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ABSTRACT

Cancer therapy often requires combination treatment to achieve optimal efficacy. Solid lipid nanoparticles (SLNs) have
emerged as a promising platform for co-delivery of multiple drugs. The current review discusses the methods of
formulation for SLNs, such as high-pressure homogenization, microemulsion, solvent evaporation, solvent injection, and
ultrasonication, based on their applicability for heat-sensitive and low-solubility drugs. This study developed dual-drug
loaded SLNs combining hydrophilic and lipophilic anticancer agents. The SLNs were characterized for particle size, zeta
potential, entrapment efficiency, and in vitro release. SLNs act through passive targeting by the Enhanced Permeability
and Retention (EPR) effect, active targeting by surface ligands, and effective intracellular release of drugs, providing
intense cytotoxicity at tumor sites while reducing systemic toxicity. The results suggested that dual-drug loaded SLNs offer
a promising approach for cancer therapy, enabling simultaneous delivery of multiple drugs and potentially overcoming
resistance.
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1. INTRODUCTION

Nanotechnology offers a groundbreaking solution in cancer therapy, especially in the development of drug delivery
systems. Various nanocarriers are developed which can hold and deliver the drugs more efficiently to their target
destination such as dendrimers, micelles, polymeric nanoparticles, liposomes and inorganic and lipid-based
nanostructures[1,2]. Those nanocarriers which are having diameter typically around 10-200 nm, are able to utilize the
Enhanced Permeability and Retention (EPR) effect, which occurs when nanoparticles have the ability to accumulate
particularly in tumor tissue due to their leaky vasculature and impaired lymphatic drainage [3]. To acquire the dual
advantage of passive targeting of SLNs by active targeting and EPR effect by receptor-ligand binding, nanocarriers are
functionalized with targeting ligands e.g., antibodies, peptides, or aptamers which actively target the tumor markers on the
cancer cells. Nanocarriers also protects labile drugs, which makes their release sustained and controlled, and can be
designed to respond to microenvironmental stimuli in the tumor, e.g., pH, temperature, and enzyme [4-6].
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Solid lipid nanoparticles are the submicron colloidal carriers which are typically made up of lipids that are biodegradable
and biocompatible, are solid at room temperature as well as at body temperature. Triglycerides, partial glycerides, fatty
acids, and waxes are some of the lipids that the regulatory agencies classifies under the generally recognized as safe (GRAS)
category. SLNs can entrap both lipophilic and hydrophilic drugs which possess greater stability as compared to other lipid
carriers that are less toxic and biocompatible as they use physiological lipids, and exhibit controlled and extended drug
release, all requirements for reducing dosing frequency and improving patient compliance [7-9]. A variety of drugs,
ranging from novel macromolecules such as siRNA genes and immunomodulatory drugs to classic chemotherapeutics such
as doxorubicin and paclitaxel, may be administered by SLN in cancer therapy [10]. SLNs have the ability to enhance
intracellular delivery and bypass drug efflux pumps, providing potential remedies for drug resistance. Table 1.1 illustrates
a comparison between conventional chemotherapy and solid lipid nanoparticles.

Table 1.1 Comparison of Solid Lipid Nanoparticles over Conventional Chemotherapy

Parameter Conventional Chemotherapy Solid Lipid Nanoparticles (SLNs) | References
Drug Non-Specific, affects both | Tumor-targeted [3]
Specificity cancerous and normal cells

Systemic High Significantly Lower [19]
Toxicity

Drug Common, especially for | Solubilizes both hydrophilic and | [19]
Solubility hydrophobic drugs hydrophobic drugs

Issues

Stability Poor High [20]
Drug Frequent due to efflux | Capable of bypassing efflux | [21]
Resistance mechanisms transporters

