutical sciences is delivering a drug
to particular organ sites (Rosenblum D, et al., 2018; Singh N, et
al., 2017). Figure 1 depicts vast array of nanocarriers useful for
drug delivery purposes. This work comprehensively reviews the
formulation and production aspects pertaining to SLNs and their
specific role in bioavailability enhancement.
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Figure 1: Drug delivery carriers
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LITERATURE REVIEW
Solid Lipid Nanoparticles (SLNs)

They are formed when solid lipid or its blend is disseminated in a water
phase and if essential stabilized with surfactants (Khatak S and Dureja H,
2017; Naseri N, et al., 2015). SLNs size usually span within 50-1000 nm
though it is challenging to produce them lower than 80 nm owing to least
possibility of recrystallization during their production (Duong VA, et al,
2020; Salminen H, et al., 2020; Bahari LA and Hamishehkar H, 2016). The
comprehensive list of diverse pharma actives that has been successfully
formulated as SLNs (Shazly GA, 2017; Li S, et al., 2011). Moreover, to at-
tain long term stability it is feasible to transform SLN dispersion into a dry
form. For this techniques such as spray-drying or lyophilization (Abdel-
wahed W, et al., 2006) are usually employed. The schematic presentation of
SLN structure is depicted in Figure 2, while the merits and demerits of SLN
as drug carrier are summarized in Table 1.

Layer of surfactant

API

Solid lipid matrix

Figure 2: Structure of Solid Lipid Nanoparticles (SLN)

Table 1: Solid Lipid Nanoparticles (SLN) merits and demerits in drug

delivery
Merits Demerits
Controlled and targeted drug release Limited drug loading
capacity

Improved stability of incorporated active | Drug expulsion during
storage due to a poly-
morphic transition.

Carrier for both lipophilic and hydrophilic| Particle growth and
drugs aggregation

Generally Regarded as Safe (GRAS) nature Gelation
of lipid excipients render them

Biocompatibility and ensure biosafety

Can be formulated without use of organic
solvents

Easy to scale-up

Sterilization feasibility

Increased bioavailability of incorporated
bioactive

Allows encapsulation of nutraceuticals

Known to attenuate nephrotoxicity and
cardiotoxicity of an incorporated active

Easy to gain regulatory approval
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Drug incorporation models

Among these API solubility in lipid, the physico-chemical features of SLN
components, and the production method is of paramount importance
(Uner M and Yener G, 2007; Mukherjee S, et al., 2009). Figure 3 demon-
strates various models for API incorporation into SLN.

Lipid core
Drug molecularly dispersed
in a lipid matrix Soft drug-enriched shell

1. Homogeneous matrix model Il.Soft drug-enriched shell model

Lipid core Lipid shell
Hard drug-enriched shell 5 .

lll.Hard drug-enriched shell model IV. Drug-enriched core model

Figure 3: SLNs postulated drug incorporation models
Homogeneous matrix model: This model (Model I) describes a situation
in which an APT is molecularly distributed or exist as an amorphous cluster
within lipid matrix (Dolatabadi JE, ef al., 2015). In the latter situation, the
APT is initially dissolved in bulk lipid materials and then subjected to the
hot HPH processing to form SLN with a homogeneous API-containing
structure. Likewise, this model can be created when oil droplets generated
following the hot HPH are allowed to cool down and recrystallize to SLNs.

Soft and hard drug-enriched shell models: These models (Model IT and
III) describe SLNs with an inner core lipid, and enclosed by an external
case supplemented with API. Here, an initial drug partitioning from a lipid
phase into the water phase, and subsequent recrystallization of oil droplets
brings about solidification of lipid core which is relatively drug-free. The
subsequent recrystallization of an oily lipid shell results in drug-enriched
lipid case around the core. The drug-enriched solid lipid shell may be soft
or hard based upon the interactions amid API and lipid. The soft and the
hard drug-enriched shell models are concomitant to burst release (Uprit S,
et al., 2013) of the API integrated into the SLN.

Drug-enriched core model: This model (Model IV) describes the API
incorporation into SLN that involves induction of drug-enriched core en-
closed by a shell that is relatively free of drug (Aboud HM, et al., 2016).
Further cooling lets oil droplets around the drug-enriched core to recrys-
tallize forming a lipid shell that acts as a membrane to control API release
from SLNs. This model exhibits a two phase drug release behavior (Hu FQ,
et al., 2004) accentuated by an early burst then a sustained release.

SLN formulation aspects

The prime prerequisite to produce SLN includes a solid lipid or its blend,
surfactants, water and a drug component. Since the lipids used to formu-
late SLN are of GRAS status they ensure biosafety (Souto EB, et al., 2020).
Table 2 summarizes commonly used excipients in SLN formulation.

Table 2: Formulation ingredients for SLN assembly

Lipids Emulsifiers/co-emulsifiers
Triglycerides Phospholipids
Tricaprin Soybean lecithin
Trilaurin (Lipoid® S 75, Lipoid® S 100)
Trimyristin (Dynasan® 114) Egg lecithin (Lipoid® E 80)
Tripalmitin (Dynasan® 116) Phosphatidylcholine

Tristearin (Dynasan® 118)

Hydrogenated coco-glycerides
(Softisan® 142)

(Epikuron® 170, Epikuron 200)
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Hard fat types Ethylene oxide/propylene oxide
Witepsol® W 35 Copolymers
Witepsol® H 35 Poloxamer 188
Witepsol® H 42 Poloxamer 182
Witepsol® E 85 Poloxamer 407

Acyl glycerols Sorbitan ethylene oxide/propyl-

ene oxide copolymers
Glyceryl monostearate (Imwitor” Polysorbate 20
900)
Glyceryl monooleate (Peceol) Polysorbate 60
Glyceryl behenate (Compritol® Polysorbate 80
888 ATO)
Glyceryl palmitostearate (Preci- Polysorbate 80
rol® ATO 5)

Miscellaneous

Stearic acid Sodium glycocholate

Cetyl palmitate Dioctyl sodium sulfosuccinate

Beeswax Tyloxapol

Decanoic acid
SLN production methods

Several methods have been testified to produce SLN (Trotta M, et al., 2003;
Miiller RH, et al., 2000). These include HPH, ultra-sonication, microemul-
sion, solvent emulsification-evaporation, solvent displacement, emulsifi-
cation-diffusion, phase inversion, and solvent-injection techniques. Since
this method is frequently used in SLNs manufacturing, it is described in
more detail from a mechanical perspective while the other methods of pro-
duction are overviewed.

