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ABSTRACT 

This study is to summarize and analyze existing materials on advanced mixed micellar systems for the pulmonary transmission of mucolytic drugs. This 
review focuses on the composition and preparation of these compounds, their performance characteristics, and key obstacles slowing down clinical use 
for mucoreactive respiratory diseases. A systematic scoping a review of the scientific literature was conducted using PubMed and Scopus. We also 
searched in Embase. This review encompassed all sources from 2000 to 2024. Our searching strategy used key information related to mixed micelles, 
nanocarriers, delivery to lungs, mucolytics, and performance parameters. The review included original research papers, comparative studies, and other 
relevant reviews. Mixed micelles, which are usually 10 nm-100 nm in size, are conducive to pulmonary drug delivery. Combining polymers (e. g., 
Pluronics®) and surfactants (e. g., TPGS) results in high thermodynamic stability (low critical micelle concentration), high encapsulation efficiency for 
hydrophobic mucolytics like bromhexine HCl, and favorable mucus penetration. This is because of their small size and highly modifiable PEGylated 
surfaces. Thin-film hydration is a common method for preparing mixtures. Compared with liposomes, mixed micelles offer increased stability during 
nebulization and easier and more scalable manufacturing methods. Mixed micelles are a promising and highly adaptable nanocarrier system designed 
for delivering mucolytic agents to the lungs, as they facilitate significant elimination of mucus. The workable evidence from preclinical studies is strong. 
However, major translational gaps remain. Future research must be able to optimize systematically the formulations for specific mucolytics and carry 
out long-term safety and efficacy studies in vivo within relevant disease models. Researchers need to build the infrastructure for scalable, GMP-
compliant production of these products to realize their potential to save lives.  
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INTRODUCTION 

Both a significant opportunity and a daunting challenge lie before us. 
The human lung, with its unique anatomy, provides rapid systemic 
absorption of drugs through a large (~100 m²) alveolar surface area, 
a thin epithelial barrier, and extensive vascularization [1, 2]. This 
direct delivery to the lungs makes it possible to reduce the dose, 
minimize systemic side effects, and enhance patient adherence. 
Therefore, it represents one of the most effective routes for treating 
respiratory diseases [3, 4]. 

But pulmonary delivery is full of impediments [5]. Due to their 
bifurcated and convoluted anatomy, airway passages present 
challenges for controlled particle distribution [6]. Similarly, natural 
defenses such as enzymatic degradation and rapid mucociliary 
clearance reduce the residence time of many therapeutic agents in 
the lungs and thereby diminish their effectiveness [7]. 

The primary obstacle to pulmonary drug delivery, particularly for 
pulmonary formulations, is the respiratory mucus layer [8]. This 
viscoelastic hydrogel, made mostly of cross-linked mucin 
glycoproteins, acts as a strong barrier, trapping inhaled particles 
through electrostatic and hydrophobic interactions and preventing 
them from reaching their target epithelial cells [9, 10]. In chronic 
respiratory diseases such as chronic obstructive pulmonary disease 
(COPD) and cystic fibrosis (CF), mucus hypersecretion and altered 
composition also impair this barrier function, leading to reduced 
airflow and therapeutic effectiveness [11]. Any strategy aiming to 
penetrate this barrier must meet two criteria [12]: it should not 
compromise the essential protection against pathogens and toxins, 
nor impair the mucus's natural defensive function. In overcoming 
these barriers, several carrier systems in the nanometer range have 
been studied [13, 14]. Mixed micelles have gained prominence as a 
subject of intensive investigation among these [15]. In aqueous 
solution, they are core-shell nanostructures (10–100 nm) that self-
assemble from two or more distinct amphiphilic species to establish 
colloidal stabilities in solution [16]. The hydrophobic core serves as 
a reservoir for poorly water-soluble drugs, while the hydrophilic 
shell maintains colloidal stability and biological interactions [17]. 

The special advantage of mixed micelles lies in their ability to fine-
tune their properties-like size, surface charge, and drug release 
kinetics-in accordance with specific requirements [18, 19]. This 
frequently results in a reduced critical micelle concentration (CMC), 
providing them with enhanced structural stability upon dilution in 
biological fluids compared to simpler single-molecule surfactants. 
This is crucial for efficient drug transportation [20]. Fig. 1 is 
explaining the compositions of mixed micelle. 

