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Abstract: SmartLipids represent the third generation of lipid-based nanocarriers, emerging as a transformative innovation in modern
drug delivery and formulation science. Evolving from solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs),
SmartLipids overcome key limitations such as low drug loading, polymorphic instability, and limited scalability. Characterized by
a “chaotic” matrix of 5-10 structurally diverse lipids, SmartLipids enable high encapsulation efficiency, enhanced physical and
chemical stability, tunable drug release, and improved penetration and bioavailability for both lipophilic and amphiphilic molecules.
This comprehensive review elucidates their rational design principles, formulation strategies, and key physicochemical and biological
characterization parameters, supported by recent preclinical findings demonstrating superior cytocompatibility, permeability, and
controlled release performance. Furthermore, we discuss the industrial translation of SmartLipids under Quality by Design (QbD)
frameworks, their regulatory prospects, and their expanding applications beyond cosmetics, spanning oral, mucosal, and gene delivery
systems. Collectively, SmartLipids bridge the gap between bench-scale innovation and clinical translation, offering a versatile, stable,
and scalable platform for next-generation nanomedicines.
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Introduction
Lipid nanocarriers with a submicron particle size of less than 1000 nm have now long been utilized for having the
potential of efficient and controlled drug delivery to the target sites or organs, circumvent the challenges associated with
conventional drug delivery strategies.'” Lipid-based drug delivery systems like lipid nanoparticles (LNPs) have been
investigated, and its advanced drug delivery techniques such as Solid Lipid Nanoparticles (SLNs) and Nanostructured
Lipid Carriers (NLCs), have rapidly gained recognition in the scientific community.>* SLNs are the first-generation
LNPs;> they were designed to overcome the drawbacks of conventional colloidal carriers, with the advantages of
protecting the drug from the gut’s harsh environment and improving the bioavailability and controlled drug delivery at
targeted sites.”” Even with these benefits, it still has certain shortcomings, like polymorphic transitions, reduced drug
load, and leakage of drugs during storage.” These disadvantages became the reason for developing a second generation of
LNPs, which are NLCs with the beneficial effects of stability and enhanced loading capacity due to their structural
composition.®’

The latest third generation of LNPs, ie., SmartLipids, was introduced in 2014 to cover the limitations of NLCs, such
as poor adhesion, which ultimately affects the drug’s absorption and its bioavailability.'®'® SmartLipids are the
specialized version of NLCs that primarily differ in composition, as they attain a 5—10 lipids blend, either solid lipids
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only or with limited incorporation of oil, while NLCs only hold one liquid lipid and one solid lipid.'* Consequently, this
chaotic blend of SmartLipids not only supports the loading capacity of actives but also protects them from degradation
and increases chemical stability. Overall, the combination of firm drug inclusion, high drug loading aspects and reduced
or absence of polymorphic transition makes SmartLipids a highly potential and attractive nanocarrier for pharmaceutical
and cosmetic active ingredients.'> They also improve drugs’ penetration and bioavailability, serve as a natural skin
barrier for restoration, hinder chemically labile actives’ degradation, control the drug release profile, and increase cellular
uptake. All these benefits render SmartLipids a promising nanocarriers for efficient drug delivery of lipophilic/amphi-
philic molecules.'*'® Due to the combination of versatile lipids, these nanocarriers chaotically arrange themselves, which
renders them for high drug loading and reduced tendency to form ordered structures, thereby providing better stabiliza-
tion for sensitive active substances.'’

The present review provides a detailed overview of SmartLipids, ie., an emerging class of lipid-based nanocarriers. It
highlights their historical advancement from SLNs and NLCs, designing principles, formulation strategies, characteriza-
tion and evaluation parameters, examples of commercially available SmartLipids, and future trends. It helps to provide
the existing trends that were employed for improving the bioavailability of different active ingredients by adopting this
advanced lipid-based drug delivery system.
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Advancements From SLNs and NLCs to SmartLipids
In the field of advanced drug delivery, the lipid nanocarriers have promptly emanated as an indispensable podium. These

nanocarriers are colloidal drug carriers having a submicron particle size less than 1000 nm,’

earning fame because of
their efficient and controlled drug delivery to the targeted sites or organs.” Additionally, lipid nanocarriers circumvent the
obstacles associated with conventional drug delivery strategies.' The physiological barriers like the blood—brain barrier
and intestinal epithelium can be easily permeated by these nanocarriers,'® along with potential perks including low
toxicity, enhanced biodegradability and biocompatibility, scale-up capacity and controlled/targeted delivery of both
lipophilic and hydrophilic drugs.” Numerous lipid-based drug delivery systems like LNPs have been investigated.
Nowadays, some advanced delivery techniques have become the center of attention for scientists.* Among these,
SLNs and NLCs have been the most frequently employed LNPs over the last decade.” SLNs originated in 1991 and
are termed the first generation of lipid nanocarriers, having a submicron particle size of 40-1000 nm.>'® They have been
designed to conquer the drawbacks, such as polymer degradation, cytotoxicity, high production and drug leakage, of
conventional colloidal carriers, ie., emulsions, liposomes, niosomes and polymeric nanoparticles.® SLNs are comprised of
solid lipids, customarily a combination of glyceride, purified triglycerides, or even waxes,” delivering privileges
including securing chemically labile drugs from destruction in the gut’s harsh environment, improving the bioavailability
of drugs and controlled drug delivery at targeted sites. Despite these benefits, SLNs have certain drawbacks, like
polymorphic transitions, reduced drug load, and leakage of drugs while in storage.” Consequently, to circumvent the
limitation of SLNs, NLCs, a second generation of LNPs with an average size of 10-500 nm,® were introduced in 1999.
They are composed of a blend of both solid and liquid lipids, rather than one solid lipid, which leads to inducing
imperfection in the crystal lattice for enhancing drug uptake capacity and stability.” Additionally, NLCs share similar
advantages like SLNs, ie., drug prevention from harsh gastric environments, sustained drug release, low toxicity and
biodegradability.?' Besides all the benefits of NLCs, they show less bioadhesion that directly leads to affecting the drug’s
absorption and bioavailability.'>'* Nevertheless, in NLCs, the presence of liquid lipids along with solids gives rise to fast
structural rearrangements during storage.>

Therefore, these generations of LNPs were perfected with the latest or third generation, called SmartLipids,
developed in 2014.'%'" In detail, it was recognized that the stability and loading capacity of particles become higher
in the presence of polydisperse lipids, ie., a combination of mono-, di-, and triglycerides along with various fatty acids.
Consequently, this strategy is acknowledged as a “smart” solution for better “lipid” particle design; that’s why it’s termed
as SmartLipids.'®?® Furthermore, in Table 1, key advantages and limitations/drawbacks of SmartLipids are summarized
and compared with SLNs and NLCs. Figure 1 illustrates the historical development of these aforementioned LNPs.

SmartLipids: A Comprehensive Introduction
The SmartLipids are contemplated as the groundbreaking advancement in the realm of drug delivery systems, demonstrat-
ing the third or latest generation of LNPs.*! Fundamentally, SmartLipids are constituted of lipid combinations, usually
a blend of 5-10 distinct solid lipids, ie., mono-, di-, and triglycerides (with discrete carbon chain lengths), fatty acids, and
fatty alcohols, or a blend of both solid and liquid lipids.'® Consequently, the complex, chaotic and imperfect particle matrix
structure will evolve, where the presence of lipids differing in chain length, saturation degree and molecular geometry
coinciding within the same matrix arises lipid heterogeneity. Such heterogeneity hinders the ordered crystalline lattice
formation because of disrupted lipid-chain alignment. Therefore, reduced crystallinity and imperfect packing rendered by
the lipid matrix directly contribute to improved stability, better drug retention and delayed polymorphic transitions.*?
Nevertheless, the incorporation of liquid lipid further facilitates the enhanced drug loading, but the amount of liquid lipid
should be limited in order to prevent the hastened polymorphic transition of the lipid matrix as in NLCs.'°

Unlike NLCs, SmartLipids are primarily composed of diverse solid lipids rather than high liquid lipids, which bring
spatial discontinuities to generate imperfections within the matrix. As a result, irregular lipid-chain alignment retards
the polymorphic transitions from metastable a or ' forms to the thermodynamically stable £ polymorph during
storage. The structural differences of distinct lipid molecules result in a lipid matrix structure with considerable a-
modifications along with few B’-modifications that lead to hinder or occlude the reordering or polymorphic transitions
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Table | Comparative Key Advantages and Drawbacks/Limitations of SLNs, NLCs, and SmartLipids

Drug Delivery Systems (Lipid
Nanoparticles)

Advantages

Drawbacks/Limitations

SLNs

Biocompatibility24 and biodegradability7

Less space for drug encapsulation because of tightly packed lipid
matrix network?

Prevent drug degradation®*

Reduced drug loading capacity’”

Enhanced bioavailability of poorly water-soluble
drugs®®

Initial burst drug release®”

Ease of preparation, low cost and high scale
production28

Drug leakage due to polymorphic transitions during storage®®

Site-specific drug delivery?’

Upheld cellular uptake?®

Practicality of both hydrophilic and lipophilic drugs
incorporations'30

NLCs

Easy manufacturing®'*?

Reduce bioadhesion,'? that compromised the bioavailability of
drugs

Enhanced drug loading capacity9

Potential for cytotoxicity and irritation because of surfactants®>

Biodegradable and biocompatible?'