Butyric acid

High Pressure Homogenization (HPH): The method uses a vigorous
movement of a microemulsion through a thin gap at a velocity (>1000
Km/hr), and pressure within 100-2000 bars (Jenning V, et al., 2002). These
collisions render a shear stress through the turbulent flow that combines
with the additional forces within the cavity, and brings about breakdown of
microparticles into nanoparticles (Kluge J, et al., 2012). The microemulsion
is typically positioned in a cylinder that has a comparatively large diameter
than piston-gap located instantly next to cylinder.

The fluid arrives the thin piston-gap from a moderately large diameter
cylinder preceding the gap, the dynamic pressure of the fluid inside the gap
upsurges accompanying drop in its static pressure while the whole pressure
in the gap remain constant. Consequently, the formed bubbles collapse
forming cavitations and shockwaves inside the dispersion medium. Thus
the induced cavitation's and shockwaves alongside particles collision with
piston-gap and the turbulent flow contribute to size reduction.

The power density is reliant on the pressure of homogenization and the
width of the homogenization cavity gap (Gall V, et al, 2016). Thus, the
HPH with a thin homogenization gap may attain power density with-
in 10">-10" W/m’. HPH processing is categorized into two as hot HPH
and the cold HPH. Figure 4 gives schematic representation of hot and cold
HPH technique for SLNs production. During the HPH processing lipid
droplets size is crucial and determinant of final SLN quality. Though, such
temperature might cause degradation of an API and/or that of lipid carrier.
Moreover increasing the homogenization cycles in quest to achieve lesser
sized particles is not always reasonable. Hence, it is recommended to use
3-5 homogenization cycles and the pressure ranging within 500-1500 bar
to attain quality SLN (Loh ZH, et al., 2015). Hot HPH is preferred to yield
SLNs of hydrophobic and thermostable API. Cold HPH does not avoid the
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contact of an API to relatively high temperatures since initially it is required
to be dispersed in molten lipid before the rapid cooling stage. Thus, cold
HPH can be preferred to produce SLN containing thermolabile substances.
Moreover, using cold HPH it is feasible to incorporate hydrophilic agent
into SLN owing to minimal drug partitioning effect.
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Figure 4: Hot and cold High Pressure Homogenization (HPH)
technique for SLN processing

High shear homogenization-ultrasound emulsification: This is an
affordable method to produce SLNs when compared to HPH. The process
involves making of an oily (lipid) and an aqueous phase separately main-
taining the equal temperature. Once these two phases are prepared, they
are homogenized through high speed shearing machine like ultra-turrax
to build a coarse emulsion. Thus formed emulsion is then processed under
an ultrasonic horn with varied power and sonication time. The resultant
dispersion upon cooling gives rise to SLN. The schematic representation of
this method is portrayed in Figure 5. Here, the mechanism of nano sizing is
based upon acoustic cavitation. Acoustic waves with frequency (>20 kHz)
induces formation of micro bubbles (Sajjadi B, et al., 2015) which eventual-
ly colloid with one another, and implode resulting in cavitation.

/‘\ Ultra-t mrmx

S )
L S O/ SLNs formation upon
“ OC | lipid recrystallization

Aqueous surfactant phase |  Lipid phase containing API

Magnetic stirrer Heating Mantle

Ultrasonic probe

Figure 5: SLNs production by high shear homogenization-ultra-
sound emulsification

Solvent emulsification-diffusion: This process is summarized in Figure 6.
The criterion for this technique is to use partially water-miscible solvent. In
this regard, solvents as benzyl alcohol, isopropyl acetate, butyl lactate, and
methyl acetate can be applied. Lipid is then dissolved/dispersed into water
saturated solvent followed by emulsification with solvent-saturated surfact-
ant. Upon dilution with excess water (1:5-1:10), SLN precipitates as solvent
diffuse from emulsion droplets towards continuous phase. SLNs developed
by this process ranges from 30-100 nm (Patravale VB and Mirani AG,
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2019), and governed by lipid concentration, and the kind and amount of
emulsifier used.

Partially Water i G
miscible organic Aqueous phase Mixing the phases SLNs precl;?n:tes
solvent upon quicl

addition of water

Both the phases
are saturated with
API to attain
thermodynamic
equilibrium

Figure 6: SLNs production by solvent emulsification-diffusion

Solvent evaporation: Here, initially solid lipid is liquefied in cyclohexane,
a water-insoluble organic solvent, and then subject to emulsification in
aqueous phase. Aforesaid events are narrated in Figure 7. Using this tech-
nique it is feasible to obtain SLNs of about 25 nm. Pooja D, et al. used this
technique to develop 5-fluorouracil-loaded SLNs (Pooja D, et al., 2016).
Likewise, Siekmann and Western employed the same technique to yield
cholesterol acetate SLNs of about 29 nm.

[
+
Organic solvent Aqueous
(Cyclohexane) phase Emulsification

containing drug &
solid lipid

Solvent

evaporation

SLNs

Figure 7: SLNs through solvent evaporation technique

Solvent-injection: Here, the API and lipid is softened in water miscible
organic solvent for instance isopropanol or ethanol. Figure 8 depicts the
said method. Parameters like viscosity of continuous phase, nature of lipid
and surfactants used can profoundly influence quality of final SLN. This
process was used to design Ciprofloxacin Hydrochloride loaded SLNs
(Pignatello R, et al., 2018). Likewise Mishra D, et al. employed the same
method to design SLNs containing Hepatitis B surface antigen (Mishra D,
et al., 2010).