Release Immediate, Uncontrolled Controlled and Sustained Release | [2]
Profile

Dosage High Low [22]
Frequency
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Cancer is a multicausal disease with uncontrolled cell growth, invasion, and metastasis. It is still one of the leading causes
of global disease burden, responsible for around 10 million deaths each year, as per the World Health Organization [11].
The treatment of cancer continues to be a major problem in spite of advances in tumour biology and the development of
new drugs. This is in great part due to the shortcomings of the treatment modalities presently available, especially
chemotherapy, which, though widely used, is often linked with uncontrolled toxicity, lack of specificity, and inadequate
patient outcome [12,13]. Both malignant and normal cells grow rapidly all over the body. Since they are generally cytotoxic
to growing cells, traditional chemotherapeutic agents are unable to differentiate between neoplastic and normal cells.
Therefore, they generate dangerous side effects like systemic toxicity, gastrointestinal toxicity, alopecia, and
immunosuppression [14,15]. Tumours form biological obstacles that limit drug entry and accumulation, e.g., abnormal
vasculature, increased interstitial fluid pressure, and compact extracellular matrix.

Multidrug Resistance (MDR), a second major issue, arises when tumour cells acquire defences against drugs, e.g., by
overexpressing efflux pumps (like P-glycoprotein), which lowers the intracellular concentration and efficacy of the drugs
[16]. The necessity for targeted drug delivery systems (TDDS) that are able to deliver therapeutic agents to cancer cells
with minimum damage to normal tissues which increases therapeutic efficacy and reduce toxicities is evoked by these
issues. [17,18].

2. SOLID LIPID NANOPARTICLES (SLNS)

SLN are the sub-micron size particles ranging from 50-1000nm and are developed by using biodegradable lipids[19,20].
These particles are generally composed of a solid hydrophobic core, which is surrounded by a phospholipid or by a
phospholipid derivative as shown in Fig. 1.1. The active pharmaceutical agent is often dissolved or distributed in the interior
of the fat matrix, where the hydrophobic portion of the phospholipid chain is imbedded in it [19,21].low toxicity[22], high
biocompatibility, prevention of degradation of chemically labile drugs, enhancement of bioavailability[23], and targeted
delivery [24] are all enabled by SLNs.

C..
@
..—> Phospholipid

— Drug

Fig. 1.1 Structure of Solid Lipid Nanoparticles

Since 1990, SLNs and NLCs have been acknowledge as good alternatives to liposomes, emulsions and polymeric
nanoparticles as a carrier system. Lipid parts that are solid at room temperature and body temperature, like waxes, complex
mixtures of glycerides, or simple triglycerides, constitute SLNs. Surfactants are used in order to stabilize it. The proper
choice of surfactants and lipids has the ability to influence two SLN physiochemical characteristics: particle size and drug
loading. SLNs are thought to be safer compared to liposomes and provide better medication stability and increased release
for longer periods since they are produced without using organic solvents.
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The high biocompatibility, absence of biotoxicity, high reliability, and capacity to enhance the stability of the active
component are among features making solid lipid nanoparticles (SLNs) stand out due to their potential for large-scale
production and controlled release of the active component without the utilization of organic solvents during the production
process. That the majority of lipids utilized in SLNs are recognized to have UV-blocking effects also contributes to their
utilization [25].

1.2.1 Drug Incorporation Models

The medication can be integrated into the lipid in a number of ways. The drug can be incorporated in three different ways:
directly dispersing the drug molecule within the lipid; creating a drug-encapsulated shell that covers the lipid and creates a
core of lipid material; and, finally, forming a lipid shell over the drug-enriched core by encapsulating the drug with a lipid
that further creates a lipid shell around the drug[26,27] as shown in the Fig. 1.2.

Drug Incorporation Models

l

Drug Lipid Drug Lipid Core Drug Lipid Shell
Molecule Enriched Enriched
Dispersed Shell Core

Fig. 1.2 Drug Incorporation Models in SLNs

SLNs offer a number of benefits, including as a wide range of administration routes and a high degree of physical stability
that shields medications from adverse conditions. A promising carrier technology for a range of therapeutic applications,
SLNs also provide tailored drug delivery and are biocompatible and biodegradable. Notwithstanding their many benefits,
SLNs have certain drawbacks, such as the possibility of a low drug loading capacity because of the crystalline form of the
lipids they use. The propensity of the dispersed phase to gel during storage is another frequent problem with SLNs that can
impair their stability and efficacy as a drug delivery device[27-29].