Prolonged circulation is required for effective therapeutic utility®*

Increased drug encapsulation and stability®®

Sustained drug release profile?'*2

Targeted drug deIivery35

Prevent drug expulsion or leakage during storage'®®

Protect drugs which are susceptible to light, hydrolysis
or oxidation®®

Promote drug solubilityn‘37

Enhanced intestinal absorption and drug’s
bicavailability*®

During storage, particle size remains constant’”

Drugs prevention from enzymatic degradation3I

Avoidance of first-pass hepatic metabolisms*°

SmartLipids

High drug loading <:apacity‘”‘42

Changes in pH and temperature might affect their stability

Compact active ingredients inclusion*?

To scale up their production might be difficult

Enhanced chemical stabilization of susceptible active
ingrediem:s22

Their production is quite high in contrast to traditional delivery
systems®!

Increase physical stability during shelf-life?>*!

Controlled drug release profile*'

Better drugs’ penetration and promote bioavailability?

Increase skin hydration and adhesiveness'®

High resilience in selecting the surfactants*

of the lipid matrix to highly ordered f-modifications during storage and directly expedite the enhanced loading and

impede drug leakage.*> This low-order crystallinity with increased imperfections due to wild lipid combinations assists

the firm inclusion of drugs with enhanced drug loading capacity.**
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Solid Lipid Nanoparticles (SLNs)_1991 SmartLipids - The latest generation_2014

Nanostructured Lipid Carriers (NLCs)_1999-2000

Figure | Chronological progression of lipid nanoparticles demonstrating their development timeline, presenting the transition from first-generation solid lipid nanoparticles
(SLNs) to second-generation nanostructured lipid carriers (NLCs), and subsequently to third-generation SmartLipids. Highly ordered solid lipid core is depicted by SLNs.
NLCs illustrated the disordered lipid matrix due to the incorporation of liquid lipid. However, the presence of multiple lipid components in SmartLipids gives the highly
heterogeneous internal structure.

OD‘ 4+ .. 0a Blend of Solid Lipids

Surfactant

* Drug Molecule

Figure 2 Schematic demonstration of a SmartLipids particle, showing the highly imperfect lipid matrix because of deliberate blending of various structurally different lipids.

At the molecular stage, the disorganized architecture of the chaotic lipid matrix brings structural imperfections and
interstitial spaces, which favor drug incorporation and enable improved drug accommodation, relative to highly
organized lipid matrix systems such as SLNs.*’ Primarily, the drug accommodation is governed by their miscibility
into the lipid phase and non-covalent interaction between the drug and lipid matrix. Moreover, for successful drug
loading, it is essential to partition the drug into molten lipid during formulation. Afterwards, the drug molecules reside at
imperfect sites and non-covalent forces facilitate drug accommodation inside the lipid matrix.*>**® Thermal and structural
characterization via differential scanning calorimetry (DSC) and X-ray diffraction (XRD) support the experimental
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evidence to support this mechanistic framework, which exhibited broadened melting transitions and reduced
crystallinity.***7

These 3™ generation LNPs deliver nanosized particles with narrow range distribution, controlled drug release
kinetics, reduced unwanted effects of incorporated drugs, and practicality of industrial translation. Moreover, these
LNPs entertain topical and mucosal adhesion to some extent.*®** These remarkable attributes of SmartLipids segregate
them from conventional delivery systems.*' Moreover, the SmartLipids also retain the key advantages of both SLNs and

NLCs.?* The structural illustration of SmartLipids is presented in Figure 2.

Design Principles of SmartLipids
Over the past few years, the engagement of LNPs as a delivery system has been increased meticulously. In spite of that,
the exhausting process for suitable lipid selection is unavoidable for each particular active ingredient. The fabrication of
such delivery systems, particularly SLNs and NLCs, encompasses the screening of drugs regarding their solubility,
partition coefficient, and miscibility in different lipids to ensure the peculiar lipid that is optimal for drug loading without
generating any stability-related issues, which is an extensive process. However, as the SmartLipids are comprised of
a blend of various compatible solid and lipid lipids, they serve as a more universal approach that potentially engages the
range of drugs and can lessen the requirements for the tedious lipid screening procedure, and accordingly simplifies the
development process.*®

The rational design for the production of SmartLipids should be considered thoroughly. The attributes that influence
the formulation’s stability should be analyzed profoundly and majorly include lipid composition, the nature of surfactant/
stabilizers, and production dimensions. Due to the presence of a multi-lipid blend in the SmartLipids composition,
acquiring stable SmartLipids is somehow arduous in contrast to the 1 and 2"* LNP generations.*®

Rational for Lipids Selection

As it is mandatory to employ both solid and liquid lipids for a stable SmartLipids formulation with a highly imperfect
lipid matrix, the blend of solid lipids should be different and usually between 5-10 lipids must be employed with
divergent carbon-chain lengths. Additionally, it should keep in mind that the lipids incorporated for formulation should
be a mixture of mono-, di-, and triglycerides of corresponding fatty acids. For instance, the commercially available lipid
excipients, ie., Compritol 888 ATO and Precirol, are not chemically pure because they accommodate a combination of
mono-, di-, and triglycerides.*® Furthermore, the low melting range lipids should be incorporated for lipid composition,
as they deliver an exceptionally homogenous lipid matrix that leads to a more stable formulation, along with a low
melting range. The narrowness of the melting range is also crucial for lipid blend composition.*

The solubility of pharmaceutical and cosmetic active ingredients is usually low in solid lipids as compared to liquid
ones, so liquid lipids must be employed for promoting the drug loading but should be in limited amounts. Because
excessive liquid lipid concentration might not always lead to stability, sometimes excessive concentration generates
polymorphic transitions that reduce the imperfections in lipid matrices. Accordingly, the liquid lipid should be selected,
which has good solubility features for the active to be utilized. For instance, Miglyol 812 has an optimal solubility for
retinol, a cosmetic active for dermal preparations.*

Numerous solid lipids have already been engaged by different researchers for SmartLipids fabrication; they are

) 43,47,48,51,52

enlisted in Table along with their carbon chain length, melting point (sorted by descending melting ranges),

and chemical nature.

Selection of Stabilizers: Surfactants/Polymers
The surfactants play a key role regarding the particle size, size distribution and long-term physical stability of the
formulation and accordingly, the type and concentration of surfactants are crucial aspects for designing the stable
SmartLipids formulation.’”

The type of surfactant contributes it vital role for highly stable formulation development, as some may provoke the
aggregation or congealing of particles just after formation. Due to safety concerns nonionic surfactants are primarily

preferred, specifically for dermal formulations.** For instance, polysorbate 20/Tween 20 is a non-ionic surfactant and acts
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Table 2 List of Solid Lipids Communicated for SmartLipids Production

Lipid Trade Chemical Description (Synonym) Carbon Chain Length Melting Chemical
Name Point Nature (%)
°C
Glycerides
Hydrogenated | Castor wax, |,2,3-Propanetriol tri(12 hydroxystearate) Cli8 80-85 Triglyceride (100)
castor oil
Dynasan 118 Tristearin, Glyceryl Tristearate cis 69-73 Triglyceride (100)
Imwitor 491 Glyceryl monostearate, Monostearin, |-Stearoyl-rac- Clé, CI8 66-77 Monoglycerides
glycerol (100)
Comepritol 888 | Glyceryl dibehenate C22 65-77 Monoglycerides
ATO (12-18)
Diglyceride (52-54)
Triglyceride
(28-32)
Dynasan |16 Tripalmitin, Glycerol Tripalmitate Clé 60-65 Triglyceride (100)
Dynasan P60 Tristearin (Glyceryl tristearate) Cle, ClI8 58-62 Triglyceride (100)
Imwitor 372 1,2,3-Propanetricarboxylic acid, 2-hydroxy-, ester with Cle, CI8 59-63 Monoglycerides
P (V) 1,2,3-propanetriol monooctadecanoate, Glyceryl stearate (10-30)
citrate
Diglyceride (70-90)
Dynasan |14 Trimyristin, Glycerol Trimyristate Cl4 55-60 Triglyceride (100)
Imwitor 900 Glycerol Monostearate, Octadecanoic acid, Monoester Cle, ClI8 54-66 Monoglycerides
(PP with1,2,3-propanetriol (40-55)
Diglyceride (30-45)
Triglyceride (5—-15)
Softisan 154 Hydrogenated palm oil Clé, CI8 53-58 Triglyceride (100)
Precirol ATO Glyceryl distearate, Glyceryl |,3-distearate, (2-hydroxy- Cle, CI8 50-60 Monoglycerides
5 3-octadecanoyloxypropyl) octadecanoate (8-17)
Diglyceride (54)
Triglyceride (30)
Softisan 142 Hydrogenated Coco-Glycerides Cl2,Cl4,Cle6, CI8 4244 Triglyceride (89)
Diglyceride (10)
Lipocire A Clo-Cl8 394 Majorly
triglycerides (di-
and triglycerides)
Witepsol W31 Clo—Cl8 ~ above Triglycerides
33 (65-80)

Diglyceride (10-35)

Monoglycerides

(1-5)

(Continued)
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Table 2 (Continued).