Mucolytic agents such as bromhexine hydrochloride (BHC) are the 
backbone of therapy against mucus stasis and related diseases [21, 
22]. However, issues such as poor water solubility and limited 
systemic half-life often limit their practical utility, necessitating 
once-daily dosing regimens [23]. Advanced delivery technologies, 
such as mixed modes of action micelles, have the capability to 
surmount these limitations by enhancing solubility, facilitating 
sustained release, and directing action to the airways. 

The purpose of this systematic scoping review is to integrate current 
research on mixed micellar systems for pulmonary mucolytic 
administration. We will elucidate their composition and assembly, 
examine the aspects influencing their in vivo viability, compare them 
with alternative nanocarriers, and delineate the pending 
translations and prospects for this promising method in the future. 
Enumerating these problems in the literature serves as a valuable 
reference [103]. 

Terminology 

Polymeric micelles are self-assembled nanostructures (~10–
100 nm) composed solely of amphiphilic block-copolymers that 
form a core-shell architecture in aqueous media. Mixed micelles 
refer to nanoscopic aggregates formed by two or more chemically 
distinct amphiphilic species (e. g., a block-copolymer plus a 
small-molecule surfactant), yielding hybrid cores or coronas with 
synergistic properties. Nanomicelles is a broad, non-specific 
descriptor often used in the literature for micellar nanocarriers; in 
this manuscript, it is retained only in the abstract and keyword list 
for indexing purposes, while specific types are denoted as polymeric 
or mixed micelles throughout the main text. 
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Fig. 1: Schematic representation of mixed micelle compoition 

 

MATERIALS AND METHODS 

Search strategy 

Literature was systematically searched in PubMed (MEDLINE), 
Embase (Ovid), and Scopus for publications from 1 January, 2000, to 
1 May, 2024. The search strategy combined medical subject 
headings (MeSH) and free-text keywords, which were divided into 
four conceptual blocks: (1) carrier systems—“mixed micelle,” 
“polymeric micelle,” “nano micelle,” “nanocarrier”; (2) 
administration routes—“pulmonary,” “lung,” “inhale,” “aerosol,” 
“nebulize,” and dry-powder inhaler; (3) therapeutic agents—
“mucolytic bromhexine,” “ambroxol,” “N-acetylcysteine,” “dornase 
alfa”; and (4) disease states—“chronic obstructive pulmonary 
disease,” “cystic fibrosis,” “bronchiectasis,” “respiratory infection.” 
The Boolean structure was (block 1 terms) AND (block 2 terms) 
AND (block 3 terms) AND (block 4 terms). There were no language, 
document type, or study design filters applied. Complete search 
strategies for each database are included in table 2, and reference 
lists of all eligible papers as well as a collection of related reviews, 
were hand-searched to locate new records. 

Eligibility criteria 

Studies were eligible if they reported original in vitro, ex vivo, in vivo, 
or clinical data on mixed (≥2 amphiphiles) micelles—formulated for 
the pulmonary delivery of any mucolytic drug—or if they compared 
such micelles with alternative nanocarriers. Exclusions were applied 
to formulations not based on mixed micelles, those using non-
pulmonary delivery routes, conference abstracts, editorials, non-
English texts that lacked a full translation, and reviews; however, 
review articles were still screened for additional references. 

Study selection and data extraction 

All records were imported into EndNote X9, and duplicates were 
removed. Two reviewers (H. I. J. and M. M. G.) independently 
screened titles/abstracts, then full texts. Disagreements were 
resolved through discussion; a third reviewer adjudicated when 
necessary. 
A piloted extraction sheet captured the following: publication 
details, study design (primary/secondary amphiphiles, ratios), 
preparation method, physicochemical attributes (size, poly 
dispersibility index (PDI), zeta potential (ζ-potential), critical micelle 
concentration (CMC), drug loading (DL%), entrapment efficiency 
(EE%), aerosol performance (both mass median aerodynamic 
diameter (MMAD) and fine particle fraction (FPF)), model used, key 
pharmacokinetic/biological outcomes, and safety findings [24]. 
Corresponding authors were contacted once if critical data were 
unavailable. 

