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Drug delivery technology has a wide spectrum, which is continuously being upgraded at a stupendous

speed. Different fabricated nanoparticles and drugs possessing low solubility and poor pharmacokinetic

profiles are the two major substances extensively delivered to target sites. Among the colloidal carriers,

nanolipid dispersions (liposomes, deformable liposomes, virosomes, ethosomes, and solid lipid

nanoparticles) are ideal delivery systems with the advantages of biodegradation and nontoxicity. Among

them, nano-structured lipid carriers and solid lipid nanoparticles (SLNs) are dominant, which can be

modified to exhibit various advantages, compared to liposomes and polymeric nanoparticles. Nano-

structured lipid carriers and SLNs are non-biotoxic since they are biodegradable. Besides, they are highly

stable. Their (nano-structured lipid carriers and SLNs) morphology, structural characteristics, ingredients

used for preparation, techniques for their production, and characterization using various methods are

discussed in this review. Also, although nano-structured lipid carriers and SLNs are based on lipids and

surfactants, the effect of these two matrixes to build excipients is also discussed together with their

pharmacological significance with novel theranostic approaches, stability and storage.

Introduction

With the development of technology in the last two decades, the

particle size of materials ranges from the micro- to nano-scale.

The reduction in the particle size of materials at the nanometer

scale increases their overall surface area by several orders of

magnitude. Particles with a size in the range of 1 nm to 1000 nm

are known as nanoparticles. The word “nano” can be easily

dened, but it covers numerous areas of application. Fig. 1

represents several nano-based systems composed of different

types of materials, which can be utilized as nanocarriers.

However, nanomaterials with excellent biodegradability and

biocompatibility are considered to be the best vehicles for drug

delivery systems in biomedical applications. Currently, scien-

tists and researchers are focused on discovering new methods/

routes to control the pharmacokinetics (ADME),

pharmacodynamics, non-specic toxicity, immunogenicity,

biorecognition, and drug efficacy of drugs. These new strategies

are oen called novel drug delivery systems (NDDS) and are

based on interdisciplinary approaches that combine polymer

science, pharmaceutics, bioconjugate chemistry, and molecular

biology. Some of the different approaches for novel drug

delivery include transdermal patches, sustained and controlled

release by polymeric and magnetic control, liposomes, hydro-

gels, implants, microspheres, erythrocytes, and nanoparticles.

Nanoparticular drug delivery systems are a successful approach

in the treatment of chronic human diseases, which have

excellent function in satisfying the biopharmaceutical and

pharmacological considerations. The emergence of nanotech-

nology and the growing capabilities of functional proteomics,

genomics, and bioinformatics combined with combinatorial

chemistry have driven scientists to becomemore enthusiastic to

express their technical expertise to discover, invent and explore

novel approaches for drug delivery systems through new tech-

niques. Novel drug delivery systems remain the foundation to

deliver drugs having complications that cannot be minimized

by conventional drug delivery systems, where the therapeutic

effectiveness of drugs depends on their pharmacokinetics and

site of administration. Pharmacokinetics are also based on

physico-chemical properties such as solubility, crystallinity,

toxicity, and HLB value. Aer understanding the bio-

pharmaceutics and pharmacokinetics, the administration

route, absorptive surface area, and transportation of drugs in

the body are the key points for their absorption and
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distribution. Furthermore, metabolism and elimination

depend on the aforementioned properties.1 The formulation

design has a major impact on the effective delivery of the active

pharmaceutical ingredient (API), and thus all the above

parameters are crucial challenges. Drugs based on the HLB

scale are categorized into two classes, hydrophilic and lipo-

philic molecules. Lipophilic molecules exhibit very poor solu-

bility, and depending on this, they produce a great challenge to

design safe, efficacious, and cost-effective drug delivery systems

and have been a source of frustration for pharmaceutical

scientists.2 Lipophilic molecules allow the design of formula-

tions for hydrophobic drug molecules, and despite all the

problems confronted by pharmaceutical scientists, the current

solid lipid nanoparticles are the result of their great effort.

Traditionally, lipid-based novel drug delivery systems have

focused on the delivery of lipophilic molecules, but recently,

lipoid drug delivery systems have received attention due to their

inherent properties such as biocompatibility, self-assembly

capabilities, ability to cross the blood brain barrier, particle

size variability and nally cost effectiveness, making lipid-based

delivery systems much more attractive.3 Lipid-based nano-

particles can also be subcategorized as follows in Chart 1.