Lipid Trade Chemical Description (Synonym) Carbon Chain Length Melting Chemical
Name Point Nature (%)
°C

Witepsol H32 Clo-Cli8 ~32 Predominantly
triglycerides,
Diglyceride (<15)
Monoglycerides
=n

Fatty Acids

INCI Name IUPAC Name Carbon Chain Length Melting Point °C

Behenic Acid Docosanoic acid C22 80-82

12- 12-hydroxyoctadecanoic acid Cli8 76-80

hydroxystearic

Acid

Arachidic acid | Icosanoic acid C20 70-75

Palmac 98-18/ | Octadecanoic acid cis 69-70

Stearic acid

Palmac 98-16/ | Hexadecanoic acid Clé 61-63

Palmitic Acid

Myristic Acid Tetradecanoic acid Cl4 52-54

Lauric Acid Dodecanoic Acid Cl2 4346

Fatty Alcohol

INCI Name IUPAC Name Carbon Chain Length Melting Point °C
Behenyl Docosanol (I-docosanol) C22 65-72
alcohol
Stearyl alcohol | Octadecanol (I-octadecanol) cis 56-59
Cetyl Stearyl Cetostearyl alcohol (Mixture of cetyl + stearyl fatty Cle, CI8 48-52
alcohol alcohols
Cetyl alcohol Hexadecanol (1-hexadecanol) Clé 47-50
Waxes
Cholesterol Cholest-5-en-3beta-ol c27 147-150
Ceramide VI N-(2-hydroxyoctadecanoyl)-4-hydroxysphinganine C18 phytosphingosine base + 90-95
C18 a-hydroxy-stearic acid
chain
Ceramide llIB | N-(9Z-octadecenoyl)-4-hydroxysphinganine CI18 sphingosine base + CI8 80-100
oleic acid chain
Lanette N Cetearyl Alcohol (and) Sodium Cetearyl Sulfate ~90% cetearyl alcohol (Cl6- 43.4-55.1

CI18), ~10% sodium cetearyl

sulfate

8 https:
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as a stabilizer for LNPs formulation, ie., SmartLipids. In terms of stabilization, polysorbate 20 brings steric stabilization,
meaning in this case the surfactant generates a thick layer around particles to hinder aggregation.’® The zeta potential ((
potential) becomes lower, acting as proof for the presence of a surfactant layer as the layer thickness increased.
Generally, in electrostatic stabilization, the susceptibility of aggregation increased with a decrease of { potential,> but
in the case of steric stabilization of LNPs, even with a low { potential, they exhibit a high physical stability value.’®
Moreover, Plantacare 2000 UP, another nonionic surfactant composed of decyl glucoside and lauryl glucoside, aids in
designing the stable SmartLipids formulation as compared to a single surfactant, which showed that the engagement of
co-surfactants is likely to be more efficient.*®

The value of hydrophilic-lipophilic balance (HLB) potentially influences the physical stability of SmartLipids
formulations. Furthermore, the HLB theory guides that the surfactant’s HLB value should match with the lipids” HLB
value for adequate stability. Typically, a high HLB value is preferable, such as Tween 80, which has an HLB value of 15
and delivers a more stable product as compared to a low-value HLB surfactant.*® Moreover, the concentration of
stabilizer should be adequate to efficiently cover the particles for aggregation suppression. A high concentration of
surfactants helps to create a rigid shell around particles that slows down the particles’ movement and inhibits the
aggregation to promote stability; as a result, a higher concentration is usually preferable.*

Production Parameters
Hot high-pressure homogenization is the primary method that has been used for the fabrication of SmartLipids because
this method ensures a narrow range particle size distribution and is easily upscalable for industrial use. Homogenization
facilitates reducing the particle size, but the number of cycles should be finalized carefully in conjunction with
surfactants.’’ Excessive cycles of homogenization enhance the particle kinetic energy that can potentially disturb the
physical stability due to the surfactant film destruction that leads to particles’ aggregation. Similarly, in order to achieve
desired particle size, optimal drug loading and physical stability, several production parameters need attention.>’
Generally, 85 °C is the temperature at which both phases (lipid and aqueous phases) admix together before
homogenization; therefore, the same temperature should be used during the homogenizing cycle to maintain the molten
state of lipid mixtures. For lab-scale preparation of SmartLipids, homogenization is normally performed at a pressure of
500 bars for adequate particle size reduction and distribution for 3 cycles. After performing this procedure, the hot
nanosuspensions should be cooled at room temperature, ie. 20 °C, while protecting them from light. The controlled

cooling assists the lipid particles to solidify appropriately and evade the chances of drug expulsion.’’

Formulation Strategies: Methods for the Production of SmartLipids

The formulation of SmartLipids leans on the progressive formulation strategies adapted from conventional lipid
nanoparticle formulation approaches. Like in SLNs and NLCs, the frequently employed methods for their production
include high-pressure homogenization (hot and cold), ultrasonic homogenization, solvent diffusion method, microemul-
sification, spray drying, and microfluidics.”®>° But for SmartLipids production, the method should be optimized to
acquire enhanced drug loading, higher stability and a controlled drug release pattern. Additionally, the selection of
method relies on the lipid composition, physicochemical aspects of drugs, desired route of administration and scalability.
The most frequently adopted methods for the production of SmartLipids are hot high-pressure homogenization and cold

high-pressure homogenization, as evident by reported literature.*”"

High-Pressure Homogenization (HPH) — Hot Process

HPH is the most frequently employed method for the production of SmartLipids. In detail, the lipid blend is heated at
a slightly higher melting point, relatively 5-10 °C higher than its highest melting lipid. Then incorporate and dissolve the
active pharmaceutical ingredient into the lipid melt. Consequently, this mixture is dispersed into a hot aqueous phase with
high-speed stirring, having the same temperature as the lipid mixture and also containing stabilizers, ie. surfactants/
polymers, thereby acquiring the coarse suspension. Afterwards, coarse suspension is allowed to process through a high-
pressure homogenizer, like a piston-gap homogenizer, and usually one or two cycles are imposed at 500 bar at 85 °C.
After this step, hot nanosuspension is attained, which after cooling solidifies and accordingly yields a fine solid particle

International Journal of Nanomedicine 2026:21 https: 9
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Figure 3 Stepwise schematic demonstration of SmartLipids production via hot high-pressure homogenization process: [I] melting of lipid blend above its highest melting
point, [2] incorporation of active pharmaceutical ingredient (API), [3] dispersion of lipid phase into aqueous phase, [4] homogenization typically involves one or two cycles,
and [5] solidification of hot nanosuspension yielding SmartLipids.

of SmartLipids. A preservative may be incorporated, or a preservative-free version can also be designed.”**® The
schematic presentation of this formulation method is demonstrated in Figure 3.

Commonly employed homogenizers in laboratory-scale production are APV Micron LAB 40 and Panda Niro Soavi,
with the volume ranges of 2040 and 100-200 mL, respectively. Furthermore, for industrial-scale production, APV
Gaulin 5.5 and GEA Niro Soavi homogenizers are usually utilized.'®

High-Pressure Homogenization (HPH) — Cold Process

The cold process of HPH is slightly different than the hot ones. In this method, initially, the lipid blend gets melted and
the API dissolved into it. After that, the mixture is set to recrystallize by cooling. In the next step, the solid mixture is
processed for milling, thereby attaining the micron-sized particles, which are then dispersed into the aqueous solution
holding stabilizers, ie., surfactants/polymers. Subsequently, this macrosuspension is then processed via homogenizer by
engaging 5-10 homogenizing cycles to acquire a desirable size, and forces are sufficiently high to break the macro-
suspension into nanodimensions. This process is preferable for thermolabile APIs because high heat, like in hot HPH,
leads to their degradation. Additionally, this method also facilitates the fabrication of specific lipid matrix structures.
However, the hot HPH is more recommendable because this technique is much costlier.'® Figure 4 illustrates the
graphical presentation of the cold HPH process.

High-Shear Homogenization — Hot Process

The initial stages for the fabrication of LNPs in this procedure are more or less similar to the aforementioned
techniques. While the high-shear homogenizers, ie., DIAX 900%” and Ultra-Turrax T-25,°° are used in this
technique for nanocarrier production. In detail, the solid lipid blend is mixed and melted at 70-80 °C;
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Figure 4 Graphical demonstration of the cold high-pressure homogenization process in different steps: [1] heating of lipid mixture, [2] dissolving the active pharmaceutical
ingredient (API), [3] cooling and recrystallization, [4] milling of the solid mixture, [5] suspension formation, and [6] homogenization lead to SmartLipids formation.

subsequently the model drug is incorporated into the molten lipids to attain a drug-lipids mixture. Afterwards,
aqueous surfactant solution is heated to the same temperature and incorporated into the drug-lipid mixture with
stirring. Then this mixture is homogenized via a high-shear homogenizer for a specific time at a predetermined rpm
to get a coarse suspension. Additionally, ultrasonication can also be performed via ultrasonication (SK 3210 HP)
in order to get nanocarriers with more reduced particle size, narrow PDI and improved stability; otherwise,
homogenization is also sufficient to attain desired nanocarriers. After homogenization, hot nanosuspension is
often cooled in an ice bath to prevent particle aggregation and ensure stability. In Figure 5, a schematic illustration
for this procedure is mentioned.

Characterization and Evaluation Parameters for SmartLipids

In order to ensure the physical stability, performance and efficiency of SmartLipids, it is mandatory to execute
comprehensive characterization and evaluation studies. For analyzing these advanced LNPs, a multimodal toolkit is
required that encompasses the multiple parameters for their extensive characterization and evaluation.