3. METHOD OF PREPARATION

The synthesis technique affects the physicochemical characteristics such as stability, drug loading and release profile of
Solid lipid nanoparticle. Several preparations methods are developed, each tailored to the physicochemical characteristics
of the drug and lipid, along with the necessary particle size, and temperature sensitivity. The most commonly used methods
for preparation are solvent emulsification-evaporation, solvent injection method, microemulsion-based processes, high-
pressure homogenization and ultrasonication.

1.3.1 High Pressure Homogenization (HPH)
Hot Homogenization

Thermal HPH initiates by melting the lipid (drug-containing) above its melting point, generally 5-10°C above, before
emulsifying it into a surfactant solution at the same temperature. The resulting pre-emulsion is then subjected to high-

pressure homogenization (100-2000 bar), typically for 3-10 cycles, and oom temperature,
which allows for crystallization of the lipid into SLNs[30]. Major proces amber of cycles, lipid and
surfactant content homogenization pressure, and cooling rate. Multicycle 5 tend to decrease particle
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size, but can result in heat degradation at too high temperatures[31,32]. The process yields unilamellar particles with a
narrow distribution (50-300 nm) and does not require solvents or scale-up in industry, thus being particularly suitable for
thermostable lipophilic drugs [Fig. 1.3]. However, it is inappropriate for thermosensitive drugs, and polymorphic lipid
changes on cooling can lead to a decrease in drug loading efficiency.

Melt the lipid (which contains the drug) at a temperature 5-10°C above its melting point.

l

Heat the surfactant solution to the same temperature as the melted lipid.

l

Mix the melted lipid and hot surfactant solution to form a pre-emulsion
Pass the pre-emulsion through a high-pressure homogenizer to make the particles smaller
Coll the mixture quickly to room temperature or refrigerator temperature

The lipid solidifies on cooling forming Solid Lipid Nanoparticles (SLNs)

Fig. 1.3 Hot Homogenization for SLN production
Cold Homogenization

Cold HPH was created to shield thermally sensitive drugs. Following the melting of the lipid and dissolution of the drugs,
the blend is immediately solidified in liquid nitrogen or dry ice and then milled into microparticles (50-100 um). The
microparticles are resuspended in an icy (close to room temperature) surfactant solution and homogenized with a high-
power homogenizer, yielding SLNs [Fig. 1.4]. This method largely minimizes the exposure to heat, enhancing drug
penetration and stability, especially for hydrophilic drugs. It is more complicated, needs good micronization, and usually
produces particles with a larger size distribution[33,34] Table 1.2 shows the comparison between Hot high pressure
homogenization and cold high pressure homogenization.

Table 1.2 Comparison of Hot HPH and cold HPH

Parameter Hot HPH Cold HPH
Temperature High Low

Suitable for Heat-Sensitive Drugs No Yes

Particle Size Narrow Distribution Slightly broader
Drug Loss Higher Reduced
Complexity Simple More Complex
Solvent Use None None
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Melt the lipid and dissolve or disperse the drug in it

l

Rapidly cool the drug-lipid mixture using liquid nitrogen or dry ice to solidify i.

|

Gring the solidified mass into microparticles (typically 50-100 pm) using a mill

Disperse the microparticles in a cold surfactant solution (Temperature close to room temperature)

|

Homogenize the cold dispersion using a high-pressure homogenizer (at room or lower
temperature)

Solid lipid Nanoparticles (SLNs) are formed without exposure of heat to the drug.