Over the past few years, nanomaterials have emerged as drug

carriers. Liposomes are important biological molecules, which

have been used for many years, but currently, there are various

alternative molecules. Niosomes are one of the promising

economical alternatives to liposomes. Niosomes are highly

stable and slightly more leaky than liposomes. The size of nio-

somes decreases substantially upon freezing in liquid nitrogen

and subsequent thawing, as evident by cryo-EM and dynamic

light scattering. The successful delivery of drugs through

nanoparticles depends on their ability to penetrate barriers,

continuously release drugs and their stability. However, the

scarcity of regulatory approved polymers, i.e. the Food and Drug

Administration (FDA), and their expensive costs have limited

their clinical application.4 Thus, to overcome these limitations,

scientists and researchers have proposed lipids as alternative

carriers. These lipid-based nanoparticles are known as solid

lipid nanoparticles (SLNs), which have attracted worldwide

interest due to their advantages (Table 1).5

Fig. 1 Schematic diagram of the different types of nanoparticles.
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Solid lipid nanoparticle overview

For lipid and lipid-based drug delivery systems, phospholipids

are an important constituent because of their various proper-

ties, such as amphiphilic nature, biocompatibility and multi-

functionality. However, liposomes, lipospheres, and

microsimulation carrier systems have many drawbacks such as

their complicated production method, low percentage entrap-

ment efficiency (% EE), difficult large-scale manufacture, and

thus the SLN delivery system has emerged.13,14 SLNs are

commonly spherical in shape with a diameter in the range of 50

to 1000 nm. The key ingredients of SLN formulations include

lipids, which are in the solid state at room temperature, emul-

siers and sometimes a mixture of both, active pharmaceutical

ingredients (APIs) and an adequate solvent system (Fig. 2).

Nanocarrier-based drug delivery systems can be subcategorized

in many aspects depending on the route of administration,

degree of degradability, etc. The route of administration

includes nanoparticles for parenteral administration, oral

administration, ocular administration, and topical adminis-

tration, and nanoparticles for protein peptide delivery. Nano-

carrier systems can also be subcategorized based on the degree

of their degradability as follows.

An ideal nanoparticulate drug delivery system must contain

the following characteristics:

(1) Maximum drug bioavailability.

(2) Tissue targeting.

(3) Controlled release kinetics.

(4) Minimal immune response.

(5) Ability to deliver traditionally difficult drugs such as lip-

ophiles, amphiphiles and biomolecules.

Chart 1 Classification of lipid-based nanoparticle drug delivery

systems.

Table 1 Advantages of SLNs over liposomes and polymeric nanoparticles

Issue Advantages of SLNs over liposomes

Advantages of SLNs over polymeric

nanoparticles

Avoidance of organic solvents Avoidance of organic solvents when desired Avoidance of organic solvents when desired
Preparation and reproducibility Excellent reproducibility and feasible large-scale

production

Excellent reproducibility and feasible large-scale

production with cost-effective high-pressure

homogenization method as the preparation
method6

Stability Increased stability of the active ingredient

because of the rigid core lipid matrix8
Increased product stability of about 3 years7

Biodegradability Both liposomes and SLNs are biodegradable Lipids of SLNs are physiological and
biodegradable, and hence have better

biocompatibility and sterilization. On the other

hand, polymeric nanoparticles may accumulate

undesirably in the liver, spleen etc.9

Binding, entrapment and release SLNs impose greater entrapment efficiency for

hydrophobic drugs (since they do not contain an

aqueous core with lipid bilayer like liposomes)

Drug delivery is extremely site specic for SLNs,

whereas polymeric nanoparticles may produce

non-specic drug delivery or show

unpredictable release towards siRNAs10

Ability to allow controlled release (similar to

polymeric nanoparticles) and drug targeting by

coating/attaching ligands to SLNs12

11

Fig. 2 Schematic presentation of the complete structure of solid lipid

nanoparticles.
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(6) Sufficient drug loading capacity.

(7) Good patient compliance.