Physicochemical Characterization

A comprehensive array of physicochemical characterization primarily includes the analysis of particle size, polydisper-
sity index (PDI), zeta ({) potential, encapsulation efficiency (%EE), assessment of storage stability, differential scanning
calorimetry (DSC), and analysis of morphological features. Table 3 compiles the key physicochemical parameters to
provide a direct quantitative comparison between SLNs, NLCs and SmartLipids.
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Figure 5 Schematic presentation of the high shear homogenization process, including different steps: [I] melting of the lipid blend above its highest melting point, [2]
incorporation of active pharmaceutical ingredient (API), [3] dispersion of the lipid phase into the aqueous phase at the same temperature, [4] high shear homogenization, and
[5] cooling and solidification of the hot nanosuspension in an ice bath yielding SmartLipids.

Evaluation of Particle Size, PDI, { Potential, and %EE
The resveratrol-loaded SmartLipids were fabricated in order to conquer the solubility and bioavailability hurdles of
resveratrol in order to enhance its potential against cancer.*” By incorporating a 2'x3? factorial design, 19 different
SmartLipids formulations were designed and evaluated on the basis of the particle size, PDI, { potential, and %EE.
For determining the particle size, PDI, and ( potential, dynamic light scattering is a frequently employed particle size
analyzer. The monitored values for all 19 formulations fluctuated between 254.58 + 23.52 to 995.44 + 167.58 nm for
particle size, 0.425 £+ 0.02 to 0.783 + 0.03 for PDI, and —7.88 £ 0.17 to —20.43 + 0.72 mV for { potential. After sufficient
evaluation, it was observed that the particle size of 288.63 + 5.55 nm was optimal according to the optimized formula
(formulation having 1% lipid and 1% Tween 80) and helps to deliver sustained release, and the value of PDI should be in

the range of 0.01 to 0.5, as these present the monodisperse sample,** while the { potential at —16.44 + 0.99 mV indicated

Table 3 Summarized Key Physicochemical Parameters for Quantitative Comparison Among SLNs, NLCs and SmartLipids

Nanocarrier Particle Zeta Potential (mV) Drug Loading Encapsulation References
Platform Size (nm) . . (% wiw)* Efficiency (%)**

Electrostatic Electro-steric

Stabilization Stabilization
SLNs 40 — 1000 +30 +20 I —15 797 [10, 19, 61,

62]

NLCs 10 — 500 5-25 82.76 [8, 10, 63]
SmartLipids 200 — 400 I5-50 86.35 [10, 47]

Notes: *Vary according to active ingredients and formulative components. **These values are specific to resveratrol, as currently available literature does not provide
sufficient data to enable a broader, drug-independent comparison of encapsulation behavior across SLNs, NLCs, and SmartLipids. For unbiased comparison, these carrier
systems must be evaluated using the same drug molecules, since encapsulation efficiency is strongly influenced by the physicochemical nature of the drug.
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adequate electrostatic repulsion that showed good stability of the formulation because the higher the { potential, the
higher will be the stability.> Additionally, during evaluation it was confirmed that the lipid concentration and type of
surfactant potentially influence the particle size. Major reasons include (1) that the high concentration of lipid enhances
the viscosity of the dispersed phase, which may reduce the homogenization effect,° (2) high lipid concentration
increases the interfacial tension, and accordingly, the chances for aggregation will also increase,®’ (3) the particle size
of formulations with Tween 80 is smaller in contrast to Tween 20.

In a broader perspective, for lipid-based nanoparticles like SLNs, NLCs, polymeric nanoparticles and hybrid systems,
the average particle size range lies between 100—400 nm, and for systemic delivery, the sizes at the lower end of this
range are more desirable. Moreover, a PDI value less than 0.3 is often regarded as optimal for physical stability.®® In ¢
potential, for electrostatic colloid stabilization, the { potential value greater than +30 mV or lower than —30 mV render
strong enough to maintain colloidal stability. However, for lipid-based nanoparticles containing non-ionic surfactants, the
absolute { potential value around +20 mV is sufficient for the system’s electro-steric stabilization.®’ Accordingly, the
aforementioned optimized SmartLipids formulation lies within the acceptable physicochemical ranges suitable for stable
lipid nanoparticles, such as 288.63 + 5.55 nm and —16.44 = 0.99 mV for particle size and { potential, respectively.

Furthermore, for %EE an indirect method was adopted in which ultracentrifugation was performed at 60,000 rpm for
1 hour at 4 °C to acquire the supernatant. After that, supernatant was collected, and after dilution with methanol, the non-
entrapped resveratrol (RES) concentration was measured spectrophotometrically at 303 nm. The following equation was
employed for measuring the %EE:°%¢

9%EE — Winitial RES — Whree RES < 100

Winitial RES

Here, Winitial REs and Wgee rgs demonstrated the initial/total weight of RES used and free RES weight, respectively. In
results, it was monitored that the %EE for all formulations lies in the range of 65 =+ 5.22 and 93.86 + 5.92, while as per
the optimized formula, 86.346 + 3.61% is an encapsulation efficiency that demonstrated the sufficient drug entrapment
within the LNPs.*” However, it was observed that by increasing the concentration of surfactant, the %EE is also
increased till 2%, but further increase in surfactant concentration causes the %EE to decrease. It might be occurring
because when the surfactant concentration exceeds its critical micelle concentration (CMC), it causes drug leakage.®”"®

Generally, in lipid nanoparticles like SLNs and NLCs, the %EE value higher than 60%, highlighting the efficacy of
the preparation method for loading a drug in an appropriate amount. However, the %EE value higher than 80% is usually
the desired one.”"’* In SmartLipids, the %EE value around 94% was also monitored, which indicated their better
encapsulation behavior in comparison to other nanocarriers.>' Although this parameter also depends on the nature of the

active ingredients and formulation composition, and accordingly the %EE also varies.

Drug Loading Capacity

SmartLipids are the advanced LNPs that have a high drug loading capacity as compared to previous generations, ie.,
SLNs and NLCs. SmartLipids fabrication for dermal application was performed with the aim of determining its loading
capacity for retinol.*> A formulation with increased percentages of retinol, 5%, 15% and 20% (w/w) was designed, and in
the results, it was concluded that the increased concentration of retinol increased the drug loading. As was evidenced by
the physical and chemical stability studies. Moreover, the particle size, PDI and { potential of the 20% retinol-containing
formulation stay stable even after storage of 60 days. After storage, it was summarized that the 5%, 15% and 20% retinol
loading formulations retained 37%, 59% and 75% of retinol, respectively.

In SLNs, the highly crystalline lipid matrix makes the drug loading of retinol limited to 1% (w/w); however, in NLCs,
slight imperfections in the crystal lattice due to the presence of liquid lipid increased the loading capacity to 5% (w/w).
Relative to SLNs and NLCs, SmartLipids exhibited 15% (w/w) retinol loading due to a highly imperfect lipid matrix. "’
The retinol retention of up to 20% (w/w) also reflects the enhanced loading potential of SmartLipids; however, such
loading behavior may not be achievable for all drug molecules.
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An indirect method, ultracentrifugation is commonly employed for calculating the drug loading capacity. After

centrifugation, free drug concentration is monitored via HPLC and drug loading capacity is calculated by using the

given equation:'?

Drug loading capacity(LC%) = initial dmév free dug - 100
lipids

Whereas Wipigalarug 1S the total weight of added drug, Wcedrug i the weight of unentrapped drug, and Wiipigs is the total
weight of LNPs.

Light Microscopy and Photon Correlation Spectroscopy (PCS)

Light microscopy is an approach that assists the direct visualization of particles and potential aggregates, particularly in
the micrometer (um) range. It facilitates the detection of gelation or larger particles that might not be thoroughly
examined via other methods like laser diffraction. In this regard, the light microscope BA 210 (Motic, Germany) is
currently employed for assessment purposes.’> The light microscope is equipped with a digital camera and images are
captured at 100-, 400-, and 1000-fold magnification for detailed examination of particle aggregation.*> Additionally, PCS
is another technique that aids in monitoring the particle size, usually the preferable particle size for SmartLipids is >100
nm and <1000 nm. Because of these nanodimensions, they possess special beneficial nano-properties, particularly for
skin. With this technique the average particle size of 112 nm—400 nm was observed for retinol-loaded SmartLipids,
making this size ideal for these nanocarrier fabrications.'”

Determination of Melting Behavior and Crystallization Index via DSC
To determine the melting behavior and crystallization index of drug-loaded SmartLipids, DSC is a useful technique. Ding
et al prepared a dermal product containing retinol-loaded SmartLipids, 3 different retinol concentrations, 5%, 15% and
20% were utilized and incorporated into SmartLipids, and its crystalline features were observed over short-term storage
via DSC to check if the thermal behavior and internal structure of the nanoparticles changed over time.*

For evaluation, researchers used a bulk lipid mixture containing retinol concentrations of 5%, 10%, and 20% as
a reference and compared its DSC curves with retinol-loaded SmartLipids. DSC curves were recorded between 20-80 °C
for 60 days at a heating rate of 5 K/min. After performing the procedure for formulations and bulk lipid mixture, it was
monitored that the melting peaks appeared at 48.52, 49.82, and 50.58 °C for bulk lipid mixture holding 5%, 15%, and
20% retinol concentrations, respectively. Bulk lipid mixture showed sharp and narrowed peaks, while retinol-loaded
SmartLipids showed lower and broadened peaks between ~ 38.9—46.2 °C. Primarily, this behavior was mainly attributed
to crystal lattice imperfection, interaction with stabilizers, and high surface area of the LNPs. Each retinol-loaded
SmartLipids reflected lipid polymorphism by two melting peaks, the lower and higher temperature peaks for a- and -
forms, respectively. It was concluded that the DSC curves and recrystallization index for the designed formulations were
stable over 60 days, which indicated the structural stability of the SmartLipids.