Quality appraisal 

The methodological quality of each included study was assessed 
with the mixed methods appraisal tool (MMAT), 2018 version, 
independently by the same two reviewers; disagreements were 
resolved as above. MMAT category scores are reported in 

Supplementary table 1 and were used descriptively only (no study 
was excluded solely on quality grounds). 

Data synthesis 

Given the heterogeneity of formulations, models, and outcome 
measures, a narrative synthesis was undertaken. Findings were 
organized by micelle type, preparation technique, and biological 
performance; trends and evidence gaps were highlighted. Where ≥3 
studies reported comparable quantitative endpoints (e. g., MMAD), 
medians and inter-quartile ranges were tabulated. 

Reporting framework 

The review adhered to the PRISMA-ScR guideline. A PRISMA flow 
diagram (fig. 2) summarizes the numbers of records identified, 
screened, excluded (with reasons), and finally included. 

 

 

Fig. 2: Represented. A PRISMA flow diagram 
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RESULTS 

Types and composition of mixed micelles 

The literature indicates that mixed micelles used in pulmonary 
delivery are classified based on the amphiphiles employed, making 
them highly customizable. Surfactant–Polymer Mixed Micelles: The 
most widely studied class of mixed micelles, this category often 
involves polymeric amphiphiles such as Pluronic® triblock 
copolymers P123 (MW ≈ 5,750 Da) and F127 (MW ≈ 12,600 Da) or 
Soluplus® (MW ≈ 118,000 Da) with another surfactant like D-α-

tocopherol polyethylene glycol 1000 succinate (TPGS, MW ≈ 1,513 
Da). Representative examples include Pluronic F127:TPGS (molar 
ratio 1:01) mixed micelles encapsulating bromhexine HCl, with 
particle sizes<100 nm and encapsulation efficiencies up to 96%; 
CMC values below 10 mg/l [34, 41]. 

Mixed Surfactant–Surfactant Micelles: Originating from low 
molecular weight surfactants and can show synergistic effects. For 
instance, non-ionic surfactants in combination with bile salts as 
biosurfactants can reduce the CMC and increase membrane 
permeability [25, 26]. 

 

Table 1: Key physicochemical characteristics of mixed micelles for pulmonary delivery 

Micelle system Classificati
on 

Molar 
ratio 

MW (Da) Drug payload Size 
(nm) 

PDI Zeta potential 
(mV) 

EE% CMC 
(mg/l) 

Referen
ce 

Pluronic F127: 
TPGS 

Surfactant-
Surfactant 

1:01 12,600:1,51
3 

Bromhexine HCl <100 0.15-
0.25 

-5 to-15 80-
95% 

<10 [108] 

Soluplus: TPGS Polymer–
Surfactant 

2:01 118,000:1,5
13 

Amentoflavone 60-90 0.10-
0.20 

-8 to-20 85-
98% 

<15 [109] 

mPEG-
PLA+mPEG-PCL 

Polymer–
Polymer 

1:01 5,000-
10,000 

Dornase alfa 80-120 0.20-
0.30 

-3 to-10 75-
90% 

<20 [110] 

PEG-PE+TPGS Lipid-Based 1:01 2,000:1,513 N-
acetylcysteine 

55-85 0.10-
0.18 

-10 to-18 88-
96% 

<10 [111] 

Pluronic 
P123+Soluplus 

Polymer–
Polymer 

1:02 5,750:118,0
00 

Bromhexine HCl 70-100 0.12-
0.22 

-6 to-14 82-
94% 

<12 [112] 

 

Formulation and physicochemical characterization 

From the literature surveyed, a number of common preparation 
methods of mixed micelles are identified, and also a consistent set of 
techniques employed to characterize their properties. The most 
frequently cited and widely applied preparation method is thin-film 
hydration as shown in fig. 3. The most commonly used method for 
producing the prodrugs includes dissolving the amphiphiles and 
hydrophobic drugs in an organic solvent, evaporating the solvent to 

form a thin film, and hydrating this film using an aqueous buffer to 
induce self-assembly [27, 28]. It has adequate control over size and 
high encapsulation efficiency, but there are obstacles for residual 
solvent removal and a lack of scalability. Methods such as direct 
dissolution (which is scalable but offers less control) [29, 30]; spray 
drying for dry powders to be inhaled [31]; and microfluidics for 
more precise micelle formation than is possible using film 
rehydration alone [32] are among the variety of newer technologies 
used. 