Solid lipid nanoparticles have changed the dimension of

drug delivery by combining all the advantageous characteristics

of polymeric nanoparticles, liposomes andmicroemulsion.15 All

the properties of lipid nanoparticles are upgraded with surface

modication, better pharmacokinetic acceptability, formation

of inclusion complexes, improved stability pattern and incor-

poration of chemotherapeutic agents. SLNs are appropriate for

intravenous applications because of their effortless dispersion

in solution, which are aqueous or aqueous-surfactant. Nano-

particles undergo phagocytic uptake,16 and thus by surface

modication, their phagocytic uptake can be minimized.17 A

pharmacokinetic study also showed a good increase in the of

concentration doxorubicin in with solid lipid nanoparticles

compared with conventional commercial drug solutions, and it

was found that the drug concentrations were higher in the

lungs, spleen and brain of rats.18 In drug delivery technology,

cyclodextrin is used as a complex agent, which can be used to

increase aqueous solubility, bioavailability and improve the

physicochemical properties of drugs by forming inclusion

complexes. The incorporation of these inclusion complexes into

solid lipid nanoparticles increases their release prole

compared to solid lipid nanoparticles without cyclodextrin.19

Furthermore, the stability pattern of solid lipid nanoparticles

(SLNs) is more attractive than that of other nanoparticulate

formulations. Aqueous SLNs can be stored for up to 3 years or

longer, and their gelling tendency due to long term storage and

light exposure can be stabilized by inhibiting the transitions by

lipid modication.20 The major aim of solid lipid nanoparticles

(SLN) in terms of drug delivery is to enhance the bioavailability

and efficacy of drugs, and control the non-specic toxicity,

immunogenicity, pharmacokinetics and pharmacodynamics of

drugs. This review focuses on the potential of SLNs in various

types of chemotherapy such as cancer, where conventional

chemotherapy is hindered by different obstacles such as drug

resistance, low specicity and poor stability of chemothera-

peutic compounds.9 These issues may be partly overcome by

encapsulating drugs as SLNs. The new generations of SLN such

as nanostructured lipid carriers (NLC), lipid drug conjugates

(LDC), polymeric lipid hybrid nanoparticles (PLN), and long-

circulating SLNs, improve the role of SLNs as versatile drug

carriers for various types of chemotherapy, and treatment of

parasitic infections and tuberculosis.14,17 Cell line studies have

shown that SLNs can be easily internalized andmay be designed

as surrogate colloidal drug carriers for the administration of

chemotherapeutic agents, especially for the treatment of

malignant melanoma and colorectal cancer.21 Besides their

antitumor activities, SLNs are also capable of hindering the

adhesive interactions between cancerous cells (resulting from

human breast, prostate cancers, melanoma, etc.) with the cells

present on human umbilical vein endothelium.22 Furthermore,

since SLNs are based on nontoxic and non-irritating materials,

they are ideal for use in topical formulations.23 Accordingly,

there has been extensive research on the topical applications of

SLNs (containing lipids such as glyceryl palmitostearate and

glyceryl behenate) to treat several skin diseases since SLNs

adhere strongly because of their greater surface area as a result

of their smaller sizes.24,25 The coenzyme Q10 penetrated the

stratum corneum more effectively as SLNs in comparison with

liquid paraffin and isopropanol.26 The extent of drug release was

higher and more rapid for SLNs of Compritol®(Retinol-loaded)

compared to conventional carriers.27,28 Also, SLNs were found to

be signicant vehicles for numerous sunscreen agents.29,30

The delivery of genetic material via nanotechnology is now

gaining signicant attention. Cationically modied SLNs can

effectively deliver DNA to binding sites, where the transfection

efficiency and cytotoxicity are also very low.31 Furthermore, solid

lipid nanoparticles (SLNs) and nanostructured lipid carriers

(NLCs) have been considered as effective and safe alternatives to

potentially treat both genetic and non-genetic diseases. Lipid

nanoparticles (LNs) easily overcome the main biological

barriers for cell transfection, including degradation by nucle-

ases, cell internalization, intracellular trafficking, and selective

targeting to a specic cell type. SLNs and NLCs can effectively be

used for gene therapy, and the treatment of ocular diseases,

infectious diseases, and lysosomal storage disorders. SLNs and

NLCs have been established to be very effective in the topical

delivery of antifungals such as clotrimazole and ketoconazol.

Various studies have shown that because of several factors such

as stability, complete release, and low toxicity, SLNs can also be

considered as new potential vehicles for the pulmonary delivery

of antitubercular drugs.32

Claus-Michael Lehr and co-workers showed that a two-tail

cationic lipid had a greater transfection efficiency than a one-

tail cationic lipid, and concluded that higher tolerability and

transfection efficiency can be achieved with SLNs.33 Ocular drug

delivery is one of the most critical drug delivery technologies,

which is still lacking regarding sensitivity. Accordingly, since

SLNs contain no inammatory lipid material, they may be

suitable for ocular drug delivery. Tobramycin was incorporated

in SLNs and compared to a reference eye drop, showing a 1.5-

fold and 8-fold increase in Cmax and tmax value with respect to

the reference solution. SLNs show occlusive properties and UV

blocking potential, which are ideal for cosmetic preparation,

resulting in excellent skin hydration.34,35 Thus, SLNs are inter-

esting for drug delivery, where they mostly cover all the sites for

drug delivery and have numerous applications with respect to

the route of administration. Furthermore, stability-related

issues are not a major problem, and drugs, proteins and

peptides can also be deliverable to the target site. Thus, SLNs

are potential carriers for bioactive materials.

Principle of lipid nanoparticle
formulation36

General ingredients

SLNs are comprised of a phospholipid-coated solid hydro-

phobic core matrix (containing the hydrophobic tails of the

phospholipid section) (Fig. 2). Also, SLNs consist mainly of solid

lipid(s), emulsiers together with APIs such as drugs, genes,

DNA, plasmid, and proteins. The lipids utilized in the formation

of SLNs are surfactant stabilized, and thus solid at both

26780 | RSC Adv., 2020, 10, 26777–26791 This journal is © The Royal Society of Chemistry 2020
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physiological and room temperature. Depending on their

structure, lipids are mainly divided into fatty acids, fatty esters,

fatty alcohols, triglycerides, and partial glycerides. Ionic and

nonionic polymers (Pluronic® such as F-68 and F127), surfac-

tants, and organic salts are used as emulsiers. However, their

physicochemical characteristics also affect the behavior of the

corresponding SLNs in both in vivo and in vitro release. The

formation of colloidal nanoparticles depends on the interfacial

tension and surface tension between two liquids. Thus, the

main principle for the formation of solid lipid nanoparticles is

the adhesive forces between two liquids. Normally, the interfa-

cial tension between two liquids is less than their surface

tension because of the weaker adhesive forces compared to that

with gas. Molecules at the interface constitute surface free

energy of interfacial tension, while they undergo agitation and

form a spherical system to minimize the surface free energy.

