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Abstract — Drug delivery nanoplatforms have been developed to improve drug stability, bioavailability, target delivery,
and controlled release. This review summarizes the structural features, drug loading and release mechanisms, manufacturing
technologies, quality attributes, and industrial considerations of nanostructured lipid carriers (NLCs), metal-organic frameworks
(MOFs), and outer membrane vesicles (OMVs) as next-generation drug delivery nanoplatforms. NLCs provide advantages in
loading poorly water-soluble drugs and scalable formulation development based on lipid matrices. MOFs enable high-
capacity drug loading and stimuli-responsive release through tunable porous frameworks. OMVs offer bio-derived membrane
functions for cargo delivery and immunomodulation, although endotoxin control and batch-to-batch variability remain
critical issues. Accordingly, the industrial translation of these platforms requires a process-centered quality-control strategy that
uses QbD and PAT to predict and manage manufacturing variability while integrating long-term stability and regulatory-oriented

safety assessment.
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Fig. 1. Classification of conventional and next-generation nanocarriers. Current nanocarriers are characterized by established applications in
drug protection, controlled release, and improved biodistribution, whereas next-generation platforms are classified according to
expanded material composition, structural functionality, and manufacturing requirements. NLC, MOF, and OMYV were selected as
representative lipid-based, inorganic-based, and bio-derived platforms, respectively, because these platforms show clearly distinct
drug-loading mechanisms, quality attributes, and industrialization bottlenecks.
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A 25 9 ke 27} QIR 7] 9h B &) e
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Az2B S AABR= HHOITH36]. QbD: HE AlF AN 2
Edhz 718 FAWE WA g g 27) WA E FA B4
Al WEd gt HelA vhed g o Al stell A §eh dekow
71 TH36,37). el Al Al d wgeel wek gz 271,
¥ dsh, B 58, WE a9 obg/do] A g R g,
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Table 1. Major evaluation criteria for industrial translation of next-generation drug delivery nanoplatforms

Evaluation category Main indicators

Relevance to industrial translation

Drug loading performance Encapsulation efficiency, drug loading
Release controllability
Formulation stability
Manufacturing reproducibility
Scalability

Safety and regulation

QbD-based process control QTPP, CQA, CMA, CPP, PAT

Burst release, sustained release, sink condition
Particle size, PDI, zeta potential, drug leakage
Batch-to-batch variation, CQA consistency
Process throughput, solvent use, energy input
Toxicity, immunogenicity, residual impurities

Determines dose efficiency and formulation feasibility
Determines therapeutic duration and in vitro-in vivo relevance
Determines shelf-life and storage robustness

Determines process reliability

Determines commercial feasibility

Determines clinical and regulatory acceptability

Enables systematic quality management
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(C) Release (D) Applications
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Fig. 2. Structure-composition-function relationship of nanostructured lipid carriers for drug delivery. Schematic overview of NLCs showing (A)
structural organization of solid lipid, liquid lipid, surfactant layer, and encapsulated drug molecules; (B) drug loading patterns includ-
ing homogeneous matrix loading, imperfect structural loading, and surface/interface-associated loading; (C) controlled release mecha-
nisms through diffusion, lipid matrix relaxation, and stimuli-responsive release; and (D) representative delivery applications.
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Table 2. Manufacturing technologies, critical process parameters, and critical quality attributes of nanostructured lipid carriers

Manufacturing technology Process principle Major CPPs Main CQAs Industrial considerations ~ Ref.
Molten lipid phase containing the Lipid composition; surfactant . . Scalable and solvent-free
. L . : . Particle size; PDI; . [41]
Hot high-pressure drug is dispersed in a hot aqueous concentration; homogenization . . process; thermal degradation
S . EE; DL; zeta potential; . [44]
homogenization surfactant phase and homogenized pressure; cycle number; of heat-sensitive drugs should
. . release profile [45]
under high pressure. processing temperature be controlled.
. Drug-loaded lipid melt is rapidly Cooling rate; milling size; Particle size; PDI; Suitable fo.r theqnolablleI drugs, [41]
Cold high-pressure i . . o V. broad particle size distribution
o solidified, milled, and homogenized homogenization pressure; cycle EE; drug crystallinity; - [44]
homogenization b may occur after milling and
at low temperature. number; processing temperature release profile [45]

homogenization.