Syringe —————

Formation of SLNs upon
precipitation of lipid

Water miscible organic solvent Aqueous phase containing
containing API and lipid surfactants

Figure 8: Production of SLNs through solvent injection technique

Micro emulsion based technique: Microemulsions are clear or faintly blu-
ish solutions made of oily phase (e.g. lipid), surfactants, co-surfactant and
water. They are thermodynamically stable and isotropic in nature (Tartaro
G, et al., 2020). Figure 9 shows basic steps allied with the microemulsion
technique. The dispersal of hot microemulsion in cold water causes pre-
cipitation of lipid forming SLNs of about 300 nm or lower. Hot microemul-
sion (= 75°C) to cold water (2°C-3°C) ratio used is typically within 1:25-
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1:50. Unlike emulsion, microemulsions behaves dynamically and only be
formed by significant lowering of tension at oil/water interface. Hence,
generally co-surfactant is added while formulating microemulsion. This
act not only brings about flexibility at oil/water interface but render signifi-
cant stability to the system.

Aq. Surfactant phase
- (=]
[

Lipid phase — ~
Hot microemulsion (75°C)
Cold water (0-2°C)
l ‘J Ice cube

«

Heating Mantle Water bath

Figure 9: SLNs through microemulsion template

Double emulsion: Figure 10 summarize the assembly of SLNs using
the said technique. Here, an API is dissolved in aqueous solution prior
to emulsification in molten lipid. The said method is very useful to load
hydrophilic agents. As here an API is encapsulated with a stabilizer that
averts drug partitioning to external water phase. Li Z, et al. successfully ob-
tained SLNs containing an isoflavonoid Puerarin through double emulsion
(LiZ, et al.,, 2010).

Primary W/O emulsion WI/O/W emulsion
—p | —p —p
°
o =
. Di; i i SLNs
Drug Molten lipid Emulsification Is;;?;zllr;igof‘r:?ary precipitates
solution secondary Aq. upon cooling
phase

Figure 10: SLNs processing through double emulsion technique

Spray drying: Here, an aqueous SLN dispersion is transformed into solid
form. It is an alternative and relatively cheaper method to lyophilization.
Lipids with higher Melting Point (MP) (75°C) are usually recommended
for this technique. The method is liable for particle aggregation owing to
high processing temperature, shearing and fractional melting of particles.
Bag filter, electrostatic precipitator or cyclone is employed to separate dried
particles from the gas. The prime benefit of a said technique is feasibility in
manipulating various processing parameters. Though, thermal stress then
high shear during the processing may induce sample degradation. Sebti T
and Amighi K have successfully produced SLM through spray drying for
the API delivery to lung (Sebti T and Amighi K, 2006).

Membrane contactor: It is a distinctive method to formulate SLNs. The
process involve squeezing of lipid (above its MP) over the membrane pores
usually made of Kerasep ceramic with an active ZrO, coating on an AlO,-
TiO, backing. This results in creation of tiny droplets. Subsequent cooling
of sample yields SLNs. The whole process is briefed in Figure 11. During
processing both the phases are maintained at same temperature while
nitrogen assists generation of pressure for liquid phase.
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membrane pores

Lipid phase /

L2
‘ Membrane contactor

Aqueous surfactant phase

Collection of SLNs
Figure 11: SLNs processing using membrane contactor

Supercritical Fluid (SCF) based methods: SCF is attained above its critic-
al pressure and temperature wherein the substance solubility increases.
CO, is a choice of solvent in SCF owing to its small critical point (31°C
and 74 bar), non-toxicity, and less cost (Khaw KY, et al., 2017). Figure 12
narrates SLN processing through the SCF technique. SCF processes are
broadly categorized into four types.

Ll LY

Aqueous phase Lipid phase Premixing the
containing phases

Both the phases are heated at same temp
above melting point of lipid

Homogenization

Extraction column
Flow of SCF
Flow of emulsion
SCF extraction of
emulsion

Supercritical fluid
(e.g COy) :
of SLI 5O

Figure 12: SLNs production by Supercritical Fluid (SCF)
Rapid Expansion of Supercritical Solutions (RESS): The processing in-
volves an initial dissolution of matrix in SCF following its expansion over a
nozzle to form the particles. Albumin microcrystal has been accomplished
through modified RESS (Dos Santos IR, et al., 2002).

Gas Anti-Solvent (GAS): This process is particularly important for nan-
osizing hydrophobic materials as they exhibit low SCF solubility. Park SJ
and Yeo SD utilized GAS to recrystallize caffeine from its solution (Park SJ
and Yeo SD, 2008). More recently Trucillo P and Campardelli R employed
SAILA for making SLN (Trucillo P and Campardelli R, 2019).

Particles from Gas-Saturated Solutions/Suspensions (PGSS): The process
comprises an initial solublization of CO, in molten or liquid suspended
substance(s). Prime benefit of said process is that a substance needn’t to
have solubility in CO,.

Supercritical Fluid Extraction of Emulsions (SFEE): It is a convenient
method of SLN production. SLNs are shaped by SFEE of organic solvent
from an O/W emulsions. Subsequently the mixture is passed through
HPH to attain fine emulsion with droplets within 30-100 nm. Supercritical
CO, boost the extraction efficiency and is far better when compared with
solvent evaporation or diffusion. Using SFEE SLNs of about 20-90 nm
could be attained (Chattopadhyay P, et al., 2006).