To increase the surface of the dispersed particles, the

amount of work needed to be done is as follows:

W ¼ g � DA

where W ¼ work in ergs, g ¼ surface tension in dynes/cm2, and

DA ¼ increase in surface area in cm2.

Surfactant selection also based on the HLB scale, as

described by Griffin, where a high value denotes hydrophilic

molecule and low value indicates a hydrophobic molecule.

In the case of non-ionic surfactants whose hydrophilic

portion is only polyoxyethylene

HLB ¼
E

5

where E is the % by weight of ethylene oxide.

In the case of polyhydric alcohol fatty acid esters

HLB ¼ 20

�

1�
S

A

�

SLNs are very similar to emulsions, where solid lipids are

used as a substitute for the oil phase andmelted andmixed with

the aqueous phase. Agitation at high speed is applied to this

mixture, which results in the formation of ne droplets of

dispersed phase in the dispersion medium. By adding

a surfactant as a third substance, the interfacial tension

between the two liquids is reduced, thereby is also reducing the

surface energy, and stable SLNs are formed.

Surfactant literally means ‘surface-active agent’. Surfactants

lower the surface tension between the contact surface of two or

more substances existing in the same or different physical states.

Surfactants enhance the drug loading capacity and stability of SLNs.

For example, CPC, Poloxamer 407 and Tween-80 are widely used

surfactants to increase the efficacy of SLNs during drug delivery.

Techniques for the fabrication of SLNs
Preparation method

1. High pressure homogenization or HPH (hot/cold).69

HPH is a technique in which high pressure (100 to 2000 bar) is

used to push a liquid or dispersion through a gap of few

micrometers to produce submicron size particles. A high shear

stress and cavitational forces break down the particles, result-

ing in a decrease in particle size. HPH can be performed either

at high temperature or below room temperature, called hot-

HPH and cold-HPH, respectively (Fig. 3).70 In the rst step of

both processes, the lipid(s) and drug(s) are heated to about 5–

10 �C higher than the melting point of the lipid so that the drug

is dissolved or dispersed in the melted lipid.71 Generally, the

concentration range of lipid is between 5% to 20% w/v. In the

second step of the HPH technique, the aqueous phase con-

taining the amphiphile molecules is added to the lipid phase (at

the same temperature as the lipid melting) and the hot pre-

emulsion is obtained using a high-speed stirring device. The

lipid (more added for homogenization) is forced at high pres-

sure (100–1000 bar) through a narrow space (few mm) for 3–5

times, which depends on the formulation and required product.

Before homogenization the drug is dispersed or dissolved in the

lipid melt. However, there are certain drawbacks to this method

as follows: (1) it cannot be used for heat-sensitive drugs because

of their degradation and (2) an increase in the number of

rotations or pressure of homogeneity oen results in an

increase in particle size.72 However, these limitation can be

overcome using cold-HPH to prepare SLNs. As discussed earlier,

the rst step involves the formation of a suspension of melting

lipids and drugs, followed by rapid cooling in dry ice and liquid

nitrogen. In the third step, the powder is converted into micro-

particles by milling. Then, themicro-particles are dissolved cold

aqueous surfactant solution. In the last step, to create SLNs,

homogenization is usually performed for 5 cycles at 500 bars.73

2. Oil/water (o/w) microemulsion breaking technique. This

method was invented by Gasco, as shown in Chart 2. Firstly, the

microemulsion is prepared by mixing the lipid melt with the

drug, surfactant and co-surfactant mixture preheated to

a temperature equal to the melting point of the lipid, and then

the obtained microemulsion is dispersed in water at a temper-

ature between 2–10 �C.

3. Solvent-emulsication diffusion technique.74 Chart 3

shows the solvent-emulsication diffusion technique for the

synthesis of solid lipid nanoparticles. In this method, the lipid

is dissolved in an organic solvent saturated with water, and the

obtained solution is further emulsied with water and saturated

with organic solvent with constant stirring. Lipid nanoparticles

are obtained by adding water to the prepared emulsion, which

later results in the diffusion of the organic phase into the

continuous phase. The SLN dispersion can be puried by ultra-

ltration using a dialysis membrane with a cut-off of approxi-

mately 100 000 kDa (Chart 4).

4. Solvent injection method.75 In this method the lipids are

dissolved in a water-miscible solvent and the dissolved lipids

are injected through an injection needle into a stirring aqueous

solution with or without surfactant. The parameters of the

process for the synthesis of nanoparticles in this method

include the nature of the injected solvent, lipid concentration,

injected amount of lipid solution, viscosity and the diffusion of

the lipid solvent phase into the aqueous phase.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 26777–26791 | 26781
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5. Water/oil/water (w/o/w) double emulsion method.76

Fig. 4 shows the double emulsion technique to prepare SLNs.