Fig. 1.4 Cold Homogenization for SLN Production

1.3.2 Microemulsion Technique

The microemulsion technique produces a thermodynamically stable microemulsion by heating the lipid (solid at ambient
temperature), and a surfactant, a co-surfactant(such as short-chain alcohol), and water to the lipid’s melting point, ranging
from 65-70°C. The combination provides a clear, isotropic phase because of low interfacial tension and the best surfactant
composition. When such warm microemulsion is injected into cold water (2-10°C) under mild stirring, usually in the ratio
of 1:25 to 1:50, lipid droplets precipitate out and convert to SLNs as the lipid crystallizes on cooling [Fig. 1.5]. The obtained
SLNs will have a uniform size distribution (100-200 nm) and good drug entrapment efficiency, particularly for lipophilic
drugs[35,36]. This technique has several significant benefits compared to other SLN techniques, as it avoids high-pressure
procedures and organic solvents, employs low temperatures, and is conveniently scalable. the microemulsion can be
manufactured in bulk and pumped into chilled water tanks. Studies have revealed effective scale-up, good encapsulation
efficiency, and reproducible SLN properties. It is necessary to use high surfactant loads, and the huge amount of dilution
water may require post-processing to yield a concentrated product[37].

Heat the solid lipid above its melting point (65-70°C)

!

Combine the melted lipid, surfactant, co-surfactant, and water to form a clear, thermodynamically
stable emulsion l

inject the warm microemulsion into cold water(2-10°C) under stirring using a dilution ratio of 1:25
and 1:50 l

Upon contact with the water, lipid droplets precipitate and crystalizes to form Solid Lipid
Nanoparticles (SLNs)

Fig. 1.5 Microemulsion procedure for SLN production
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1.3.3 Solvent Emulsification and Solvent Injection Method

This method is effective for drugs that are water loving, sensitive to heat, or have low lipid solubility. First, an organic
solvent that doesn’t mix with water, such as dicloromethane or chloroform, is utilized to dissolve the drug and the lipid.
High-speed or high-pressure homogenization is utilized to mix the organic phase into an aqueous phase, resulting in a
coarse or nano-emulsion. After that, the solvent is removed, often by gentle agitation or rotational evaporation, producing
precipitated lipid and solid lipid nanoparticles (SLNs)[Fig. 1.6] [42, 43]. When the lipid and surfactant optimized, this
procedure produces dense nanoparticles having particles size in the range of 30-100 nm with high encapsulation efficiency.
However, in order to gurantee toxicity and regulatory compliacen, remaining solvent must be completely removed.

Dissolve both the lipid and drug in a water-immiscible organic solvent (e.g., chloroform or
dichloromethane) l

Emulsify the organic phase into the aqueous phase containing surfactants using High speed and
pressure homogenization which forms a nano-emulsion

!

Remove the organic solvent by using Rotary Vaccum Evaporator or by gently mechanical stirring
under reduced pressure

As the solvent evaporates, the lipid compnents precipitates out of the emulsion and crystalizes to
form Solid Lipid Nanoparticles (SLNs)

Fig. 1.6 Solvent Emulsification-Evaporation Method for the production of SLN

In the solvent injection method, the drug-lipid solution in a water-soluble organic solvent (such as ethanol or ethyl acetate)
is injected into an aqueous medium under sonication or stirring[Fig. 1.7]. The solvent diffuses quickly in the water, leading
to instantaneous nucleation and lipid nanoparticle formation[38,39]. Because there is no heat or harsh shear stress involved,
this method is ideal for thermolabile drugs. Injection rate, solvent polarity, and type of emulsifier are all varied in this
process.

Dissolve both the lipid and drug in a water-miscible organic solvent (e.g., acetone, Ethyl Acetate
or Ethanol) l

Inject the organic phase rapidly into the aqueous phase under stirring containins surfactant or
emulsifier

Solvent diffuese rapidly into the aqueous medium which leads to instantaneous precipitation of
lipid and formation of SLN through nucleation and solidication

|

The residual solvents was allowed to evaporate under mild condition and the SLN are collected by
centrifugation or filtration

Fig 1.7 Solvent injection method process
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1.3.4 Sonication

Ultrasonication employs high-frequency sound waves to create cavitation bubbles that collapse and produce extensive
mechanical shear stresses. These forces then break up molten lipid droplets into nanoparticles, upon cooling, which solidify
to form solid lipid nanoparticles (SLNs). First, the drug is mixed with melted lipid and pre-heated surfactants to produce a
pre-emulsion. For decreasing the size of the droplets and polydispersity, this prior pre-emulsion is sonicated with a probe
ultrasonicator [40,41].