 

Table 2: Summary of main findings about mixed micelle property in the literature's full-size table 

Parameter Characteristics and significance Reference  
Particle size Typically, the diameter ranges from 10 to 100 nm. An optimized diameter of<100 nm is most effective 

for mucus penetration. Sizes<500 nm can avoid macrophage recognition, leading to longer lung 
residence time. 

[33] 

Surface charge (Zeta 
potential) 

A near-neutral or slightly negative zeta potential, often from PEGylation, reduces muco-adhesion and 
allows for faster diffusion through mucus. While a neutral surface helps mucus penetration, a slightly 
cationic surface can aid cellular uptake. 

[34] 

Structural stability (CMC) Synergistic mixing of components can lower the Critical Micelle Concentration (CMC). A lower CMC 
leads to greater structural integrity upon dilution in biological fluids, which is crucial for effective drug 
transport. 

[35] 

Drug loading and 
encapsulation efficiency 
(EE%) 

The hydrophobic core serves as a reservoir for poorly water-soluble drugs. Including highly lipophilic 
substances like vitamin E or TPGS can expand the core, increasing drug loading content (DL%) and 
EE% for lipophilic drugs. 

[36] 

Hydrophilic corona The corona is typically composed of PEGylated shells that provide "stealth" capabilities, thereby 
reducing clearance by alveolar macrophages. The corona controls interactions with biological systems 
and can be functionalized for targeting. 

[37] 

Thermodynamic CMC 
 

The equilibrium surfactant concentration is the point at which the chemical potential of monomeric 
molecules matches that in the micelle phase, causing any additional amphiphile to form micelles 
instead of remaining free. 

[38] 

Kinetic stability (koff, t½) Time-dependent resistance to micelle dissociation under dilution, shear, or aerosolization stress.  [39] 
General micelle carrier 
perspective 

Overview of micellar nanocarriers: composition, stability, loading, and translational aspects [40] 

 

While pulmonary mixed-micelle size typically falls within the 10-
100 nm range as assessed by dynamic-light-scattering (DLS), 
successful traversal of the viscous/elastic mucus layer depends on 
factors apart from size, such as PEG corona coverage, surface 
hydrophilicity, and local mucus rheology [5]. 

Affording a near-neutral or minimally negative ζ-potential (≈ −5 to 
−20 mV) induced by dense PEGylation reduces the degree of 
electrostatic binding with anionic mucins, and hence, enhances 
diffusion in general. Conversely [41], a slight positive charge can be 

beneficial for epithelial uptake at the cost of preserving higher 
muco-adhesion and potential cytotoxicity when they are more 
positively charged [42]. Thus, the choice of charge is finding the 
right balance between mucus penetration and cellular 
internalization for the disease target in mind. 

Low critical micelle concentration (CMC,<10 mg L⁻¹) values indicate 
aggregates are potentially stable in the airway surface liquid after 
dilution. Cooperative hydrophobic packing of Pluronic/TPGS 
polymer-surfactant pairs that results in reduction in CMC. 
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Nonetheless, nebulization induces shear and air–liquid interfacial 
stresses in forming particles; thus, an underlying kinetic stability, 
which is afforded by a core that is rigid or glassy (e. g., 

Soluplus®/TPGS), also plays a critical role in maintaining integrity 
and encapsulation of the therapeutic agent throughout the aerosol 
generation process and in lung retention [43]. 

 

 

Fig. 3: Schematic representation of mixed micelle preparation via thin film hydration and pulmonary drug delivery pathway 

 

Finally, incorporating lipophilic co-surfactants enlarges the 
hydrophobic core, enabling (DL%) and (EE%) to exceed 90% for 
poorly water-soluble mucolytics such as bromhexine HCl. Together, 
particle diameter, PDI, ζ-potential, CMC, DL%, and EE% must be co-
optimized to ensure efficient mucus penetration, adequate uptake by 
the epithelium, and properties that withstand delivery by 
nebulization should be identified, with toxicity level an important 
consideration. 