Lipids and drugs are dissolved in Solvent type; organic-to-aqueous
Solvent emulsification  an organic solvent, emulsified in phase ratio; emulsification energy; EE: residual solvent: drugs; residual solvent control [41]
and evaporation an aqueous phase, and solidified evaporation rate; surfactant dru’ distribution ’ is required for pharmaceutical [44]
by solvent evaporation. concentration & use.

Particle size: PDI: Applicable to heat-sensitive

Lipid solution in a water-miscible Solvent type; injection rate;
solvent is injected into an aqueous lipid concentration; mixing

Mild and simple process;

Particle size; PDI; solvent removal and mixing ~ [41]

Solvent injection method EE; residual solvent;

surfactan.t phase to 1pduce intensity; s.urfactant colloidal stability control are important for [44]
nanoparticle formation. concentration scale-up.
Simple process with good
Warm lipid microemulsion is Lipid-to-surfactant ratio; . . particle uniformity; high [41]
. . . . . Particle size; PDI;
Microemulsion method  dispersed into cold water to form co-surfactant concentration; EE: phvsical stabili surfactant content may affect [42]
lipid nanoparticles. temperature; dilution rate » Py ty safety and regulatory [44]
acceptability.
Temp crature-dep e.ndjcnt changes Phase inversion temperature;  Particle size; PDI; Solvent-free processing is
. . in surfactant affinity induce . . . . . . [41]
Phase inversion method . . . . heating-cooling cycle; surfactant colloidal stability; possible; precise temperature
phase inversion and nanoparticle > iy . . [44]
. type; lipid composition release profile control is required.
formation.
L Useful for laboratory-scale
. . . Shear rate; sonication . S
High-shear Mechanical shear and ultrasonic . Lo . . preparation; scale-up limitation
. L. . amplitude; sonication time; Particle size; PDI; . [41]
homogenization and energy reduce lipid droplet size . . and probe-derived
. .. . processing temperature; aggregation; EE A [44]
ultrasonication and form lipid nanoparticles. . contamination should be
surfactant concentration .
considered.
Primary water-in-oil emulsion is Internal aqueous phase volume; s s s .
Double emulsion further emulsified into an external emulsification energy; EE (.)fhquphlhc drugs; Suitable for hydr9ph111c drugs; [41]
. particle size; PDI; drug process complexity and batch
method aqueous phase to encapsulate surfactant concentration; leakage variability may increase [44]
hydrophilic drugs. osmotic balance g ty may ’
ofu) 4 wre] Mgl T, Elthm] Polsh A8Y), FEAME  ABE B4 ok ke 240 whe) 3 A, pH 784,
A PP 1T 2], B B}, 24 g D okEalel 4 /1% 271 9 AAAGAH AR e 54 UehEe, 54
gl TS v)ATh mheb] MOFS] SHEAS A58 ¥asgh  MOF family®) 724 G740} ok 5431 27 729 434
Bl Aol /)8 Fuluct okR g A, AR el o] SHAOR ZErojof dhrhus-50,53]. AA SRl #A
T A B WE el U HheA S B Telalo] WAkeke A9 A 7)u A4 Aol § 4 glow, g w
Zlo] wigra sy, At S AEoeREols M T XA B AAIRAL vV s}
MOFS] oF&E AA A2 37 34 F & Z(post-synthetic Aetet JH o 2 HrhETH51,52,55]. Wb MOF 7|8E ok
adsorption), $d 5 ¥ *(in situ encapsulation) 2! A FLA} v]y| gA o] 2 AANAM = 7w 7], B 2], A A e gl Ay
23k(biomimetic mineralization)=. T-ZETHS51-53]. T4 F F2H> & 24 23014 9] P& oF= AA st AR 87t 7159
3 MOFE k= &-9llof] FA|ato] ok 7] -2 StA7l= 7ol Tt
WA 0%, A oFEe] Aol wiH 97 4§d 5 ek o]
735 oFEa 2lRbE Afo] o] AR, e AT e AR, 4714 4-2. MOF2| X}= 23 WED} #M 7|52
HEAG W A AEAE] O AT A WE Sl MOF®] 713 29 24-20kE A% 54.& ok A of
S FUHS1,54]. T4 T XA MOF 2% A g el oF= et E Alojellie 244 0 & Hojgitt. 53] U4 MOF:= pH,
= AARAE A A8 wleln], 7|E A7 Hek & Jd, ekl 24, A Bl 32 AR E A Al wkgate]
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MOF platforms combine tunable structure, diverse loading routes,
responsive realease, and biointerface engineeringfor drug delivery