4. MECHANISM OF ACTION
1.4.1 Drug Loading and Release Mechanisms

Solid Lipid Nanoparticles (SLNs) entrap anticancer agents in a solid lipid matrix through several approaches, including
molecular dispersion, embedding in the amorphous state, or adsorption on the surface. The medication is stabilized by the
lipophilic core, which consists of biocompatible lipids such as tripalmitin or glyceryl monostearate and is resistant to
chemical and enzymatic degradation. The drugs are released by desorption from the surface of the particle, erosion of the
lipid matrix by lipase, or diffusion. The physicochemical properties of the lipid used significantly influence the release
pattern. For example, enhanced drug trapping and extended release are facilitated by lipids that possess a less ordered
crystalline structure, which is desirable for long-term maintenance of therapeutic drug concentration. In Chemotherapy,
where stable medication levels can optimize efficacy and minimise toxicity, this is especially desirable. Doxorubicin and
paclitaxel drugs have been successfully incorporated into SLNs to provide targeted and sustained delivery[42—44].

1.4.2 Passive targeting through Enhanced Permeability and Retention (EPR) Effect

Due to the Enhanced Permeability and Retention (EPR) effect, SLNs tend to accumulate in tumour tissue. Nanoparticles
having diameters less than 200 nm can passively extravasate and accumulate in the tumour interstitum because tumours
possess irregular vasculature with fenestration between the range of 100 and 800 nm and an impaired lymphatic drainage
system, This process does not depend on ligand-receptor interaction alone as it takes advantage of the pathophysiology of
the tumor to enhance drug concentration at the target site. Passive targeting not only improves the therapeutic index of
chemotherapeutic drugs but also reduces their systemic toxicity. For instance, docetaxel-loaded SLNs have shown
preferential uptake in tumors via this route, and thus enhanced anticancer efficacy at minimal cardiotoxicity and
myelosuppression[45,46].

1.4.3 Active Targeting by Surface Modification

To enhance selectivity over passive targeting, SLNs can be designed with ligands that actively bind to and identify more
than normal receptors expressed on cancer cells. Ligands like folic acid, antibodies (e.g., trastuzumab), and peptides are
attached to the surface of the nanoparticle to enable receptor-mediated endocytosis. This approach provides enhanced
cellular uptake within the receptor-rich tumor microenvironment, even within tumors that have unfavorable EPR
properties[Fig. 1.8]. For example, folate-conjugated SLNs that deliver paclitaxel or curcumin have been found to exhibit
greatly increased delivery in folate-receptor positive cancer cells like ovarian and breast cancers. By minimizing off-site
drug delivery, active targeting enhances cytotoxic impact on the tumour mass while reducing side effects[47].

Passive Targeting

Enhanced Permeation
Drug Loading and and Retention (EPR)

Release Mechanisms

Diffusion
Solid™% Lipid
Lipid Degradation

L Desorption

Intracellular uptake
and drug release Active Targeting

kinetics Surface Modification
with Ligand
/ Folic acid
- Antibodies

P ndosome /

(‘—‘-—J\ v i
Cancer Cancer
cell cell

Fig. 1.8 Mechanism of Action of SLNs
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1.4.4 Intracellular Uptake and Drug Release Kinetics

The energy-requiring endocytic processes such as clathrin or caeolin-mediated endocytosis internalize SLNs at the point,
they are located within the tumour microenvironment. Upon internalization, they are directed to endosomes or lysosomes,
where the lipid matrix is dissolved and the therapeutic medicament is released owing to low pH and enzymatic degradation,
which maximizes the therapeutic effectiveness of the drug by releasing the drug within the cellular environment, in the
vicinity of subcellular targets such as the nucleus or mitochondria. The adjustment of formulation properties such as
PEGylation status, surfactant balance and lipid structure can enhance release kinetics. For example, doxorubicin-
encapsulating PEGylated SLNs exhibited sustained intracellular release and circulation half-life, which translated to
increased cytotoxicity against tumour cells and decreased systemic exposure [48].