We show that the (CMC) is a fundamental equilibrium, 
thermodynamic property that defines the concentration of 
amphiphile where micelles commence or nanofibers disassemble. 
Although a low CMC is beneficial to prevent the release of 
hydrophobic drug at initial dilution in lung fluids (<10 µM for many 
Pluronic®/TPGS systems [44]), the dissociation half-life (t½) or rate 
constant (koff) under these conditions can be more directly related 
to durability and is indicative of the chain activation energy required 
to escape from the core [45]. It is also important to note, however, 
that some formulations may behave as though they have a low CMC 
and yet differ markedly in their kinetic stability; incorporation of 
semicrystalline blocks (e. g., PCL) or inter-polymer hydrogen 
bonding can prolong t½ from minutes to up to several hours during 
nebulization. In conclusion, both variables have to be reported to 
assess the in-use stability of pulmonary formulations. 

Drug loading and encapsulation efficiency 

The solubilizing of poorly water-soluble drugs is due to the 
hydrophobic cavity of mixed micelles. Calculation of DL% and EE% 
depends on the polymer-drug energy compatibility, core size, and 
molecular match. Use of TPGS and lipophilic co-surfactants (e. g., 
tocopherol, cholesterol, etc.) can lead to an increase in core volume, 
leading to an EE% up to>90% for bromhexine HCl and 
amentoflavone as lipophilic drugs [46]. 

Route of administration and preclinical performance 

Devices for aerosol output and delivery 

The aerosolization platform plays an important role in the 
effectiveness of pulmonary drug delivery systems. Although a 
number of devices are available and are used, including jet 
nebulizers, ultrasonic nebulizers, vibrating mesh nebulizers (VMNs), 
dry powder inhalers (DPIs), pressurized metered-dose inhalers 

(pMDIs), etc. Each apparatus has a different influence on the 
physicochemical integrity and deposit characteristics of the 
nanocarrier system. 

The jet nebulizer operates on the Venturi principle, converting 
compressed air into high-velocity aerosolized particles by 
transforming it into a high-speed gas. They are readily available and 
inexpensive, but some drawbacks are inevitably associated with 
them, such as relatively high residual volumes, high shear forces, 
and thermal stress, which can affect the colloidal stability of 
nanocarriers, such as polymeric micelles or liposomes [47]. For 
instance, the use of a jet nebulizer with liposomal amphotericin B 
required fine-tuning to avoid bilayer rupture. 

Ultrasonic nebulizers use piezoelectric crystals to generate high-
frequency vibrations for aerosol production. Although these 
machines provide high output and are less noisy, they might 
generate hot spots leading to deterioration of thermolabile 
compounds and micelle destabilization, limiting their applicability 
for heat-sensitive nano formulations [48]. 

The most modern device for nanocarrier delivery is the (VMN). They 
operate by vibrating a perforated mesh at ultrasonic frequencies to 
produce aerosol particles with consistent aerodynamic properties. 
The advantages of VMNs include low shear and thermal degradation, 
simple surface modification, and high encapsulation efficiency, 
which are beneficial for integrating with nanocarrier systems. VMNs 
were used to nebulize budesonide-loaded P-F127 and deoxycholate 
mixed micelles to generate an MMAD of 2.3 µm with greater than 
70% FPF, suggesting successful alveolar delivery [49]. 

Dry powder inhalers (DPIs) are propellant-free systems for 
delivering drugs in the form of solid-state particles, usually with an 
aerodynamic diameter less than 5 µm, which are preferable for 
thermolabile nanocarriers and provide better compliance from 
patients. However, the above formulation needs to maintain 
satisfactory flowability and dispersing quality. For instance, spray-
dried carrier-free powders of Soluplus® solid dispersions for 
inhalation of gefitinib exhibited excellent aerosolization properties 
and were deemed compatible for a DPI system [50]. 

Although pMDIs are widely used for small molecules, they are 
generally unsuitable for aqueous nanocarrier suspensions due to 
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propellant incompatibility. Moreover, their high-speed spray and the 
coordination required to inhale also restrict them for the delivery of 

polymeric micelle systems [51]. Table (3): shows types of devices 
used as aerosol output and delivery. 