Fig. 3. Integrated structural design and functional strategies of MOF-based drug delivery platforms. Schematic overview of MOF-based drug
delivery platforms showing (A) structural features including metal nodes, organicers, tunable pores, and drug-accessible cavities; (B)
drug loading strategies including post-synthetic adsorption, in situ encapsulation, and biomimetic mineralization; (C) stimuli-respon-
sive release triggered by pH, redox conditions, enzymes, or light; and (D) surface functionalization strategies including PEGylation,

ligand conjugation, and cell membrane coating.
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Table 3. Manufacturing, formulation, and industrial considerations of MOF-based drug delivery platforms

% et

Process or formulation

Main purpose Major CPPs Main CQAs Industrial considerations Ref.
strategy
_ Formation of crystalline Metal-t.o.-llgand r.atlo; solvent Crysta.l structure; particle size; High crystallinity can be aghleved; [49]
Solvothermal synthesis composition; reaction temperature; pore size; BET surface area;  solvent use, long reaction time, and
MOF frameworks L . " . L . [50]
reaction time; washing condition residual solvent batch variability require control.
. . Flow rate; residence time; mixing Particle size distribution; Suitable for scale-up and process
Continuous flow Reproducible and . L . .
. . efficiency; temperature; crystallinity; yield; batch-to-  control; reactor fouling and [60]
synthesis scalable MOF production . : .
precursor concentration batch consistency clogging should be managed.
Mechaqochemlcal . Solvent-minimized or Ml.lhng energy; screw speed; Crystallinity; phase purity: Redl.lces solvent use and supports [61]
synthesis and reactive ~ solvent-free MOF residence time; temperature; article size: production vield continuous production; process [62]
extrusion production solid feed ratio p P y heat and phase control are important.

. Introduction of functional Reaction time; functional group Surface chemistry; colloidal [mp roves Fafgetmg and blf)lpFerface
Post-synthetic roups or targetin; density; solvent condition; stability; drug loading; biological compatibility; reproducibility of - [58]
modification group! geting .ty, .. ? . ty,. e S g surface modification should be [59]

moieties washing condition interaction .
validated.
. Membrane-to-MOF ratio; Coating uniformity; particle ~ Enhances biological functionality;
. Immune evasion and . . . . . o [58]
Cell membrane coating homologous tareetin extrusion cycles; coating size; zeta potential; protein membrane source, batch variability, [59]
s geting condition; storage condition retention and sterility should be controlled.
. . . Feed concentration; inlet Aerodynamic diameter; Us.eful for pulmonary delivery and
Spray drying and dry ~ Production of inhalable o . o - solid dosage forms; thermal stress  [66]
. . .~ temperature; atomization rate;  redispersibility; crystallinity; . .
powder formulation or solid MOF formulations , . and particle aggregation should be [67]
drying gas flow drug release
evaluated.
Tableting and Oral solid dosage Bmdf:r. co.ntent; gran.ulatmn _ Tablet hardness; disintegration; Enables solid dosage deyelop ment; [63]
ranulation formulation condition; compression force; pore preservation; drug release framework collapse during [64]
& moisture content ’ compression should be prevented. [65]
. . - Suitable for sustained local
Hydrogel or scaffold ~ Local delivery and Sg:;ﬁﬁi?:nzzﬁgiﬁg)r?’wl OF l\/rlggl;:}];zlczt;b?t%’ilriel'.s?(s)ecal delivery; sterilization and [68]
integration tissue regeneration & ’ p > P ; reproducible MOF dispersion are

loading; gelation time

retention :
required.
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(A) Structural features of OMVs
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Fig. 4. Structural features, cargo loading strategies, and cellular delivery pathways of OMV-based drug delivery platforms.
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(B) Cargo loading strategies
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Schematic over-

view of OMV-based drug delivery platforms showing (A) structural components including outer membrane proteins, phospholipids,
LPS, periplasmic cargo, nucleic acids, and metabolites; (B) endogenous and exogenous cargo loading strategies; (C) cellular delivery
pathways and immune activation through membrane fusion, endocytosis, receptor-mediated uptake, and PRR recognition; and (D)
bioprocess and quality-control workflow including fermentation, OMV harvest, TFF concentration, SEC purification, endotoxin con-

trol, and quality testing.
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Table 4. Manufacturing, loading, purification, and quality-control strategies of OMV-based drug delivery platforms.

Process or strategy Main purpose

Major CPPs

Main CQAs Industrial considerations ~ Ref.