Phase Inversion Temperature (PIT): This technique is particularly useful
in creation of nanoemulsions. These surfactants causes inversion of emul-
sion phase (O/W to W/O) above PIT, while below PIT it lowers the tem-
perature to induce O/W nanoemulsion (Pavoni L, et al., 2020). The said
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technique is successfully used to design lipid nanocapsules (Anton N, et
al., 2007; Kiani A, et al., 2017). Of late, the technique is amended for SLN
formulations, and schematically represented in Figure 13. Here, two phases
namely an oil phase holding lipid and surfactants (non-ionic) and an aque-
ous phase comprising NaCl are used. Both the phases are heated beyond
PIT (= 90°C). Then the dropwise addition of an aqueous phase is done to
oil phase using constant stirring.

=

Formation of wio

emulsion
Repeat heating and cooling cycle
—_——

— I Dilution with water
—
C (0}
\ Water bath

Aqueous phase containing NaCl  Lipid + polyethoxylated surfactants O/W nanoemulsion

Figure 13: SLNs production by Phase Inversion Temperature (PIT)

Coacervation: It is an inexpensive technique to yield SLNs as it evades
complex equipment and toxic solvents while processing. Figure 14 depicts
SLN production by coacervation technique. The generation of FA nano-
particles ensues owing to proton exchange amid the soap and coacervating
liquid (Battaglia L, et al., 2010). SLN precursor (soap micelle) is attained
beyond its Kraftt point temperature (Manojlovi¢ JZ, 2012). To facilitate
micellisation API is generally liquefied with micellar solution otherwise in
a low quantity of ethanol. FA salts are preferably used within 1%-5% w/w
(Vigani B, et al., 2021). The promising aspect of coacervation is the control
over SLN size by altering reaction conditions.

Na salt of fatty acid Drug solution Coacervating solution

m Soap micellar solution

Heating the polymer solution

\

Precipitation of SLNs

Figure 14: SLNs production through coacervation

Cryogenic micronization: This involves melt dispersion/solvent stripping
(APT and lipid are liquefied in ethanol or benzyl alcohol) to acquire lipid
matrices. Prior to micronization, API loaded matrices are cooled through
liquid nitrogen approximately at -80°C. The resultant powder is then sub-
jected to automatic sieving device. This technique produces SLM of about
1-500 pum (Battaglia L and Ugazio E, 2019).

Electrospray: This method enables the designing of monodispersed LNP
and Lipid Micro Particles (LMP). Usually aliphatic alcohols are utilized to
dissolve lipid. Nature of solvent, physico-chemical attribute of excipients
and applied voltage influences SLN size together with shape. Increased
electrical field brings about the transformation in hemispherical drops to
conical shape that eventually disrupt into extremely charged droplets.

Spray congealing: Here, API is dissolved/dispersed in molten lipids. The
hot drug lipid mixture is further subjected to atomization through pneu-
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matic nozzle. Few variations in atomization device include WPN, APN
and the ultrasound-atomizer (Passerini N, et al., 2010). Besides, rotating
disc can be engaged for spray congealing (Mackaplow MB, et al., 2006),
yielding SLMs within 50-2000 pm.

Microstructural characterization

SLNs characterization plays a significant role in establishing quality of
a final product. Though, their colloidal dimension along with dynamic
phenomena like hysterical kinetics and supercooling may complicate the
analysis (Teeranachaideekul V; et al., 2017). So, care must be executed
while characterizing SLNs. Following sections (4.1-4.11) narrates diverse
sophisticated techniques useful to generate information relating to the in-
ner and outer assembly, and the general behavior of SLN.

Particle Size (PS) and Polydispersity Index (PDI): SLNs are colloidal
particles representing submicron range. A well fabricated SLN disper-
sion should display low PDI indicating narrow distribution of PS (Kun-
asekaran V and Krishnamoorthy K, 2016). Usually particles exceeding 1
um size and their time dependent growth pinpoints physical instability of
SLNs (Qian C, et al., 2013). Therefore, the measuring PS and the PDI is
vital to ensure stability of designed SLNs.

Photon Correlation Spectroscopy (PCS)/Dynamic Light Scattering
(DLS): 1t is a convenient technique for the routine analysis of PS of SLN.
Though the said method is unable to detect particles with sizes >3 um.
In general, PCS comprises of a laser beam source, a sample cell holder
(temperature controlled), a light detector and a photomultiplier. Firstly,
the SLN sample is irradiated through a laser beam, and then the scattered
light by the particles Brownian motion is sensed by a detector.

Here, it is absolutely essential to understand that PCS works on the as-
sumption that SLNs are spherical. However, several researchers have
noted an anisometric shape of SLN (Jores K, et al., 2004; Noack A, et al.,
2012; Schubert MA, et al., 2006). In such situation PS data gained using
PCS could be deceptive. PCS is also valuable for determining the PDI of a
colloidal system as a measure of width of PS distribution. Typically, mon-
odispersed systems obey single exponential decay G (t) (Stetefeld J, et al.,
2016) while polydispersed systems exhibits polyexponential decay. PDI
is a unitless parameter spanning within 0-1. A PDI value amid 0.03 and
0.06 reflects a monodispersed colloidal system. A narrow PSD is reflected
by PDI value within 0.10-0.20, whereas a PDI amid 0.25-0.50 indicates
wide PSD. Moreover, PDI values >0.50 are suggestive of broad PSD of SLN
sample.

Laser Diffraction (LD)/Static Light Scattering (SLS): This technique is
useful for measurement of the broader size of colloidal dispersions, span-
ning within 0.04-2000 um. PS is derived from light diffracted from the
particles surface at a stated angle. The detector then communicates the in-
formation to a computer and the PS is calculated using the Fraunhofer or
the Mie theory (Blott SJ and Pye K, 2006). LD data is generally presented
as volume distribution diameters of d50%, d90%, d95%, and d99%. The
d99% specifies that 99% of dispersed particles are under a specified size or
volume distribution. Nevertheless the real and imaginary refractive index
of particles and the dispersion medium must be accounted (Nai-Ning W,
et al., 1992). Besides, Mie theory assumes that particles must be spherical
in morphology. Initial versions of LD equipment were intended to allow
particles to scatter light up to an angle of 14° limiting its use to micromet-
ric range. Though the new version of LD is more sensitive and grounded
on PIDS technology, it detects light scattering at an angle between 60°-
146° (Fu Q and Sun W, 2001).