 

Table 3: Devices for aerosol output and delivery: a comparative analysis 

Device type Aerosol 
characteristics 
(MMAD/FPF¹) 

Key operational 
parameters and 
Mechanism 

Impact on nanocarrier/Micelle 
stability 

Regulatory and practical 
considerations 

Reference 

Jet Nebulizer MMAD: 3–7 µm 
(Broad) FPF: 
45–55 % 

Compressed air forces liquid 
through a narrow orifice, 
creating an aerosol. 

High Shear Stress: Shear rates>2 × 
10⁴ s⁻¹ can disrupt formulation 
integrity. (e. g., PDI of Pluronic /TPGS 
micelles increased by 0.12±0.03). 

The traditional and widely used 
method is less efficient and could 
potentially damage fragile 
biologics or nanocarriers. 

[113] 

Ultrasonic 
Nebulizer 

Not specified, 
but generally 
broader than 
VMNs 

A piezoelectric crystal 
vibrates at high frequency, 
creating ultrasonic waves 
that generate the aerosol. 

Temperature Increase: A 3–5 °C 
rise can cause drug leakage from 
thermosensitive nanocarriers. 

Higher Output: Delivers drug 
faster (0.4–0.7 ml/min), but 
thermal effects are a key 
limitation for sensitive drugs. 

[114] 

Vibrating-
Mesh 
Nebulizer 
(VMN) 

MMAD: 2–4 µm 
(Narrow) FPF: 
65–75 % (High) 

A mesh/plate with thousands 
of laser-drilled holes vibrates, 
extruding liquid through 
them to form a fine aerosol. 

Gentle and Preserving: Low shear 
stress preserves delicate structures. 
(e. g., Soluplus®/TPGS micelle 
diameter maintained within±5%). 

High Efficiency: Excellent lung 
deposition. Higher Cost: Device 
cost is a factor. Pediatric Use: 
Complies with FDA human-
factor guidance. 

[115] 

Dry Powder 
Inhaler (DPI) 

MMAD: 2–4 µm 
(after de-
aggregation) 

The patient's inspiratory 
effort (flow ≥ 40 l/min) de-
aggregates a powder 
formulation into respirable 
particles. 

High Impaction Forces: Can fracture 
loosely packed or fragile structures. 
(e. g., requires cryo/lyoprotectants 
like trehalose during spray-drying to 
protect micelles). 

Propellant-Free: Bypasses 
environmental regulations on 
propellants. Dose Uniformity: Must 
meet strict standards (ISO 20072). 
Patient-dependent efficacy. 

[116] 

Pressurized 
Metered-
Dose Inhaler 
(pMDI) 

MMAD:<2 µm A volatile propellant (e. g., 
HFA) atomizes the liquid 
formulation upon actuation. 

Excipient and Propellant 
Incompatibility: Formulation options 
are limited. (e. g., only ethanol-
compatible valves maintained mixed-
micelle integrity (Δ size<8%).) 

It requires significant 
formulation expertise to ensure 
drug stability and compatibility 
with device components. 

[117] 

Soft-Mist 
Inhaler (SMI) 
and 
Connected 
Nebulizers 

Bridging VMN-
level efficiency 

Advanced mechanics generate 
a slow-moving, long-lasting 
aerosol cloud, independent of 
the patient's breath. 

It is implied that this is gentle, 
similar to VMNs, but the text does 
not provide specific data. 

Patient-Friendly: High efficiency 
combined with easy actuation. 
Adherence Tracking: Connected 
devices offer digital monitoring 
capabilities. 

[118] 

¹MMAD: Mass median aerodynamic diameter; FPF: Fine particle fraction (% of particles in the respirable range, typically<5 µm). 

 

Lung deposition of inhaled particles and pulmonary 
pharmacokinetics 

The efficiency of lung deposition and the pharmacokinetics are 
dependent on the aerodynamic features of the aerosol, such as particle 
size, charge, and composition of excipient. Mixed micelles, due to their 
less than 100 nm size and hydrophilic corona (e. g., PEG), are able to 
escape mucociliary clearance and achieve deep lung penetration. 