Strain type; medium

Bacterial fermentation  Production of native OMVs

composition; culture

[70]

OMYV yield; particle size; [71]

protein profile; LPS level;

Upstream culture conditions
should be standardized to reduce

for OMV production from Gram-negative bacteria  temperature; dlssglved sterility batch-to-batch variation. [72]
oxygen; harvest time [84]
. . . Increased OMV yield through Mutation target; expression ~OMYV yield; membrane Higher yl?ld can umprove [72]
Hypervesiculating strain . Lo . . productivity; changes in
L genetic or physiological level; growth phase; stress  composition; virulence- .. [84]
engineering . e . OMYV composition and safety
modulation condition associated components . . [85]
require evaluation.
Incorporation of therapeutic Genetic fusion design; Cargo expression; loading Stab!e cargo Incorporation 1s [74]
Endogenous cargo . . . ) . . ] . . possible; genetic design and
loading proteins or peptides during promoter strength; anchoring efficiency; surface display; biological variability should [75]
OMYV biogenesis protein; host strain OMV integrity [76]

be controlled.

Exogenous cargo loading Loading of lipophilic drugs

by co-incubation after OMV purification ”
condition

Drug-to-OMYV ratio; incubation
time; temperature; solvent

Drug loading; membrane
integrity; particle size; release
profile

Simple process for lipophilic cargo; [77]
limited efficiency for hydrophilic [78]
or macromolecular cargo.

Exogenous loading by ~ Loading of hydrophilic drugs,
electroporation or nucleic acids, or
extrusion macromolecules

Voltage; pulse number; buffer
condition; extrusion cycles;
membrane recovery

[73]

Cargo loading; membrane Applicable to macromolecular [79]

damage; particle aggregation; cargo; membrane disruption  [80]
residual free cargo and aggregation require control.  [77]
(78]

Concentration and buffer

Tangential flow filtration exchange of OMV

(TFF)

Membrane cutoff;
transmembrane pressure;

Recovery yield; particle size;
impurity removal; endotoxin

Scalable purification platform;
membrane fouling and product [86]

suspensions flow rate; diafiltration volume level loss should be monitored.
. . Separation of OMVs from Column matrix; flow rate; ~ Purity; particle recovery; Mild purification method;
Size-exclusion . . . . - [87]
soluble proteins and small sample loading volume; protein contamination; low throughput can limit
chromatography (SEC) . o . TR S [86]
impurities fraction range size distribution large-scale application.
. Lo . LPS control is essential for ~ [82]
Endotoxin attenuation ~ Reduction and evaluation of Strain engineering; detergent LPS level, clinical translation; potency [83]

and safety testing LPS-mediated reactogenicity

treatment; purification
condition; assay condition

immunostimulatory activity;

cytokine response; potency and safety should be evaluated [88]

together. [90]
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Table 5. Comparative industrialization profile of NLC, MOF, and OMYV drug delivery platforms

Evaluation criterion NLC

MOF oMV

Main structural basis ~ Solid-liquid lipid matrix

Metal nodes and organicers

Gram-negative bacterial outer membrane
vesicle

Major drug loading

Lipid matrix incorporation
route

Pore adsorption, in situ encapsulation,
biomimetic mineralization

Endogenous and exogenous cargo loading

Lipid diffusion, matrix relaxation, and

Relea: ntrol I ..
clease contro lipid composition control

pH, redox, enzyme, light, and
framework degradation

Membrane fusion, endocytosis, and
intracellular cargo release

Lipid crystallinity, particle aggregation,

Formulation stability and drug leakage

Framework stability, metal ion release,
residual solvent, and particle aggregation

Membrane integrity, LPS level, biological
composition, and cargo stability

HPH, solvent emulsification, solvent

Scalable manufacturing . . . .
injection, drying processes

Solvothermal synthesis, continuous flow
synthesis, reactive extrusion, spray drying

Bacterial fermentation, TFF, SEC,
endotoxin attenuation

Lipid ratio, surfactant concentration,

Metal-to-ligand ratio, solvent composition,

Strain type, medium composition, dissolved

Major CPPs hom.ogenization pressure, temperature, reactipp temperature, residence time, drying oxygen, harvest time, purification condition
cooling rate condition
Main CQAs Particle size, PDI, EE, DL, zeta potential, Crystallinity, pore size, particle size, residual Particle size, protein profile, LPS level,

release profile

solvent, metal leaching, release profile

cargo loading, sterility, potency

Industrial readiness Relatively high Intermediate Emerging
Key industrial Long-term stability and batch Physiological stability and safety Endotoxin control and biological batch
consideration reproducibility validation variability
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