Zeta Potential (ZP) and electrophoretic mobility: ZP is the most im-
perative parameter in SLNs characterization, and is determinant of long
term colloidal stability. ZP represents an electric potential at hydrodynam-
ic plane of shear separating a tinny liquid layer constituted of counter-ions,
bound to a moving charged surface. The electric charges on the particles
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and a medium significantly influence ZP. Thus, the slight deviations in the
pH or medium ionic strength affect ZP.

SLNs dispersion in distilled water or water with low conductivity facili-
tates better comprehension of ZP regarding aggregation processes inside
colloidal systems. SLNGs stability is assured if the ZP value is lower than
-30 mV or more than a +30 mV (Skoglund S, et al., 2017), and often in-
fluenced by kind of ionic stabilizers present. Notably, this implies to the
colloidal systems stabilized by an electrostatic interactions alone. It could
be ascribed to covering of surface charges and decline in ZP due to a major
shift in the particles shear plane.

Morphology analysis: Though PCS and LD are important tools to char-
acterize SLNs PS, they fail to furnish the topographic information of
particles. Here, microscopic techniques are crucial in that they not only
provides details about PS of the disperse phase but also gives an insight
to the shape, organization and morphology of SLNs. Various microscopic
systems for example Light Microscopy (LM), SEM and TEM are valuable
for the said purpose.

Light Microscopy (LM): This method is circumscribed by its low detec-
tion limit (= 200 nm). The technique utilizes polarized light to detect par-
ticles spanning 200-300 nm (Jacobs C and Miiller RH, 2002). LM is more
accurately and reliably utilized while estimating size of micro particles.
Polarized light in LM can assist detection of drug nanocrystals which re-
mained un-encapsulated during SLN processing.

Scanning Electron Microscopy (SEM): 1t is a very useful technique to vis-
ualize SLNs shape, lipid organization and morphology. The technique re-
quires pretreatment of sample involving a drying process. Hence SLNs are
visualized under dehydrated condition under a high vacuum (Sanderson
M]J, et al., 2014). The procedure involves an initial deposition of aqueous
SLN sample onto a graphite strip followed by drying at RT or in an oven
(= 25°C-30°C) to evade the particles melting. This could possibly bring
about a noteworthy change in SLN shape and morphology (Kyadarkunte
AY, et al., 2015). Hence, now it is well recognized that SEM particle diam-
eters are way smaller than PCS diameter, as the latter technique measures
hydrodynamic particle diameter.

Transmission Electron Microscopy (TEM): This is a valued tool in the
explication SLNs size, shape and morphology. However in contrary to
SEM, this technique makes two dimensional (2D) images and usually has
abetter resolution. Contingent on the information to be pursued, different
approaches as staining, freeze-fracturing and the usage of cryo-electron
microscopy are exploited. Staining technique may be adequate to obtain
data pertaining to SLNs shape and morphology. The dried sample is sub-
sequently stained with dyes as Phosphotungstic Acid (PTA) or Uranyl
Acetate (UA) (Franken LE, et al.,, 2017). Prior to TEM visualization, the
stain is permitted to dry at RT for another 30 seconds.

Lipid crystallinity and polymorphism: Crystal structure then poly-
morphic form of lipid is essential parameters that should be extensively in-
vestigated when formulating SLNs. Now it is recognized that crystallinity
of carrier lipid exerts substantial effect on API incorporation, its release or
even expulsion (Kumbhar DD and Pokharkar VB, 2013). In this respect,
technique such as DSC and WAXS are vital to elucidate the crystallinity
and lipid modification. Besides, these techniques allow the formulator to
analyze SLNs physical state, and the incidence of supercooled melt during
its processing.

Differential Scanning Calorimetry (DSC): This technique elucidates
modifications in crystallinity degree of a lipid and the API during SLN
processing. Note that lipid modifications (a, B, and (') (Pokharkar VB, et
al., 2015) alters thermal events like MP significantly affecting systems en-
thalpy. The basic operating principle of DSC is to quantity the alterations
in an amount of heat generated or lost between a sample and a reference
pan with respect to temperature (Ribeiro AP, et al., 2015). Generally, DSC
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allows formulator to probe melting, vaporization, crystallization, conden-
sation and/or glass transition state (Chiu MH and Prenner EJ, 2011) of that
particular compound. The Power Compensated-DSC (PC-DSC) and Heat
Flux-DSC (HF-DSC) can be effectively employed to assess SLNs thermal
behavior (Leyva-Porras C, et al., 2019). The key adaptation amid the two
systems is the supply of heat flow towards the investigational sample and
a reference pan. In PC-DSC heat flow is derived from separate furnaces
while a single furnace is utilized for HF-DSC. Melting enthalpy obtained
from DSC investigation of SLNs assist assessment of Recrystallization In-
dex (RI). It is a measure of percent lipid recrystallization during the storage
period of SLNs.

Wide Angel X-Ray Scattering (WAXS): WAXS is substantially used in the
investigation of the lamellar arrangement of lipid molecules, crystallin-
ity degree of FA chains in triacylglycerides, and polymorphism (Shah M
and Pathak K, 2010). The technique measures length of spacing (long and
short) amid the alkyl side-chains of triacylglycerides and speculate about
its polymorphic and crystalline nature. These appear as single or more re-
flections in wide angle region of a WAXS spectrum. WAXS allows mak-
ing out crystalline and amorphous substances. It also shed a light on state
of API after encapsulation in corresponding lipid matrix i.e. crystalline,
amorphous or molecular.