5. SLNS FOR THE DELIVERY OF ANTICANCER AGENTS
1.5.1 Chemotherapeutic Drug Delivery

Solid Lipid Nanoparticles (SLNs) are briefly studied for the delivery of hydrophobic chemotherapeutic drugs like
paclitaxel, doxorubicin, and docetaxel. These drugs are surrounded with problems like limited water solubility and high
systemic clearance rates, usually requiring toxic excipients like Cremophor in traditional formulations. SLNs provide a
more biocompatible matrix that increases solubility, prolongs drug release, and facilitates passive tumor targeting through
the EPR effect. For example, paclitaxel-loaded SLNs (168 nm) displayed sustained release in serum and similar
cytotoxicity against MCF-7 and MDR MCF-7/ADR cell lines, displaying improved efficacy in MDR cells through the
ability to bypass efflux pumps [49]. Likewise, sterically stabilized paclitaxel SLNs enhanced pharmacokinetics and tumor
uptake in vivo[50]. Doxorubicin-loaded SLNs also reversed MDR in breast cancer cells and caused apoptosis without
hemolytic toxicity[44].

1.5.2 SLNs in Gene Delivery

Solid Lipid Nanoparticles (SLNs) is a non-viral vector that has been proposed as a delivery vehicle for genetic payloads
like small interfering RNA, microRNA (miRNA), messenger RNA (mRNA), and plasmid DNA. Such genetic materials
tend to be unstable in biological fluids and are degraded very quickly by nucleases. SLNs, especially those composed of
cationic lipids (e.g., stearyl amine or cetyltrimethylammonium bromide), provide a cationic protective environment that
protects the nucleic acids from enzymatic degradation while promoting electrostatic complexation and intracellular
delivery. Upon administration, the cationic SLNs can successfully bind nucleic acids to create stable nanocomplexes, which
are internalized through clathrin caveolae-mediated endocytosis. Upon entering the cell, endosomal escape is essential,
which can be facilitated by SLNs through osmotic swelling or lipid exchange to deliver the genetic cargo into the cytoplasm
or nucleus. SLNs that have been loaded with genes have been most helpful in oncogene silencing. Targeting siRNA against
anti-apoptotic genes such as BCL-2 or surviving has been encapsulated within SLNs in order to make cancer cells
chemotherapy-sensitive. These blends caused apoptosis and substantially reduced oncogene expression in drug-resistant
cell lines such as A549 cells and MCF-7/ADR cells. SLNs can further be surface-functionalized by the incorporation of
targeting ligands (such as folic acid or RGD peptides) to allow selective targeting to tumour cells overexpressing particular
receptors, enhancing transfection efficacy and therapeutic ratio with minimal off-target effects[51-53].

1.5.3 Combination Therapy Using SLNs

Combination therapy, where two or more therapeutic drugs are tightly co-loaded into a single nanocarrier system in close
physical association with each other, represents one of the most innovative and clinically promising applications of SLNS.
This technique leverages the best of both strategies: the cytotoxicity induced by chemotherapy and the immunomodulatory
or gene-silencing effects of nucleic acids. Since SLNs electrostatically attach nucleic acids onto the surface or in the
hydrophilic shell of the particle and encapsulate hydrophobic drugs inside the lipid phase, they are especially suited for
this purpose. For example, BCL-2 siRNA and the hydrophobic anthracycline drug doxorubicin have been co-loaded in one
SLN formulation. In the lymphoma models, siRNA inhibited anti-apoptotic pathways and doxorubicin destroyed DNA,
leading to synergistic apoptosis and abrogation of multidrug resistance (MDR). The co-encapsulation of curcumin with
paclitaxel or docetaxel with miRNA is another method for extreme oxidative stress or gene deregulation in tumours with a
high risk of tumours. Both therapies both target the tumour microenvironment simultaneously due to coordinated delivery,
enhancing their synergistic efficacy. Co-delivery systems make patient compliance easier and lessens adverse effects by
lowering the number of doses administered and the dosage level. Such systems are also being investigated for application
in immunotherapy when immune checkpoint inhibitors or antigen-coding mRNA is co-loaded with anticancer drugs to
enhance the tumour-targeting immune response. For enhanced circulatory half-lives and targeting to tumour, such dual-
loaded SLNs may be surface PEGylated and ligand-targeted [54—56] as shown in Table 1.3.