This method is mainly used for the preparation SLNs loaded

with hydrophilic drugs and some biological molecules such as

peptides and insulin.77 SLNs are produced from w/o/w multiple

emulsions via the solvent in water emulsion diffusion tech-

nique, insulin is dissolved in the inner acidic phase of the w/o/w

multiple emulsion and lipids dissolved in the water-miscible

organic phase, and then SLNs are produced by diluting the w/

o/w emulsion in water. This results in the diffusion of the

organic solvent into the aqueous phase and precipitation of the

SLNs. The nature of the solvent and interaction of the hydro-

philic drug with the solvent and excipients affect the prepara-

tion process using this method.

6. Ultrasonication.76 This method is based on the principle

of particle size reduction by applying sound waves. In this

method, homogenization with high pressure and ultra-

sonication are simultaneously used to prepare SLNs with a size

in the range of 80–800 nm (Fig. 5).

Some other advanced techniques have also been introduced

to formulate SLNs.

7. Super critical uid technique.78 Super critical carbon

dioxide tends to dissolve lipophilic drugs, and combined with

the ultrasonication technique, can be used to prepare SLNs.

Xionggui-loaded SLNs have been prepared using super critical

carbon dioxide uid extraction and ultrasonication (Fig. 6).

8. Membrane contractor technique.79 In this method,

a membrane contactor is used to prepare SLNs, where a lipid is

Fig. 3 Homogenization technique: (a) Hot homogenization technique and (b) Cold homogenization technique.

Chart 2 Preparation of solid lipid nanoparticles by oil/water (o/w) microemulsion method.
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pressed at a temperature above its melting point through the

membrane pores, and water circulated beyond the pores ow

with the produced droplets of melted lipid, which is further

cooled at room temperature.

9. Electrospray technique.80 It is the recent novel technique

for the preparation of SLNs, electrodynamic atomization is used

to produce narrowly dispersed spherical SLNs less than 1 mm

size. In this method, SLNs are directly obtained in powder form.

10. Preparation of semisolid solid lipid nanoparticles. A

more effective and faster single-step process was developed for

the production of SLNs, especially semisolid formulations. The

process is performed by melting a lipid and then dispersing it in

hot surfactant solution whose temperature is ca. 10 �C above its

melting point and rotated at 9500 rpm for 1 min. Three cycles of

dispersion are then performed at 85 �C and 500 bar pressure.

Aer the completion of the rst cycle, the dispersion becomes

viscous and is further used for the remaining two cycles. Finally,

the hot viscous nanoemulsion is cooled at room temperature.

The lipid droplets recrystallize and form a gel network, and

therefore the SLNs become semi-solid compatible. A 30–50% w/

v lipid concentration is required for this process.81

The conversion of liquid lipid nanoparticles into a solid

plays a pivotal role in enhancing the stability and safe storage of

drug delivery systems. Besides spray drying, lyophilization is

also suitable for converting nanolipid dispersions into dry, solid

particles. Among these techniques, spray drying is cost-effective

and can be used benecially for large-scale purposes. Spray

drying of lipid nanoparticles is a very sensitive process since low

melting temperature lipids are used in the formulation. Some

studies36,41 demonstrated the use of an organic solvent to reduce

the processing temperature and facilitate the drying of heat-

sensitive materials. The removal of organic solvents from the

lipid nanoparticle matrix again requires exposure to high

temperatures, which is not always advisable.

Effect of lipids and surfactants

The process for the production of SLNs is not responsible for

any chemical instability. Obviously, the concentration of lipid

used may be the special consideration that can alter the

stability. It is reported that the maximum lipid degradation is

Chart 3 Solvent-emulsification diffusion technique for the synthesis

of solid lipid nanoparticles.

Chart 4 Solvent injection method for the synthesis of solid lipid nanoparticles.
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around 10% over 2 years of storage, and SLNs prepared with

triglycerides are more stable than SLNs prepared with mono

and diglycerides.82 The melting point of the lipid is also a point

of discussion regarding the particle size distribution.83 Thus, for

the preparation of SLNs, lipids that do not undergo hydro-

lyzation with the aqueous phase should be chosen, and for SLNs

prepared from natural lipids, the addition of preservatives can

stabilize the microbial contamination.84 Amphiphilic molecules

such as surfactants and block copolymers are used as stabi-

lizing agents, emulsier, and co-emulsiers in the preparation

of SLNs. Some examples including phospholipids (tricaprin),85

ethylene oxide or propylene oxide copolymers (poloxamer 188 or

Pluronic® 68),86 sorbitan ethylene oxide or propylene oxide

copolymers (Tween 80 and Tween 20),87,88 bile salts (sodium

taurocholate)89 and others are listed in Table 2.

Fig. 4 w/o/w double emulsion technique for the preparation of solid lipid nanoparticles.

Fig. 5 Ultrasonication technique for the preparation of solid lipid nanoparticles.
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The general mechanism of all these surfactants is to reduce

the interfacial tension between the lipid and aqueous phase by

applying their amphiphilic nature. Previous studies have shown

that the use of surfactant together with a co-surfactant is likely

to result in a smaller particle size.90 Recrystallization of the lipid

phase results in the rapid growth of particle size, and thereby

the long-term stability of the aqueous SLN dispersion is

reduced.91 The surfactant structure and interaction between

lipid molecules are also responsible for the crystallization

process,92 and thus the impact of the lipid and surfactant with

or without a co-surfactant and their concentration are

signicant.