Investigation of Morphological Features

The assessment of morphological features generally includes the analysis of size, shape and structure of LNPs at very
high resolution. For this purpose, high-resolution transmission electron microscopy (TEM JEOL JEM-2100, 200 kV) is
utilized frequently. Hence, the lipid particles are not much visible under TEM, so a negative stain (1% phosphotungstic
acid) is applied to enhance the visibility of LNPs via staining, and accordingly, the TEM facilitates confirming whether
the LNPs, ie., SmartLipids are spherical and uniformly dispersed or not.”®

Fourier Transform-Infrared Spectroscopy (FT-IR)

The SmartLipids are composed of a blend of solid lipid, liquid lipid, surfactant, and API, so FT-IR is typically engaged to
monitor the chemical structure of compounds individually and to detect any alterations at the molecular level after their
combination. The FT-IR is usually performed in the range of 4000-400 cm ™' wavelength via Shimadzu FT-IR spectro-
meter. Consequently, any interactions between the lipid mixture and the model drug can be analyzed potentially, which
facilitates the analysis of the compatibility of ingredients with each other.”
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X-Ray Crystallography (XRD)
This tool is quite helpful in determining the crystalline structure of the drug and lipid matrix in the SmartLipids. The
X-Ray-diffractometer, like the X’Pert Pro diffractometer, is commonly employed equipment for this objective.”’ By
performing XRD for SmartLipids, it’s easy to examine whether the crystallinity of the system remains the same (stable)
or increases (unstable). Furthermore, polymorphic transitions are frequent in LNPs, in which system changes to a highly
ordered matrix in the long run cause drug leakage, so XRD aids in tracking these alterations and determining the
structural stability of LNPs. The absence of drug-characteristic sharp peaks and time-stable lipid diffraction patterns
indicated that the drug was molecularly dispersed in the lipid matrix and the system was physically stable on storage.
The SmartLipids mixture composed of eight solid lipids was analyzed via X-ray diffractometer for evaluating its
crystalline state. A characteristic peak at 21.4° was monitored, which remained unchanged even after the one year of
storage at room temperature, illustrating the existence of the same crystalline state (chaotic and disordered). In contrast,
SLNs made of tristearin demonstrated the rapid transition to highly aligned § modifications within only one month of
storage, and the appearance of peaks at 19.4°, 23.0° and 24.0° gave evidence of this change. This study supports the
concept that the less ordered lipid matrix state is responsible for better drug loading and prevention of drug expulsion

during storage, as matrix imperfections and defects facilitate drug accommodation.?®

Evaluation Parameters: Stability and Drug Release Kinetics Chemical and Physical Stability Evaluation During
Storage

Some ingredients, ie., phenylethyl resorcinol (PER), are sensitive to environmental conditions like light, temperature,
moisture and air. Although this agent is chemically sensitive to light, which leads to degradation of the dermal product, it
still has potential due to its skin-brightening features. D. Kopke et al designed PER-loaded SmartLipids, thereby aiming
to enhance their drug loading and storage stability both physically and chemically.’® For this purpose, PER-loaded
SmartLipids without stabilizing additives and with 14 different stabilizing additives were fabricated. Afterwards, the
designed formulations were divided into two equal portions (20 mL each) and stored in the glass vials. One vial of each
preparation was sheathed with aluminum foil and placed at room temperature in a closed and dark cabinet. Meanwhile,
another vial of each preparation was exposed to light emitted from two natural daylight-imitating fluorescent tubes
(Osram L58 W/25) at room temperature, with the vial at a distance of 5 cm placed directly under the lamps.

During the investigation, both the chemical (discoloration) and physical stability of PER SmartLipids with or without
additives were assessed. The data indicate that the stability of PER-loaded SmartLipids largely depends on the choice of
stabilizer. The satisfactory performance of Tinosorb S and Oxynex ST is a consequence of their high UV radiation
absorption (340—400 nm), confirming the postulate of light-induced degradation of PER at longer wavelengths. Chelating
agents such as EDTA and phytic acid inhibited discoloration very effectively by decatalyzing metal-catalyzed break-
down, but their vigorous acidification (pH ~2) renders them less suitable for skin products. Antioxidants, on the other
hand, were less consistent: propyl gallate and BHT stabilized to some extent, whereas others (Tinogard TT, TBHQ)
facilitated breakdown, suggesting pro-oxidant activity in certain situations. The dual action of alpha-tocopherol helps to
highlight even more the complexity of antioxidant mechanisms, being protective under light but destabilizing in dark
storage. In terms of physical stability, most additives had no effect on particle size, with sodium metabisulfite causing
rampant aggregation and phytic acid inducing long-term instability. Collectively, these results indicate Tinosorb S as
being the most promising stabilizer for marketable PER formulations that have photostability and physical stability
without affecting dermal applicability.”> These findings concluded that the SmartLipids have sufficient potential for
enhancing the stability of sensitive dermal products while ensuring both photo- and physical stability.

The physical stability of PER SmartLipids dispersion was assessed by monitoring the particle size, PDI, and (
potential over time. After one day of preparation, all the formulations possessed mean particle sizes ranging from
102-120 nm with PDI ranging from 0.14-0.20, indicating monodisperse distributions. The introduction of most of the
additives has minimal impact on initial size properties. After 3 months, the majority of dispersions were found stable,
whereas sodium metabisulfite (NMBS) led to prominent particle growth and showed destabilization. On the contrary,
physical stability was maintained in formulations involving Tinosorb S, Oxynex ST, or EDTA throughout storage for 9
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months. These findings confirm that the choice of additives is a determining factor regarding SmartLipids formulations’
long-term stability.>

In vitro Drug Release Analysis

The dialysis membrane method is a frequently employed procedure for analyzing the in vitro drug release profile and
then spectrophotometric analysis is performed for assessing the drug release pattern.”” In detail, the cutoff size of the
dialysis membrane is selected according to the solute molecular weight, allowing drug molecules to move out freely
through pores while holding the LNPs, like SmartLipids, inside the dialysis bag. This facilitates the determination of the
released drug molecules only, not the SmartLipids themselves. The slow and sustained drug release behavior is
demonstrated by RES-loaded SmartLipids. In comparison to RES-aqueous suspension, the optimized formulation
demonstrated ~40% cumulative drug release after 24 hours, which was markedly lower than that observed for RES-
aqueous suspension under identical experimental conditions.*” The available literature is deficient in terms of
SmartLipids drug release behavior and also formulation specific; therefore, making a unified statement regarding its
release behavior should be drawn cautiously.

Biological Evaluation: Ex vivo Permeation Analysis, In vitro Assessment of Cytotoxicity
and Biological Activity

Along with physicochemical characterization and evaluation parameters, biological evaluation is also mandatory to
assess the safety and performance of SmartLipids on a cellular level. Cell diffusion/permeation studies and cellular
uptake help to figure out the effectiveness of these advanced LNPs, and thereby therapeutic utility can be analyzed.

Ex vivo Skin Permeation Analysis
This particular study was performed to determine the diffusion of drugs from LNPs through human or excised mouse
skin, so the permeability of the formulation can be analyzed precisely. A Franz glass diffusion cell is a very well-known
technique for diffusion/permeation studies that assists in correlating the in vitro or ex vivo permeation with in vivo
results. In detail, the excised skin is placed between the donor and receptor chambers, and the formulation is placed in the
donor compartment to maintain a concentration gradient that provides direct contact of drug molecules with the
epidermal skin surface. Afterwards, the drug diffuses via skin by passive diffusion towards the receptor chamber. The
receptor chamber contains receptor medium like phosphate buffer and alcohol, usually thermostated to mimic physio-
logical temperature (~32 °C), that is stirred continuously to maintain sink conditions. Consequently, as the drug diffused,
it was rapidly carried away to hinder back diffusion. Furthermore, the aliquot is taken from the receptor chamber at
predetermined time intervals, and an equal volume of fresh medium is added to maintain experimental conditions. The
drug concentration is quantified via UV or HPLC spectrophotometric analysis.”® It is evident from previous studies that
SmartLipids favor the drug permeation that directly showcases their potential for effective drug delivery.”’

The 0.2% curcumin suspension in SmartLipids was compared with a 2.0% curcumin crystal suspension and
a commercially available curcumin-containing gel product to analyze whether SmartLipids improve skin permeation.
Pig ear skin was used, and formulations were applied on it in a covered Franz diffusion cell. Fluorescence microscopy
was employed for further analysis because curcumin is a natural fluorescent and visualized easily. Relative to curcumin
crystal suspension and gel products, the curcumin-containing SmartLipids exhibited clear fluorescence in the skin
epidermis, which shows its penetration. This study highlights the improved penetration behavior of SmartLipids for
poorly soluble drugs; consequently, it would also facilitate bioavailability.”> Apart from in vitro and ex vivo evaluations,
quantitative in vivo bioavailability data remain limited for SmartLipids. Generally, the reported improvements are
claimed on the basis of release kinetics and permeation, but to get clear insights for systemic bioavailability enhance-
ment, further in vivo validations are required for better pharmacokinetic measurements. Moreover, existing literature is
focused on topical/dermal delivery of SmartLipids and in vivo data is currently limited.