Table 1.3 SLN for delivery of anticancer agents

Application Agents SLN Mechanisms | Benefits References
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Delivery of | Paclitaxel, Encapsulation  in | Enhanced solubility, | [54]
chemotherapeutics | Doxorubicin, lipid matrix, | reduced toxicity,
Docetaxel passive/active improved tumor
tumor targeting accumulation
Gene Therapy siRNA (e.g., anti- | Surface-modified Protection from | [57]
BCL2), mRNA, | SLNs for nucleic | degradation, targeted
Plasmid DNA acid protection and | gene silencing, and
intracellular improved
delivery transfection
efficiency
Combination Paclitaxel + | Co-delivery of | Synchronized [58]
Therapy siRNA, drugs and | release, enhanced
Doxorubicin + | biomolecules for | efficacy, reduced
curcumin, synergistic effects | drug resistance,
Docetaxel + simplified treatment
Quercetin regimen

6. FORMULATION, CHALLENGES, AND OPTIMIZATION OF SLNS
1.6.1 Stability and Scalability Issues

Lipid polymorphism transitions during storage present a serious threat to the long-term physical and chemical stability of
solid lipid nanoparticles (SLNs). The less ordered o or B form of SLNs crystallises initially, then changes into the more
ordered 3 form. This restriction minimizes defects in the lipid matrix, thus contributing to its drug expulsion, crystal growth,
and shelf-life compromise[57,58]. Ostwald ripening and poor electrostatic stabilization can also lead to particle aggregation
and growth. Production at large scales further exacerbates these issues, high-pressure homogenization (HPH) or
microemulsion processes, lab-scale parameters like shear force, temperature, mixing, and cooling rates, well controlled in
a laboratory processes can all differ markedly in industrial settings, influencing particles size homogeneity, encapsulation
yield, and batch-to-batch reliability[57,59]. For example, Paclitaxel-loaded SLNs left for three months at 25°C showed
increased size and decreased drug content, coinciding with the change to a B crystal form, demonstrating the destabilizing
consequences of lipid crystallization[3]. To overcome these problems, mixed-lipid systems such as nanostructured lipid
carriers (NLC), which combine solid and liquid lipids, assist in shattering crystal packing and preserving matrix
imperfections. Stabilizers like PEGylated surfactants and poloxamers offer steric hindrance to aggregation, whereas
lyophilization in the presence of cryoprotectants (e.g., trehalose) prevents aggregation and improves shelf stability[60].

1.6.2 Drug Loading Efficiency and Entrapment Capacity

Specifically for hydrophilic drugs, Solid Lipid Nanoparticles (SLNs) possess a finite inner lipid matrix that becomes denser
and crystal lattice with advancing solidification of the lipid, which restricts the encapsulating volume. Drug molecules can
be incorporated in three models: a homogenous matrix, where the drug is molecularly dispersed[61], a drug-enriched shell
or core, which results from differential cooling profiles[62], and surface adsorbed drug on the particles' exterior[63].
Hydrophilic drugs such as doxorubicin or 5-FU entrap much less unless methods such as co-surfactant incorporation, ion
pairing, or the employment or Nanostructured Lipid Carriers NLC) are applied. Hydrophobic drugs such as paclitaxel and
docetaxel can be successfully incorporated into lipids such as glyceryl behenate. The most efficient method for
incorporation is the formation of an ion pair between an anionic surfactant such as deoxycholic acid and a water-soluble
drug such as doxorubicin which enhances the lipophilicity of the drug and allows its entry in SLNs with glyceryl
monostearate. Selecting amorphous or less-crystalline lipids, conjugating drugs with lipid moieties and adding liquid lipids
to enhance drug accommodation and disrupt crystallinity are additional optimization methods. Combined, these techniques
enhance entrapment efficiency, reduce drug leakage, and increase more flexible delivery options for hydrophilic and
hydrophobic drugs [64].