SLN characterization

Physical and chemical characterization are also required aer

the preparation of SLNs. Due to the particle size, complexity and

dynamic nature of the delivery system, the characterization of

SLNs is a serious challenge. The parameters needed to evaluate

SLNs include particle size, zeta potential, degree of crystallinity,

drug release, entrapment efficiency (% EE) and surface

morphology. Particle size, polydispersity index and charge

analysis can be measured by photon correlation spectroscopy

(PCS), dynamic light scattering (DLS) and quasi-elastic light

scattering (QELS).93 The main advantage of these techniques is

that they are not time-consuming, with speedy analysis and

high sensitivity.94 The crystallinity of lipid or polymorphic

modications can be analyzed via differential scanning calori-

metric analysis (DSC).95 The crystallinity within nanoparticles is

measured by the function of the glass and melting point

temperature associated with the enthalpies. Nuclear magnetic

resonance (NMR) can also be used to determine the size and

qualitative nature of nanoparticles. Changes in their chemical

shi are related to the molecular dynamics, which provide

information about the physicochemical state of the constitu-

ents inside the nanoparticles. Electron microscopy is an

Fig. 6 Super critical fluid technique for the preparation of solid lipid nanoparticles.
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Table 2 SLN formulations reported by different researchers

Drug Lipid Surfactant/emulsier Co-Surfactant

Method for

preparation of
SLNs

Techniques for

characterization of
SLNs Size (nm) Ref.

Amphotericin B Compritol® ATO 888,

Precirol ATO 5 and stearic
acid,

Pluronic® F-68, Pluronic®

F-127,

Solvent diffusion

method

DLS, DSC, zeta

potential

111–415.8 37

Compritol® ATO 888

(glycerylbehenate),

glycerylpalmitostearate
(Precirol® ATO 5),

medium chain

triglyceride

Tween 20, Pluronic® F-

127, Cremophor RH40,

polyoxyethylene (40)
stearate (Myrj 52)

HPH DLS, zeta

potential, HPLC,

TEM, FTIR, DSC,
PXRD, 1H NMR

90–260 38

Baclofen Stearic acid Epikuron 200 (92%

phosphatidylcholine)

Propionic acid,

butyric acid, and

sodium

taurocholate

Multiple (w/o/w)

warm,

microemulsion

DLS 161.4 39

BuspironeHCl Cetyl alcohol, Spermaceti Pluronic® F-68, Tween 80 Emulsication-

evaporation

followed by

ultrasonication

DLS 86–123 40

Camptothecin Soybean lecithin, stearic

acid

Pluronic® F-68, Tween 80 Glycerol, PEG 400,

PPG

Hot HPH TEM 196.8 41

Carvedilol Stearic acid Pluronic® F-68 Sodium

taurocholate and
ethanol

Microemulsion TEM, DLS 120–200

and 600–
800

42

Clozapine Trimyristin, tripalmitin,

tristearin, soy
phosphatidylcholine

Pluronic® F-68 Ultrasonication

method

DLS, zeta potential 96.7 � 3.8

to 163.3 �

0.7

43

Crypto-

Tanshinone

Glycerylmonostearate,

Compritol 888 ATO

Soy lecithin, Tween 80,

sodium dehydrocholate

Ultrasonic and

high-pressure

homogenization
method

TEM, DLS, DSC 121.4 � 6.3

and 137.5

� 7.1

44

Curcumin Compritol 888 ATO Soy lecithin, Tween 80 Microemulsion DLS, TEM 134.6, 40–

120

45

Tristearin Polyoxyethylene (10)
stearyl ether (Brij®S10),

polyoxyethylene (100)

stearyl ether (Brij® S100)

Oil-in-water
emulsion

technique

PCS, zeta potential 111–350 45

Cyclosporine A Imwitor® 900 Tagat®S, sodium cholate HPH, hot HPH DLS 157, 143 46

and

47

Diazepam Compritol 888 ATO,
Imwitor® 900

Pluronic® F-68, Tween 80 Ultrasound
techniques

modied high-

shear

homogenization
and

TEM <500 48

Doxorubicin

hydrochloride

Glycerylcaprate Polyethylene glycol 660

hydrox-ystearate

(Solutol®HS15)

Ultrasonic

homogenization

DLS, zeta

potential, DSC

199 49

Fenobrate Vitamin E TPGS, Vitamin

E 6–100

Hot HPH DLS 58 50

Hydrocortisone Precirol® ATO 5,
Compritol® 888 ATO,

Rylo TM MG 14 Pharma,

Dynasan® 114 Dynasan®

118, Tegin® 4100

Tween 80 Hot high
pressure

homogenization

DLS, DSC 150–220 51

Ibuprofen Trilaurin, tripalmitin,

stearic acid

Pluronic®F127, sodium

taurocholate

Solvent-free high-

pressure

homogenization

(HPH)

DLS, X-ray powder

diffraction, DSC,

AFM

111–121

(empty

SLN) 175–

189
(loaded

sample)

52
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advanced technique that can offer a direct way of observing

nanoparticles. The size, surface topography, stability and

structural changes of SLNs with time can be better investigated

using scanning electron microscopy (SEM) and transmission

electron microscopy (TEM). However, cryo-microscopic analysis

involves rapid freezing, and thus the specimen is preserved in

its hydrated state. Cryoelectron microscopy (cryo-EM) such as

cryo-TEM and cryo-FESEM provides 3D images of stable frozen-

Table 2 (Contd. )

Drug Lipid Surfactant/emulsier Co-Surfactant

Method for

preparation of

SLNs

Techniques for

characterization of

SLNs Size (nm) Ref.