In vitro Assessment of Cytotoxicity and Biological Evaluation
In general, the MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) is considered a standard
colorimetric technique used for cell viability, cytotoxicity, and biocompatibility estimation and facilitates the evaluation
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of safety associated with drug use and carrier systems like LNPs for living cells.”” Similarly, to unlock the full potential
of SmartLipids, it is essential to fabricate them in a practical and feasible way. Primarily, in the case of healthy cells, after
performing a biocompatibility assay, high cell viability indicates the high biocompatibility and safety of the formulation.

Resveratrol (RES) has anticancer activity, but solubility and bioavailability challenges compromised its therapeutic
potential; therefore, RES-loaded SmartLipids were designed, and their cytotoxic and anticancer activity was monitored.*’
The anticancer activity of the optimized RES-loaded SmartLipids formulation was assessed against breast (MCF7), liver
(HepG2), and colon (HT29) cancer cell lines and against free RES suspension. Cytotoxicity was assessed using the MTT
assay, wherein SmartLipids were found to enhance the activity of RES significantly by reducing ICs, values by about
seven-fold in MCF7, three-fold in HepG2, and more than ten-fold in HT29 cells. Cell-cycle analysis also revealed that
SmartLipids caused substantial arrest in the Go/G; phase with reduction in the number of the G,/M phase, with more
inhibition of cancer cell growth. Apoptosis studies revealed that both free RES and SmartLipids caused programmed cell
death, but the SmartLipids preparation produced much higher numbers of apoptotic cells. In the results, it was
summarized that the SmartLipids significantly promote the delivery and anticancer activity of RES by enhancing its
cytotoxicity, cell-cycle arrest, and apoptosis induction.

Long-Term Safety, Toxicity, and Immunogenicity Studies

In terms of safety profile, the LNPs have been studied extensively, particularly across SLNs and NLCs, which serve as
the developmental foundation for SmartLipids. Preclinical studies consistently report good cutaneous biocompatibility,
reduced irritation, and enhanced local tolerance compared to traditional topically applied vehicles, particularly when
encapsulating reactive species such as retinoid or curcumin.®®’® These findings complement the comparative safety of
SmartLipids when topically applied. However, long-term systemic exposure and toxicity data remain limited. Although
most SmartLipids are limited to dermal applications, minor fractions of nanoparticles might penetrate deeper layers of
tissue or enter systemic circulation and therefore require thorough toxicokinetic evaluations. Consequently, biodistribu-
tion minimizes the systemic toxicity risks but still requires validation under compromised skin and in long-term
utilization. Furthermore, many SmartLipids formulations depend on non-PEG stabilizers, so the risks for immunogenicity
are reduced in contrast to PEGylated lipid carriers;’® however, predictive immunogenicity screening remains advisable,
particularly for systemic or mucosal applications.

The nanoscale quantitative structure—activity relationship (QSAR) models can predict the intrinsic features like
cytotoxicity and oxidative stress, based on physicochemical descriptors such as particle size, crystallinity, and surface
charge.®>®' Moreover, organ-on-chip systems provide advanced microphysiological models to assess dermal penetration,
immune activation, and hepatic lipid metabolism under repeated dosing scenarios.®> Consequently, these approaches can
be utilized to assess the safety profile of SmartLipids.

Comparative Assessment of SmartLipids with SLNs, NLCs, and Other

Nanocarriers

To establish the comparative therapeutic performance of LNPs, encapsulation efficiency (%EE) and drug loading (DL%)
are two vital formulation parameters. The relative assessment between SLNs, NLCs and SmartLipids exhibits remarkable
differences in their capacity for drug loading and encapsulation. Pharmaceutical activities, i.e., lidocaine, retinol and
coenzyme Q10, have been compared among LNPs in terms of their drug-loading behavior. Each lipid-based system
demonstrated drug loading to some extent, while in comparison it was summarized that the SmartLipids exhibited
maximum drug loading as compared to the 1°* and 2™ generations of LNPs for the same drugs. For instance, in the case
of retinol, SmartLipids showed 15% drug loading, while SLNs and NLCs showed 1% and 5%, respectively.** Moreover,
examples of drugs'®' for comparative assessment are mentioned in Figure 6. Furthermore, SmartLipids exert
a significant impact on the drug’s encapsulation as well. In different experiments, resveratrol was integrated into different
LNPs. The resveratrol demonstrated the encapsulation of 79.7% in SLNs,°* 82.76% in NLCs® and 86.35% in
SmartLipids.*” The gradual increase of drug encapsulation presents the superior functional performance of
SmartLipids, where the enhanced encapsulation directly reflects the significance of their chaotic lipid matrix. Figure 7
presents the comparison of SmartLipids encapsulation efficiency with other LNPs. Although the higher drug loading and
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Figure 6 Comparative assessment of drug loading capacity in SLNs, NLCs and SmartLipids for lidocaine, retinol and coenzyme QI0.
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Figure 7 Comparative evaluation of resveratrol encapsulation efficiency in SLNs, NLCs and SmartLipids.

encapsulation are achieved in SmartLipids, their higher composition complexity might affect the physical stability,
resulting in compromising the therapeutic performance. In contrast, SLNs usually provide limited drug loading capacity
but exhibit predictable stability with simple crystalline organization.*®

The SLNs are comprised of only solid lipids, which causes drug expulsion and reduced drug accumulation.®® While in
NLCs incorporation of liquid lipid partially helps to address this hurdle, as structural imperfections facilitate the
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improved drug accumulation.®® In contrast, the lipids blend in SmartLipids generate a highly disorganized matrix to
conquer the encapsulation issues, which is a formulation-specific gain, not a universal performance advantage. Table 3
illustrating the quantitative comparison among these three nanocarriers. However, relative to SLNs and NLCs, a notable
limitation in SmartLipids is reproducibility. Different ratios of lipids and formulation variables may influence the batch-to
-batch variability, which may also affect the scalability as well.*!

Compared to liposomes, SmartLipids offer a reduced susceptibility to drug leakage. However, the phospholipid
bilayer behavior of liposomes renders them suitable for the encapsulation of both lipophilic and hydrophilic drugs in
comparison to SmartLipids, which are primarily suitable for lipophilic drugs only because of their inherent lack of
aqueous core architecture.®® In the case of polymeric nanoparticles, these nanoparticles have precise control over drug
release kinetics due to their mechanical rigidity and degradation behavior.*® However, the relative disadvantage of
SmartLipids is their softened lipid matrix, which may lead to rapid drug diffusion and compromised release kinetics for
certain applications. Regardless of this, polymeric nanoparticles raise concerns regarding biocompatibility and polymeric
accumulation, but the physiological lipid composition of SmartLipids mitigates these concerns partially. Collectively,
SmartLipids should be attended to as a complementary platform because their performance is highly context-dependent
and cannot be generalized across different therapeutic platforms.

In addition to lipid-based nanocarriers, metallic (gold) and inorganic (mesoporous silica nanoparticles), have also
been reported for better drug loading, high surface area and tunable pore size, as well as surface functionalization for
active controlled and targeted delivery.®’*® However, the long-term biodegradability, in vivo fate and regulatory
acceptance remain a challenge for inorganic carriers. In contrast, SmartLipids are composed of biocompatible lipids
while maintaining better drug encapsulation and controlled release, which provide a balanced alternative for translational
feasibility.

Trends Today and Opportunities Tomorrow

Since 2014, SmartLipids have been prominently explored for dermal and topical pharmaceutical applications.
Formulations incorporating retinol,* phenylethyl resorcinol,>> and resveratrol*’ have already been developed.
Moreover, “second skin SmartLipids” (or “SmartLipids 2nd skin”) enriched with coenzyme Q10 have been designed
to mimic and reinforce the natural skin lipid matrix, thereby protecting and supporting barrier recovery in cases of skin
damage.”' These formulations consistently demonstrate high drug loading, excellent encapsulation efficiency, and
notable physical as well as chemical stability. Such advancements highlight the strong potential of SmartLipids for
future applications. Importantly, their industrial translation is already under consideration, with some formulations
progressing toward commercialization.

COSSMA is a cosmetic and personal care industry that designed glabridin-incorporated SmartLipids. Glabridin,
which is a potent skin-lightener isolated from the roots of licorice, has limited solubility, low bioavailability, and high
cost. SmartLipids provide an effective solution to all these limitations. Tape-stripping studies confirm higher and deeper
penetration of glabridin from SmartLipids compared to a dispersion of pure glabridin powder (95% purity) in water.
Moreover, in vivo studies show significant reduction in dark spots after 12-week usage.'’

BergaCare SmartLipids are commercially available SmartLipids products that present a strong panorama for
industrial translation. These SmartLipids were designed under strict cosmetic/pharmaceutical GMP standards.
Moreover, they are commercially available and can be bought as concentrates (10/20-30%) for admixture to different
cosmetic products. This shows the potential translation of academic research into a marketable product. Furthermore, this
product can be customized to fit unique needs, like BergaCare SmartLipids concentrate, which is simply admixed with
active ingredients (cosmetic/pharmaceutical) under gentle stirring for formulation development and avoidance of
complicated production steps.'® Presently, the company Berg+Schmidt Care Ingredients is marketing various
BergaCare SmartLipids products, as mentioned in Table 4.%° In addition, these SmartLipids remarkably improve the
stability of the product and hamper drug leakage during storage.”