1.6.3 Polydispersity Index (PDI) and Zeta Potential

The Polydispersity Index (PDI) measures the nanoparticle size distribution uniformity, an aspect crucial to the predictability
of pharmacokinetics and biological response. A PDI value less than 0.3 indicates a narrow size distribution; it is an
indication of broad polydispersity and possible phase separation or aggregation, implying destabilization of the system and
compromising the therapeutic reproducibility[65]. Zeta potential quantifies particle surface charge and colloidal stability;
greater than +30 mV or less than -30 mV provides enough electrostatic repulsion to inhibit aggregation. Low zeta potential
SLNs tend to flocculate, sediment, or fuse, undermining shelf-life and in vivo efficacy[66]. An example of formulations
that were prepared from stearic acid and soy lecithin attained a PDI of 0.18 and zeta potential of -42 mV and were stable
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for six months[67]. The composition, concentration, and lipid composition of the surfactant significantly influence these
parameters. Although ionic species such as phosphatidylcholine increase surface charge, non-ionic surfactants such as
Tween 80 or poloxamer 188 decrease particle collision. For ensuring low PDI and suitable zeta potential, which ensure
physical stability under storage and application, optimization requires the precise balancing of surfactant ratios and
regulation of homogenization conditions [68].

1.6.4 Regulatory and Quality Control Challenges

Even though they employ generally recognized as safe (GRAS) ingredients, solid lipid nanoparticles (SLNs) have to still
meet strict regulatory standards when employed in pharmaceutical development. All the excipients, including the lipids
that are safe for consumption but are presently formulated for drug delivery, need to be tested for toxicity. For patient
safety, residual solvents should be removed and quantified by following ICH Q3C guidelines. As an example, batch-to-
batch variation and poor solvent elimination made curcumin-loaded SLNs prepared with ethanol fail the first clinical
translation, highlighting the need for established protocols [60]. A combination of analytical techniques must be used to
ensure consistent drug content, particle size, sterility, and morphology: zeta-potential analysis for colloidal stability; TEM,
SEM, and DLS for particle size and morphology; DSC and XRD to identify lipid polymorphism; and HLPC/UPLC for
analysis of drug and solvent [21]. Residual solvent risks can be minimized by solvent-free methods such as microemulsion
technology and high-pressure homogenization(HPH). Nevertheless, mass production has to base itself on good
manufacturing practices (GMP) and quality by design (QbD) strategies to track relevant parameters, control process risk,
and guarantee reproducibility[69]. The inclusion of solid QC, validated production procedures, and early regulatory
strategy is critical to successfully bring SLN-based therapies from laboratory formulation to clinical application.

7. CONCLUSION

Solid Lipid Nanoparticles (SLNs) is a revolutionary delivery system in cancer chemotherapy with a promising
biocompatible and versatile platform for encapsulating hydrophilic and lipophilic drugs. The potential for increasing drug
stability, enabling drug release, and targeting tumours by both passively and actively specifically by the Enhanced
Permeation and Retention (EPR) effect or Ligand-mediated targeting, makes them particularly useful for oncological
purposes. SLNs have demonstrated great promise in the delivery of traditional chemotherapeutics such as paclitaxel and
doxorubicin and more advanced modalities such as gene therapy and combination therapy. Although potential SLNs
present major formulation challenges, which include stability, drug entrapment efficiency, scale-up flexibility, and strict
regulatory compliance. Advancements in lipid selection, process development, and surface modification are ongoing and
continue to overcome these limitations. With strict quality control tests and implementation of Good Manufacturing
Practices (GMP), SLNs are well-positioned to fill the gap between nanotechnology and clinical oncology which could lead
to more effective, safer, and patient-specific cancer treatments.
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