Idarubicin Stearic acid Epikuron 200 (soy

phosphatidylcholine 95%)

Taurocholate

sodium salt

Microemulsion PCS, 90 PLUS 80 �

10((loaded

sample))

53

Emulsifying wax Polyoxyl 20-stearyl ether

(Brij 78), D-alpha-

tocopheryl polyethylene

glycol succinate (vitamin E
TPGS),DSPE-PEG3000

Sodium

taurodeoxycholate

(STDC), sodium

tetradecylsulfate
(STS)

PCS, Zetasizer

nano Z

94.4

(blank),

80–104

(loaded
sample)

54

Ketoprofen Beeswax and carnauba

wax

Tween 80, egg lecithin Microemulsion

technique

PCS, DSC 65–250

(loaded

sample)

55

Lopinavir Compritol 888 ATO

(glycerylbehenate)

Pluronic®F127 Hot

homogenization,

ultrasonication

DLS, zeta

potential, HPLC,

DSC, WAXS, AFM

230 56

Lovastatin Triglyceride, and
phosphatidylcholine 95%

Pluronic®F68 Hot
homogenization

ultrasonication

DLS, HPLC, DSC,
PXRD, LC-MS/MS

60–119 57

Methotrexate Stearic acid,
monostearin, tristearin,

and Compritol 888 ATO

L-a-Soya lecithin, and
Sephadex G-50

Solvent diffusion
method

DLS, zeta
potential, TEM

120–167 58

Nevirapine Steric acid, Compritol 888

ATO

Dimethyldioctadecyl

ammonium bromide
(DODAB), Tween 80,

Lecithin

1-Butanol Microemulsion DLS, zeta

potential, eld
emission scanning

electron

microscopy (FE-

SEM), DSC

153.1 59

Nitrendipine triglyceride and

phosphatidylcholine

Pluronic®F68 Hot

homogenization

ultrasonication
method

DLS, zeta

potential,

scanning electron
microscopy (SEM)

110–140 60

Octadecylamine-

uorescein

isothiocyanate

Stearic acid Otcadecylamine,

polyethylene glycol

monostearate (PEG2000-
SA)

Solvent diffusion DLS, zeta potential 203 61

Pentoxifylline Stearic acid, cetyl alcohol,

soy lecithin,

Tween 20, Pluronic F®68 Homogenization

followed by the

ultrasonication

DLS, zeta-

potential

255–4000 62

Praziquantel Hydrogenated castor oil Poly vinyl alcohol (PVA) Hot

homogenization

and
ultrasonication

DLS, zeta-

potential, SEM

344.0 63

Puerarin Monostearin, and soy

lecithin

Pluronic F®68 Solvent injection

method

DLS and zeta-

potential

160 64

Quercetin Glycerylmonostearat, soy
lecithin

Tween-80 and PEG 400 Emulsication-
solidication

DLS, zeta-
potential, TEM

65

Rifampicin Stearic acid PVA Emulsion-solvent

diffusion

66

Tobramycin Stearic acid Epikuron 200 Sodium
taurocholate

Microemulsion DLS, TEM 70–100 67

Vinpocetine Glycerylmonostearat, soy

lecithin, polyoxyethylene

hydrogenated castor oil

Tween 80 Ultrasonic-

solvent

emulsication

DLS, TEM 70–170 68
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hydrated particles.96 Atomic force microscopy (AFM) is more

advanced than TEM and SEM. This method allows atomic-level

resolution to be accessed together with size, colloidal attraction

and resistance to deformation, making AFM an important tool.

The surface distribution of surfactant molecules, bio-

conjugation conrmation in case of cationic SLNs, and func-

tionalization of nanoparticles can be estimated by X-ray

photoelectron spectroscopy (XPS).97,98 SLN entrapment can be

measured by either centrifugation or micro-centrifugation

techniques. The samples are centrifuged at high rpm, and the

amount of free compound is determined by UV-Visible spec-

troscopy or high-performance liquid chromatography in a clear

supernatant.99–101 The drug loading and release prole or release

kinetics of SLNs depend on the crystalline state and melting

behavior of the lipid.102

Pharmacological performance of SLNs

Nanoparticles for drug delivery or nanotechnology-induced

drug delivery systems are going to be the most innovative and

crucial cornerstones in the pharmaceutical research area with

a great economic impact.103 Gradually, novel SLNs will be widely

accepted pharmaceutical carriers for drug delivery to a specic

site with increasing interest and improved pharmacokinetic

proles compared to traditional drug delivery.104 Targeted dug

delivery, oral administration, topical administration, cosmetics,

intravenous administration, protein peptide delivery and ocular

delivery are the areas covered by SLNs.84,105–113 Targeting the

brain for the successful delivery of pharmaceutical actives is

a challenging part of NDDS since 98% of drugs cannot cross the

blood brain barrier (BBB).114 Accordingly, SLNs demonstrate

a potential approach due to their lipid behavior and effective

nanometer size range for targeted drug delivery.