Molecular analysis using vibrational spectroscopy: Crystal polymorph-
ism is ubiquitous in small organic molecules. Grant defines it as propensity
of a compound to exhibit different crystalline phases involving diverse ar-
rangements or molecular conformations within a crystal lattice. In con-
formational polymorphism, substance exists in multiple molecular con-
formations in different solid-state forms (Bernstein ] and Hagler AT, 1978).

Vibrational spectroscopy methods are vital in identification and micro-
structural elucidations of pharmaceutical solids. Techniques as Fou-
rier-Transform Infrared (FT-IR), Raman scattering, Terahertz spectros-
copy (THz), and an Inelastic Neutron Scattering (INS) provides data
pertaining to the molecular vibrational modes (Kalanoor BS, et al., 2017).
Among them Raman scattering and Infrared spectroscopy (IR) are the
mostly used as easy handling besides relatively low cost. THz radiation can
stimulate low energy vibrations permitting probing of IR active low energy
vibrational modes. In INS, molecules complete vibrational spectrum can
be acquired by an inelastic scattering of thermal neutrons in solids. How-
ever, INS use is circumscribed owing to low resolution as against Raman
and IR techniques. A crucial alteration amid the Raman and FT-IR is that
Raman is a scattering measurement, while, FT-IR is absorption based tech-
nique. In contrast, in scattering technologies, the SLNs face a single wave-
length of light usually in a form of laser, and a series of wavelengths are
scrutinized for an emission of light.

Raman spectroscopy: Raman scattering is a commanding approach to
examine polymorphism in API, and carrier lipid thanks to its remarkable
sensitivity to transitions of molecular compounds. In the Raman analysis,
low wavenumber (<200 cm™) is vital to decipher materials polymorphic
behavior. Given that at molecular level lattice deformations, liberations and
translations usually occur below 200 cm™ (Vega DR, et al., 2007). Note that
the Raman spectra of lipid are profoundly contingent on the conforma-
tional packing and dynamic variations in hydrocarbon chains (Faried M,
et al., 2019). Literature reports specific assignments to lipids Raman fre-
quency including -CH, rocking (800-900 cm™), -C-C asymmetric stretch
(1062 cm™), -C-C symmetric stretch (1028 cm™), -CH, twist (1294 cm™),
-CH, symmetric stretching (2845 cm™), and -CH, asymmetric stretch
(2881 cm™).

Fourier-Transform Infrared Spectroscopy (FT-IR): This is a routinely used
vibrational method for material identification and authentication. Here,
light absorption by the material of interest (API, lipid and SLN) is meas-
ured within 400-4,000 cm™ consistent with essential vibrational modes.
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Agrawal S, et al. employed FT-IR to characterize form I, II, and an amor-
phous rifampicin (Agrawal S, et al., 2004). Likewise, Bauer J, et al. identi-
fied conformational polymorphism in ritonavir (Bauer J, et al., 2001). This
technique gives an insight to lipid organization and its possible molecu-
lar interactions with an incorporated API during processing SLNs and its
storage. Like solids, Cary 630 is operable for liquid sample as such that is
without transforming them to solid form. It allows the formulator to study
intact SLNs microstructure under noninvasive conditions.

Microenvironment investigations: NMR is an expedient technique in
studying the microenvironment of designed SLNs. For a better under-
standing of SLNs microenvironment, molecular, electronic and structural
aspects are probed. NMR active nuclei of the interest are 'H, “C, “F, and
1P A Simple '"H-NMR spectroscopy permits an easy and very rapid de-
tection of a super cooled melt initiated by low line widths of lipid protons
(Wissing SA, et al., 2004). The said technique utilizes proton relaxation
time for diverse formulation states (liquid/semisolid/solid). Literature pro-
vides numerous reports on the usefulness of this method to distinguish the
composition besides structure of LNP (Suzuki N and Kawasaki T, 2005;
Jenning V, et al., 2000; Garcia-Fuentes M, et al., 2005; Zimmermann ES, et
al., 2005). The '"H NMR spectra of NLC usually show slightly broaden pro-
ton peaks corresponding to oil molecules, which are rendered immobile by
the matrix network. Conversely, SLNs on account of their restricted mo-
bility and shortened relaxation time shows broad NMR signals by small
amplitude (Jores K, et al., 2003). Thus NMR analysis is expected to reveal
the mobility, arrangements, and the mode of liquid entrapment within sol-
id matrices. Besides the technique also allows investigating the structural
integrity and possible molecular exchanges amid the incorporated API and
lipid. Though, these approaches need a substantial exploitation to get an
understanding of structural dynamics of lipid dispersion.

Loading Capacity (LC) and Encapsulation Efficiency (EE): Drug LC
must be evaluated to warrant the suitability of designed SLNs for a specific
drug to be incorporated. In addition, such carrier systems should have a
high EE besides long-term retention of an encapsulated API. The LC of
SLN depends on API ability to get dissolved in molten lipid, drug-lipid
miscibility, and lipid polymorphism (Rosenblatt KM and Bunjes H, 2017).

The LC and EE of an AP, is evaluated per unit weight of SLN dispersion
by a validated analytical tool such as Ultraviolet (UV) spectrophotometry
or High Performance Liquid Chromatography (HPLC). For the purpose
APT is separated from the SLNs by a high speed centrifuge as Allegra 64R
(Beckman Coulter) usually above 15000 rpm for 30 min and at 4°C.