Despite all these advantageous aspects, there is still a need to extend the role of SmartLipids in the pharmaceutical
sector. As many drugs from BCS class-II and IV suffer from oral bioavailability issues that affect the therapeutic utility
of these active ingredients.”’ The potential of SmartLipids for therapeutic oral drug delivery is not yet explored;
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Table 4 Commercially Available BergaCare SmartLipids Products for Skincare Applications

Commercially Appearance | INCI (Ingredients) Key Features
Available
Products
BergaCare Yellowish Aqua, Glyceryl Behenate Caprylic/Capric Triglyceride, Retinol, Polysorbate | ® Anti-aging (reduces
SmartLipids liquid 20, Sodium Cocoamphoacetate, Pentylene Glycol, Pentaerythrityl Tetra-Di wrinkles)
Retinol -T-Butyl Hydroxyhydrocinnamate ® Enhances keratinization
® Improves skin texture
and oil balance
® Encapsulation  reduces
irritation and improves
stability
BergaCare Yellowish to Aqua, Cetyl Palmitate, Bakuchiol, Pentylene Glycol, Glyceryl Behenate, ® Plant-based alternative to
SmartLipids off-white Caprylic/Capric Triglyceride, Sodium Stearoyl Glutamate Retinol
Bakuchiol liquid ® Improves skin elasticity
and radiance
® Reduces wrinkles
® Reduces dark spots and
hyperpigmentation
® Antioxidant
BergaCare Yellow Aqua, Cetyl Palmitate, Coenzyme QI10, Polyglyceryl-3 Methylglucose ® Antioxidant
SmartLipids aqueous Distearate, Caprylic/Capric Triglyceride, Phenoxyethanol/Ethylhexylglycerin | ® Anti-aging
Ceramide Q10 suspension ® Enhance stability and
efficacy
BergaCare White liquid Aqua, Caprylic/Capric Triglyceride, Ceramide NP, Sodium Stearoyl ® Strengthens skin barrier
SmartLipids Glutamate, Pentylene Glycol, Ceramide AP, Phytosterols, Myristic Acid, ® Replenishes  ceramides
Ceramide plus Oleic Acid, Palmitic Acid, Caprylyl Glycol, Propanediol, Glyceryl Caprylate for dry and sensitive skin
® High ceramide content
(7%)
® FEasy to incorporate, for-
mulation-friendly
® COSMOS approved/
approvable
® Available in RSPO MB
grade
BergaCare White liquid Aqua, Caprylic/Capric Triglyceride, Pentylene Glycol, Ceramide NP, Sodium | ® Strengthens skin barrier
SmartLipids Stearoyl Glutamate, Phytosterols, Ceramide AP, Stearic Acid, Oleic Acid, ® Replenishes  ceramides
Ceramide light Palmitic Acid, Caprylyl Glycol, Propanediol, Glyceryl Caprylate for dry and sensitive skin
® |ower ceramide content
(3%)
® Easy incorporation into
formulations
® COSMOS approved/
approvable
® Auvailable in RSPO MB
grade

therefore, for future researchers, we should consider this gap for further scientific pursuits. Furthermore, the nanoscale
size of SmartLipids facilitates the advantageous features for mucosal delivery. Morphologically, mucosa is quite similar
to skin,”> moreover, transmucosal routes, ie., oral, buccal, vaginal, and intranasal, for drug delivery are frequently
employed, convenient and the safest routes.”® In addition to cosmetics, SmartLipids can also be employed in pharma for
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oral delivery, but selection of the lipid mixture is a considerable factor because all lipids cannot make a desired chaotic
structure for SmartLipids fabrication.”

Moreover, the protective mucosal layer covers epithelium that affects and restrains the optimal adhesion of LNPs with
mucosal surfaces.” Although strategies like surface modification might help to conquer this limitation. Subsequently, the
surface modification of SmartLipids might be helpful to prolong the gastric residence time that directly expedites the
conquering of bioavailability concerns for poorly aqueous soluble drugs. However, different surface modification
approaches can be employed, but nowadays, thiolation is a well-recognized strategy for surface modification.”®

Plant-based actives make up >50% of the approved therapeutic drugs. Since ancient times, people have been utilizing
bioactives or bioagents for gaining health benefits.”® According to WHO, till today ~75% of the population is consuming
these products because of their safety, efficacy and low toxicity.”> However, many phytochemicals bear the solubility and
oral bioavailability problems that reduce their therapeutic potential in clinical settings.”* These SmartLipids might
conquer these limitations, as it was evidenced by previously established lipid-based nanocarriers that they have
a significant potential for oral administration of phytochemicals to unlock their full potential.

In addition, hydrogels are broadly employed in cosmetics, drug delivery, and tissue engineering.”” The concept of
nanohydrogels is innovative, the incorporation of SmartLipids into hydrogels not only refines their functioning perfor-
mance but also enhances the drug-related health benefits. As SmartLipids are effective nanocarriers for drug delivery,
their integration into hydrogels is expected to significantly promote the therapeutic utility of drugs. Overall, the
SmartLipids hold great promise for contributing to health setups in an efficient manner; however, further development
is recommended to optimize their performance and promote patient compliance.

Pharmaceutical Applications

The chaotic lipid matrix of SmartLipids is expanding its pharmaceutical applications. SmartLipids are highly advanta-
geous for the topical delivery of chemically labile pharmaceutical actives like retinol and establishing and invisible and
occlusive film on skin, thereby offering skin hydration and improved penetration of incorporated ingredients along with
better physical and chemical stability attributes.”® Ding et al constructed retinol-loaded SmartLipids with various
concentrations; among them, 20% retinol-containing nanoparticles were selected and incorporated into the hydroxypro-
pyl cellulose hydrogel. The designed formulation renders controlled drug release, which assists in minimizing skin
1.*> Apart
from dermal application, the interest for parenteral, oral, and ocular delivery has seen an increase due to the biocompat-

irritation, better drug penetration, and improved aesthetics to maximize patient compliance and cosmetic appea

ibility and reduced systemic toxicity of lipid nanoparticles.

Diab et al performed a study to potentiate the anticancer potential of resveratrol (RES) via their integration into
SmartLipids. The MTT assay was performed for cytotoxicity evaluation of the optimized drug-loaded formulation by
incorporating different cell lines, ie., human breast adenocarcinoma (MCF7), human hepatocellular carcinoma (HepG2),
and human colon cancer cells (HT29). In comparison to free RES, the RES-loaded SmartLipids exhibited significantly
higher cytotoxicity. Specifically, the ICso was reduced about 3-, 7-, and 10-fold in HepG2, MCF-7 and HT29,
respectively. Findings highlight the induction of apoptosis and cell cycle arrest during the Go/G; phase in cancer cells,
thereby underscoring the potential of SmartLipids in cancer treatment.*’

The performance of lidocaine, a local anesthetic, can be improved, as its high loading capacity was reported in
SmartLipids in contrast to SLNs and NLCs. This facilitates better percutaneous absorption in pre-laser treatment;
moreover, controlled and prolonged release expedites the sustained biological effect. Even under mechanical stress,
improved adhesion ensures the longer availability of actives at the application site.”? Collectively, all these applications
underline the pharmaceutical potential of SmartLipids across multitudinous routes and therapeutic areas.

Expanding the Application of SmartLipids: A Multifaceted Spectrum

Although SmartLipids have chiefly gained commercial success in cosmetic and dermal applications, their essential
formulation benefits, like the highly imperfect crystal lattice empowering the high drug loading and encapsulation,
improved stability, and controlled release profile,”” open paths to immense therapeutic domains.”* The former lipid
nanoparticles, ie., SLNs and NLCs, already demonstrated their potential across multiple administration routes along with
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promising therapeutic utility.'°*'°! Similarly, SmartLipids can also be utilized across multiple routes for gaining multiple
therapeutic purposes. Moreover, the LNPs facilitate the improvement of pharmacokinetic attributes like solubility,
bioavailability, stability and transportation of nutraceuticals.'®® They have been exhibited to preserve the potency of
encapsulated phytochemicals, facilitating sustained and targeted release kinetics, reducing dosage requirements and
improving patient compliance.'®'* Correspondingly, SmartLipids might enhance the therapeutic potential of phyto-
chemicals, improve their utilization in clinical settings, and through improved drug encapsulation with high stability, help
in reducing the resource consumption.

In the realm of genome editing, LNPs are the dominant nonviral platforms for delivering genetic therapy. LNPs have
emerged as a potent vehicle for bringing CRISPR/Cas components, offering remarkable benefits such as high in vivo
efficacy.'® Clinical and preclinical advances involve encapsulation and systemic delivery of siRNA for transthyretin
amyloidosis targeting, mRNA for protein replacement or immunization, and plasmid DNA for gene editing or expression.
LNPs exhibit highly efficient delivery with composition control, high payload volume, and efficient cellular uptake,
making them leading gene therapy platforms.'®® Apart from conventional LNPs, SmartLipids may also be designed
as second-generation vectors for nucleic acid medicine. Their heterogencous “chaotic” lipid matrix allows for the
incorporation of ionizable lipids or hybrid lipid—polymer systems needed for stabilizing siRNA, mRNA, or CRISPR/
Cas9 payloads. By leveraging their improved stability and large payload, SmartLipids are able to conquer some of the
limitations of conventional ionizable LNPs, such as storage instability and limiting formulation options, to enable
opportunities in RNA vaccines, gene silencing therapies, and precision genome editing.

Hybrid lipid polymer-based nanoparticles have emerged as a unique platform that merges lipids’ biocompatibility
behavior with the tunable mechanical attributes of polymers. This emerging strategy provides multiple benefits, including
improved drug loading, stability, biocompatibility, and controlled-release kinetics. Furthermore, outer shell functionali-
zation via ligands and stimuli-responsive agents offers targeted drug delivery, which facilitates improved therapeutic
responses.'®”” While the SmartLipids-polymer hybrid formulation still needs researchers’ attention. Reported benefits of
SmartLipids could bring something more valuable when combined with polymers.