Stability issue and storage conditions of
SLNs

It has already been reported that SLNs are stable for more than

three years. The stability of SLNs is mainly associated with their

lipid material, surfactant concentration, and temperature

optimization during their preparation. Thus, all these parame-

ters should be considered for their stability and storage.

Triglycerides undergo a (alpha), b (beta) and b0 (beta prime)

crystal modication during their preparation and storage.115

The kinetics of their polymorphic transitions largely depend on

their chain length, where the crystallization process is slower

for longer chain than shorter chain triglycerides.116 Sometimes

SLNs undergo gel formation, and their gelling tendency strongly

depends upon b0 modication due to exposure to light,

temperature and shear force.7 Also, the size of the particles can

vary because of exposure to light.117

In a study, SLNs were exposed to various destabilizing

factors, and it was found that gelation occurred and their zeta

potential decreased.118 However, SLNs have several stability

issues and the drug may be hydrolyzed in aqueous dispersion.

Thus, drying is a necessary option for the prolonged storage of

SLNs. Freeze drying, spray drying, and lyophilization are tech-

niques for drying. Recently, the electrospray method was

employed to prepare SLNs, where a dry SLN powder was ob-

tained directly.119 The formulation of SLNs in a powder form,

which may be loaded into pellets, capsules, or tablets, makes

these materials highly advantageous for drug delivery. On the

other hand, the applications of SLN formulations may be

restricted due to their uncontrolled particle growth through

coagulation or agglomeration, generating very swi “burst

release” of the drug.112 SLNs possess perfect crystal lipid

matrices, which carry the loaded drug in its molecular form

between fatty acid chains.76,83 The formation and uncontrolled,

unwanted enhancement of the crystal structure during both the

production and storage of SLNs oen result in the release of the

loaded drug solution, which is a huge drawback of SLNs.98

Applications in drug delivery

SLNs have been widely applied for various medical applications

due to their exible surface topology and versatile properties

(Table 2).

Novel theranostic approach

Recently, the emerging trends of nanoparticulate drug delivery

systems include nanotherapeutics with diagnostic imaging on

the same platform based on image-guided drug delivery to track

the pharmacokinetics and biodistribution of the therapeutic

agent in real time. Thus, the in vivo theranostics approach can

be a great dimensional change in drug delivery systems and

diagnostic imaging.120 Image-guided drug delivery systems

include the combination of disease diagnosis and therapy, bio-

distribution tracking, drug distribution at the target site, drug

response prediction, drug efficacy, monitoring and quantica-

tion.121 Nanotheranostics or drug delivery together with diag-

nostic imaging using nanoparticles has a great impact on

localizing the target site, and the disease-specic targeting of

active pharmaceutical ingredients can also be monitored.122

Since nanoparticles possess dimensions similar to that of

various biomolecules such as DNA, RNA, and proteins, they can

play a crucial role in surgery together with drug delivery and

imaging.123 Nowadays, polymeric nanoparticles, liposomal drug

delivery systems, dendrimers and silica nanoparticles are used

in the theranostics approach.124–128 Furthermore, pH-triggered

nanoparticles, and magnetic and photo-responsive ther-

anosomes are also included in image-guided drug delivery

systems for cancer therapy.129,130 Also, SLNs inserted with

prostacyclin (PGI2) can be used for the image-guided treatment

of atherosclerosis by inhibiting platelet aggregation.131

Lipid vesicles can be used as a theranostics platform for non-

invasive drug delivery and imaging, and since SLNs are lipid

nanovesicles, they have potential for application in the thera-

nostic approach.
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Conclusion

Solid lipid nanoparticles are colloidal dispersions with modi-

ed properties of other nanoparticles such as microemulsions,

suspensions, liposomes and polymeric nanoparticles. The

major problems encountered with nanoparticles can be

successively avoided using SLNs, and nally a chemically stable

and physiologically suitable drug delivery system can be ach-

ieved with less limitations. Only their gelation tendency seems

to be the main problem, but nanostructured lipid carriers are

a possible way to overcome this problem. In addition, the active

component, i.e. the drug, may be degraded during their

production based on the hot homogenization method because

of the generated heat and stress. Thus, choosing an appropriate

production method is crucial. Several other difficulties such as

particle size, coexistence of various colloidal forms, different

shapes and drug ejection from the lipid matrix also need to be

addressed.132 The various well-established methods for the bulk

production of the SLN matrix and its characterization were

discussed. Drugs with physicochemical incompatibility, lower

pharmacokinetic prole, and thermolabile drugs can be deliv-

ered to the target site via SLNs. Protein and peptide delivery

with a higher degree of efficiency and lower toxicity can also be

achieved with SLNs. Thus, the addition of the theranostics

approach with SLNs can take therapeutics and diagnostics in

a new direction.
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