Drug release: Here, note that an incorporated API either present at core
or exterior shell of SLN else forms a molecular dispersion with carrier ma-
trix. This depends on various aspects as API solubility in used lipid, drug/
lipid ratio and the production technique. Thus, obtaining the desired drug
release is still elusive for SLN and, usually, the release is accentuated by an
early burst. Few were the first to report controlled prednisolone release
from the SLNs shaped by HPH technique. They found that prednisolone
release was dependent on extents of surfactant and lipid and the produc-
tion parameters. They also established that the prednisolone release was
independent of SLN size confirming that mass transfer was not diffusion
limited. The rise in processing temperature on surfactant concentration
usually tends to burst release. This might be inferred from drug partition-
ing into continuous phase while SLN processing adversely affecting sus-
tained release (Shenoy VS, et al., 2013). Conversely, fall in processing tem-
perature promotes lipid crystallization, and subsequent cooling diminishes
APT water solubility.

Dialysis tubing, reverse dialysis and Franz diffusion chamber are utilized
to study SLN drug release. In the dialysis tubing method cellophane (mcw
~ 12000-14000 Da) serves as a synthetic membrane. The SLN sample (= 5
ml) is positioned in dialysis tubing that has been prewashed and hermet-
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ically closed. The formed sac is then immersed in a suitable dissolution
fluid, and dialyzed at RT. The specified quantity of sample is withdrawn
at preset time interval, centrifuged, and then analyzed for drug content
by UV/HPLC. This approach allows for dilution of SLNs, however does
not quantify rapid drug release. Franz diffusion chambers (vertical/flow
through) are typically used to scrutinize SLN drug release. The sample is
located in a diffusion chamber with a synthetic membrane (cellophane,
mecw = 12000-14000 Da) in donor compartment. Following this dialysis
is performed against an appropriate dissolution fluid. At pre-set time and
preserving the sink state, withdrawn samples are examined for drug con-
tent by UV/HPLC.

Rheology: Rheology of LNP influences its potential for pharmaceutical
application in a fundamental way. For dermal use SLNs should possess
relatively high viscosity and a plastic or thixotropic flow (Lippacher A, et
al., 2004). This would aid them to stick onto skin for an adequate time.
Conversely, for parenteral use SLNs should possess low viscosity to ease
withdrawal from the container and injectability. A very limited data is
available on rheology of SLNs and that too pertaining to formulations with
high lipid level (>20% m/m). Note that a lipid concentration and SLN size
are the prime determinants of its rheology (Seetapan N, et al., 2010). On
other side an oscillatory measurements (stress and frequency sweep) yield
valued information about SLNs viscous and elastic nature and reveals the
network structure formed by them (Lippacher A, et al., 2002; Lippacher
A, et al., 2000). For the reason, parameters as Linear Viscoelastic Region
(LVR), complex modulus (G*), storage modulus (G’) and the loss modulus
(G”) are scrutinized. Thus, rheology offers a noninvasive mode to study
SLNGs viscoelastic behavior without disrupting its microstructure.

Stability: The disadvantages concomitant with SLNs particularly those
regarding low drug LC, and API expulsion through extended storage per-
iods directed the progress of NLC. The crystalline nature and polymorph-
ic transition in lipids (Schoenitz M, et al., 2014) are the foremost reasons
of drug eviction. Solid lipids exists in p-polymorphic form, though upon
melting during SLN production, recrystallizes to lower ordered a- and/
or B'-polymorphic modifications. These polymorphic forms are relatively
amorphous and permits API incorporation and their holding in the carrier
matrix. This results in reduction in imperfections within matrix lipid and
accounts for API expulsion from SLN.

Contrary to SLNs, which are prepared through extremely purified lip-
ids, NLCs are manufactured by controlled mixing of solid lipids and oil.
The company of oil increases the imperfections in crystal lattice (Khosa
A, et al., 2018) enabling it to hold more drug quantity. Besides, formation
of additional colloidal structures as liposomes, micelles, and even super-
cooled melt can adversely influence SLNs stability. Moreover, gelation of
SLNs (Borges A, et al., 2020) ensues as PS rise unfavorably affecting its
stability. Therefore in stability study of SLN, size, ZP and % drug encapsu-
lation are vital parameters. Techniques like lyophilization, spray drying, or
use of novel adsorbents are employed to transform SLN dispersion to dry
powder. The subsequent section discusses the lyophilization pertaining to
LNP.

Lyophilization: The utmost challenge in storing SLNs involves inhibition
of hydrolytic reaction, and the protection of an initial PS (Hu FQ, et al,,
2006). Ostwald ripening then temperature changes during shipping can
adversely affect SLNs stability. It is now established that the judiciously pro-
duced SLNs provide stability over 12-36 months (del Pozo-Rodriguez A, et
al., 2009). Though, their colloidal dimension and subsequent aggregation
encourage rise in PS. The promising way to improve SLNs physicochemical
stability is lyophilization. Besides, lyophilization of SLNs offer chances to
incorporate LNP into various solid dosage forms as capsules, tablets and
pellets (Attama AA and Umeyor CE, 2015). Moreover, lyophilization fa-
cilitates solid state analysis through X-ray diffraction, FT-IR, DSC besides
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Raman scattering. Though lyophilization of SLN results in better stabil-
ity, two processing transformations augment stability concerns. The first
transformation arises owing to freezing out effect (Soares S, et al., 2013)
causing disparities in the osmolarity and pH. Also to note that lyophil-
ization process can compromise surfactants protective effect. To ensure
better redispersibility of dry product it is usually recommended to use
cryoprotectant while processing SLN formulation. Usually for most SLNs
cryoprotectants used are mannitol, trehalose, glucose and sorbitol (Zhang
L, et al., 2008; Amis TM, et al., 2020). They work by lessening the osmot-
ic activity of water besides crystallization while favoring the glassy frozen
SLNs. Besides they form ‘pseudo hydration shell’ by networking with the
surfactants polar head groups.