In addition to small-molecule therapeutics, attempts have been made to conquer the delivery challenges of proteins
and peptides due to their susceptibility to enzymatic degradation and large molecular size. Although different hybrid lipid
nanoparticles have been reported for efficient delivery of proteins/peptides, direct reports on their encapsulation into
SmartLipids remain limited.'”® However, lipid polymer hybrid nanoparticles exhibit better macromolecule accommoda-

109

tion and therapeutic response;  therefore, these outcomes suggest that the inherent structural disorder of SmartLipids

may offer a promising framework for future protein/peptide delivery with better stability and bioavailability.

Industrial Translation and Scalability of SmartLipids
Lipid-based nanocarriers, including SmartLipids, bear physical challenges during laboratory-scale formulation to indus-
trial translation. Generally, the pivotal features of formulation, ie., particle size and size distribution, morphology,
encapsulation efficiency, and stability, get disrupted while scaling up and these factors are crucial in terms of regulatory
acceptance and clinical performance.''®

To conquer the scalability problems and enhance the reproducibility and quality, the pharmaceutical sector is adopting
the Quality by Design (QbD) approach nowadays. QbD is concerned with the understanding of the target product profile,
identification of critical quality attributes, and control of critical attributes such as active ingredients, excipients, and
manufacturing processes. QbD employment in lipid nanocarrier development enhances process understanding, product
quality, and regulatory flexibility. QbD is essential for the translation of laboratory success into scalable, high-quality, and
" Moreover, identification of Critical Quality Attributes (CQAs), ie., particle size, PDI, {
potential, encapsulation efficiency, drug release and stability during storage, is mandatory to establish the rational

commercializable products.

performance and regulatory compliance for any lipid-based nano-platform, including SmartLipids. These CQAs are
basically the physiochemical and biological attributes that should be maintained in order to acquire quality products. In
the case of lipid nanocarriers, for both the product and the manufacturing process, the CQAs should be monitored
carefully for optimum performance. Different aspects of pharmaceutical products, such as drugs, excipients and
intermediates, may influence the CQAs during processing or packaging. Therefore, it is essential to analyze the potential
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impact of drugs or excipients on CQAs to ensure desired product quality and also critical for regulatory acceptance
criteria.''!!12

Industrial production of lipid nanocarriers is obstructed via multiple factors. From a good manufacturing practice
(GMP) perspective, the batch-to-batch reproducibility for SmartLipids is influenced by the multi-compositional lipid
matrix. A slight variation in lipid ratios and production parameters can potentially disturb the CsAs, such as physico-
chemical attributes. Relative to simple lipid nanocarriers like SLNs, the complex lipid blend increases system sensitivity;
therefore, it is required to ensure robust quality monitoring strategies and stringent in-process controls, ensuring rational
reproducibility under GMP specifications.''! Bulk production requires high-quality lipids and persistent process control.
Thoughtful technology selection (eg., HPH and continuous systems), in combination with implementation of QbD, can
reduce per-unit cost through increased yield, reduced process deviation, and fewer validation paths.'"?

Scalability of SmartLipids from laboratory to industrial scale develops further bottlenecks. In lab conditions, it is easy
to closely monitor the process and adjust production parameters accordingly. If production parameters are optimized on
a small scale, then they do not always translate linearly to a large scale, which can in turn potentially lead to variations in
CQAs. Furthermore, raw material supply chains can pose a hurdle to large-scale production. If lipids and other
components are not produced on the same scale as the need for large production, progress gets affected. So, securing
a reliable supply of high-quality raw materials is crucial.''* Radiation exposure and high temperature can also affect the
lipids’ polymorphisms.115 Consequently, the formulations that require sterilization might be affected. For ensuring
stability and safety, the selection of a suitable sterilization process without affecting integrity is crucial during industrial
production.®* Addressing these scale-up constraints is significant for ensuring successful industrial translation.

Clinical Translation and Regulatory Landscape of SmartLipids

The clinical maturity of SmartLipids in contrast to former generations of nanocarriers, ie., liposomes, polymeric
nanoparticles, and micelles, is still emerging. For instance, the liposomal formulations remain the most progressive
because of having multiple EMA- and FDA-approved medicines, like doxorubicin,''® amphotericin B,'!” and irinotecan
liposome injection,''® backed by the well-established FDA’s and EMA’s regulatory frameworks. Further, the polymeric
micelles have only acquired selective regionally approved oncology products, such as paclitaxel-based micellar products,
including Apealea (paclitaxel micellar) by EMA,''? and Genexol-PM (paclitaxel injection) by South Korea.'*® However,
while extensively researched, they still bear additional hurdles due to complex composition, like extensive regulatory
assessments and quality/clinical evaluations that are required frequently on a case-by-case basis that restrain their global
harmonization.'?'

For SmartLipids, except for BergaCare SmartLipids (commercially available cosmetic formulations), no other peer-
reviewed evidence of interventional clinical trials or drug approvals using SmartLipids has been documented to date.
This highlights their translational potential, although the employment of systematic regulation is required. Moreover,
beyond cosmetic products, no clinical trials and marketed products are available regarding SmartLipids, as verified by the
PubMed and ClinicalTrials.gov databases. Further, one patent has been filed with the patent number CN111616969A,
also associated with dermal application of SmartLipids.'** Additionally, in one more patent study, not directly relevant to
SmartLipids, it was stated that fabrication of SmartFilms for oral and peroral administration can also be done by
incorporating the SmartLipids similarly to other lipid-based nanocarriers.'*’

From a regulatory standpoint, for drug products containing nanomaterials, the FDA (2022) guidance emphasizes the
identification of critical quality attributes (CQAS), ie., particle size, particle size distribution, drug loading, crystallinity
and drug release kinetics, which are also essential for SmartLipids.'** Furthermore, EMA reflection notes'*> highlight the
need for robust in vitro—in vivo correlation and comparability studies in scale-up. By adopting these guidelines,
SmartLipids are not yet cleared as drugs clinically, but their dermal safety record, improved stability profile, and cost-
effectively scalable lipid excipient platform suggest a strong translational foundation. Normalized CQA mapping, in vitro
permeation test data packages, and incorporation of regulatory-preferred analytics can help SmartLipids break clinical
development channels and fill the translational gap observed between cosmetics and therapeutic uses.
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Limitations and Challenges Associated with SmartLipids Development
Multiple limitations and unresolved challenges block the clinical and industrial translation of SmartLipids on a broad
level, despite growing interest in this latest generation of lipid nanocarriers. These challenges target reproducibility,
manufacturing scalability, and regulatory acknowledgement.

The compositional complexity of SmartLipids enables improved drug accommodation due to the integration of
multiple solid and liquid lipids;'? it also inflates the sensitivity of several formulation variables, such as lipid ratios and
design protocols. Any minute deviation in such variables might have a major impact on particle size, encapsulation
efficiency and crystallinity, which highlights concerns regarding batch-to-batch variability.'?® In order to acquire
consistent quality attributes, it is essential to tighten the process controls.

The in vivo fate of lipid-based delivery systems is usually followed by lipolysis, micellar solubilization and
chylomicron formation, which not only facilitate the lymphatic drug absorption but also improve systemic
bioavailability.'"*” This fate is highly dependent on the properties of lipid composition, particle size, protein corona
formation and surface decoration, and is emerging as a new field of research.'?® However, in the case of SmartLipids, the
biological performance of actives has been analyzed dermally and on various cancer cell lines, but their in vivo fate
remains limited and yet unresolved. Consequently, the declaration of superior in vivo performance is usually hypothe-
sized from in vitro data, which may not reliably predict real-time therapeutic performance.

The physical and chemical stability of SmartLipids has already been tested but only in controlled laboratory
conditions. In terms of firm drug inclusion, particle size and polymorphic transitions, which are pivotal for the shelf-
life of cosmeceuticals and pharmaceuticals, the formulations behaved very well in contrast to SLNs/NLCs.*!
Nevertheless, the long-term stability with respect to industrial perspective across various administrative routes still
requires researchers’ attention. Their compositional nature might act differently under real-world conditions and
transportation, which exert a huge impact on product stability and therapeutic performance. Furthermore, the manufac-
turing of SmartLipids is an energy-intensive process that generally depends on high-pressure homogenization,'® so
manufacturing scalability and cost-effectiveness remain the most demanding concerns. Because it might be difficult to
get large production volumes consistently. Additionally, the complex composition of lipid blends also increases the
excipients’ cost and regulatory challenges.

Conclusion

SmartLipids represent a promising advancement in lipid-based drug delivery, with high drug loading, improved physical
stability, improved penetration and bioavailability, a controlled drug release profile, and increased cellular uptake. All
these advantages render SmartLipids promising nanocarriers for efficient drug delivery of lipophilic/amphiphilic mole-
cules and sensitive active ingredients, broadening their applications in pharmaceuticals. SmartLipids offer a versatile and
robust drug delivery platform with the potential to redefine modern nanomedicines. Cosmetics and nutraceuticals can
enhance patient adherence by improving their efficacy. Despite these advantages, there are still challenges in their
regulatory approval, large-scale manufacturing and long-term stability, which must be resolved to gain their benefits in
clinical settings. Future research should focus on regulatory acceptance, industrial scalability, and personalized medicine
applications to accelerate their transition from experimental systems to clinically approved products.
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