Applications of SLN’s

SLNs are capable to carry vast variety of pharmaceuticals, cosmaceuticals,
neutraceuticals and pesticides. Biopharmaceutics Classification System
(BCS) class 1T and IV API are amenable to SLNs and their absorption and
subsequent bioavailability can be entrusted. Figure 15 depicts the mech-
anism by which SLNs brings about an enhancement in oral bioavailability
of API belonging to said classes. Few demonstrated that SLN can improve
drug holding in the eye for an adequate time. Thus with lipids biocompat-
ibility then ease of metabolism, SLNs could effectively be formulated for
ophthalmic delivery. SLNs are valuable in delivering drugs to lung. It is
also likely to attain API controlled release upon localization of SLNs into
bronchi and alveoli (de Menezes BR, et al., 2021; Gaspar DP, et al., 2017).
Topical usage of SLNs is also well documented in literature (Kiichler S, et
al.,2010; Liu M, et al., 2020). Netto G and Jose ] successfully developed sily-
marin containing SLN for better sun protection (Netto G and Jose J, 2018).
The significant ionic interactions between DNA and cationic SLN accen-
tuate gene delivery (Pedersen N, et al., 2006; Yu W, et al., 2009). Antitu-
bercular drugs like isoniazid, pyrazinamide, and rifampicin (Pandey R, et
al., 2005), have been productively encapsulated into SLNs. This improved
the patient compliance by subsequent drop in drug dosing frequency. SLN
also finds use in cancer therapeutics. Extended release tamoxifen SLNs are
given intravenously to manage breast cancer (Fontana G, et al., 2005). Be-
sides, methotrexate (Ruckmani K, ef al., 2006) and camptothecin (Martins
SM, et al., 2013) SLNs are conceivable for tumor targeting. Tupal A, et al.
developed doxorubicin-loaded SLNs for skin cancer (Tupal A, et al., 2016).
Lu B, et al. designed mitoxantrone containing SLNs for breast cancer and
lymph node metastases (Lu B, et al., 2006). Resveratrol loaded SLNs exhib-
its a substantial activity against breast cancer (human) cell line (Wang W, et
al.,2017). SLNs of an antimalarial agent have shown promise in attenuating
drug toxicity besides improving its selectivity then bioavailability in ani-
mals. BBB is the prime culprit in attaining drug transport to brain and hence
management of several Central Nervous System (CNS) disorders. Floxur-
idine (5-fluoro-2'-deoxyuridine) possess a poor BBB penetration (Wang
JX, et al., 2002), and is associated with toxicities like myelosuppression
and Gastrointestinal (GI) mucosal injury. Synthesis of 3, 5’-Dioctanoyl-5-
Fluoro-2'-deoxyuridine (DO-FUdR) and its subsequent incorporation into
SLN s enables its entrance to brain while suppressing drug related toxicities.
Several peculiarities of SLNs like occlusiveness, skin hydration, modified
release, and skin permeability augers well for cosmaceuticals delivery. Of
late, by dint of its GRAS nature, SLNs are gaining much consideration in
delivering various bioactives (Aditya NP and Ko S, 2015), nutraceuticals
(Nunes S, et al., 2017), and environmentally safe pesticides (Oliveira CR,
et al., 2019; Nguyen HM, et al., 2012). Moreover, despite its excellent drug
delivery properties, SLNs can attenuates the related toxicity of an integrat-
ed API. For instance nephrotoxicity associated with amphotericin B can
be suppressed by formulating it as LNP (Ambisome®, Abelcet®) (Deray G,
2002). Likewise nano lipid formulation of doxorubicin (Doxil®, Myocet®)
reduces cardiotoxicity pertaining to drug (Batist G, et al., 2001).
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Figure 15: Fate of SLNs upon oral administration. TG, DG, MG, and FA respectively represent Triglycerides, Diglycerides, Monoglycerides, and
Fatty Acid

Microstructural perspective

Though the lipids essentially hold its material properties while in colloidal
dimension, several microstructural peculiarities need a probe while SLN
processing. SLN dispersion displays a complex physicochemical behavior
that differs considerably from bulk lipid. In particularly, at nanoscale the
crystallization and polymorphism are significantly altered. These proper-
ties besides SLN size, shape and microstructure get substantially affected
by surfactants. Here, a careful appraisal of SLNs is mandatory since the
structural attributes are decisive while defining their functionality. Not
all expectations that were raised during the growth of SLNs are met yet.
Still an open question, particularly regarding to drug-carrier interactions,
microstructural understandings and encapsulation on a hydrophilic active
in SLN pose a serious challenge. Therefore clinical use of SLNG is limited
to BCS class IT and IV drugs. The uncontrolled partitioning of hydrophilic
molecule during SLN processing demands smart strategy to influence lipid
matrix to accommodate the said molecule. Moreover, interactions among
particles bring about a pivotal change in rheology significantly affecting
SLNs microstructure. Note that colloidal size of SLNs encourages its ag-
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gregation, coagulation and even gelation affecting its stability. On the other
side, the smart exploitation of SLNs usually instigates with a judicious
choice of structural components. To attain maximum drug pay load modi-
fication in lipid matrix remains crucial. Incorporation of oil significantly
modifies matrix architecture and allows for more drug loading followed by
its retention for considerable time. Besides, as demonstrated in our earlier
research to load hydrophilic active in SLNs use of C10-C30 alkyl acrylate
was crucial. This approach based on polar lipid and hydrophobically modi-
fied polymer can assist encapsulation of diverse hydrophilic molecules.
Though a detailed revelations are mandatory to confirm their formation,
microstructure and stability. Additionally use of amphipathic polymer
might serve to lower an interfacial tension at o/w interface while various
block copolymers such as Poly (Dimethylsiloxane) (PDMS), Poly (Buta-
diene) (PBut), Poly (e-Caprolactone) (PCL) and Poly (Isobutylene) (PIB)
representing hydrophobic block and Poly (2-Methyloxazoline) (PMOXA)
and Poly Ethylene Glycol (PEG) representing hydrophilic blocks can be
explored to attain encapsulation of hydrophilic molecule in matrix lipid.
To achieve significant encapsulation in the lipid matrix, cationic drug mol-
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