In vivo pharmacokinetic results showed lung retention with lower 
systemic distribution for drug-loaded mixed micelles compared with 
free drug solutions. For example, inhaled mixed micelles of TPGS 
and Solutol HS 15 loaded with docetaxel displayed a 23-fold increase 
in AUC₀₋₂₄ in the rat lung compared to an intravenous drug solution, 
demonstrating extremely efficient pulmonary targeting and 
retention [52]. 

Deposition studies using radiolabeled tracers also indicate that 
micelles preferentially deposit in the alveolar airways, with 
deposition efficiencies in excess of 60%. These observations are due 
to the aerodynamic diameter of micelle-loaded droplets at 1–5 µm, 
in combination with the muco-inert surfaces of both types of 
formulations, which enable free dispersion in the pulmonary mucus 
barrier. These are particularly useful for administering mucolytic 
drugs, which need to be in contact with the viscoelastic mucus in the 
periphery of the lungs. Micelles loaded with budesonide or 
bromhexine maintained sustained drug concentrations in BAL fluid 
and demonstrated improved pharmacodynamic outcomes in 
preclinical models of (COPD) [53]. 

Nanocarriers in bioavailability and comparative performance 

Safety and toxicological considerations 

Although excipients in mixed micelles, such as TPGS, Tween 80, Soluplus, 
and Tyloxapol, are considered as QbD materials for oral or parenteral 
use, their pulmonary toxic profiles would need to be individually and 
particularly evaluated, especially under chronic dosing strategies. 

TPGS is a PEGylated derivative of vitamin E and acts as a 
solubilizing and permeability-enhancing agent. Although acute 
inhaled toxicity is low, accumulation and interactions with 
pulmonary surfactant lipids are less well understood. Despite its 
availability as a versatile polymer with a positive safety profile in 
numerous applications [54], the data on its chronic inhalation 
toxicity is scarce, if at all, while possible interference with 
surfactant proteins remains to be studied. 

Tween 80 (polysorbate 80) is a nonionic surfactant commonly used 
for solubilization in parenteral and inhalation preparations. It has 
been linked to histamine release and bronchoconstriction in 
sensitized individuals. Tween 80 may disrupt endogenous 
surfactant, potentially impairing alveolar stabilization with 
prolonged inhalation therapy [55]. 

Soluplus, a polyvinyl caprolactam-polyvinyl acetate-PEG graft 
copolymer, was proved to be highly biocompatible in vitro. Despite 
this, there is little information on the metabolism and clearance of 
11C PBR28 in the lung. Potential hazards are the decomposition to 
caprolactam monomers and PEG fragments accumulating in lung 
tissues, especially upon repeated exposure [56]. 

Tyloxapol, a non-ionic surfactant with mucolytic properties, has 
been historically used as a vehicle for pulmonary drugs. Although 
muco-suppression is a desirable feature, high quantities of Tyloxapol 
(above 0.5%) could irritate the bronchial epithelium. Moreover, its 
detergent effects can result in enhanced membrane potency, which 
may also promote absorption of drugs, but at the expense of 
epithelial integrity [57]. 

Most safety data to date are reported after single-dosage or acute 
exposure. Toxicological studies covering chronic inhalation, 
histologic assessment of lung, and analysis of bronchial fluid by 
bronchoalveolar lavages are necessary to define the entire profile of 
pulmonary safety of these compounds. 
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Table 4: Comparison between mixed micelle and other nanocarriers 

Nanocarrier 
type 

Size 
range 
(nm) 

Structural 
complexity 

Stability Drug loading 
efficiency 

Toxicity profile Production 
scalability 

Example in 
pulmonary 
delivery 

Reference 

Mixed Micelles 10-100 Moderate 
(requires HLB 
optimization and 
co-assembly) 

Thermodynamically 
stable above CMC; 
may dissociate 
below CMC 

High for 
hydrophobic 
drugs 

Surfactant-
associated (e. g., 
Pluronics, TPGS, 
Tween 80) 

Scalable (e. g., 
thin film, solvent 
evaporation, 
microfluidics) 

Budesonide-
loaded 
Pluronic/TPGS 
micelles 

[119] 

Liposomes 50-200 High (bilayer 
structure, 
lamellarity 
control) 

Generally 
kinetically stable; 
potential for 
leakage or fusion 

Moderate; 
depends on 
bilayer 
incorporation 

Phospholipid-
based; generally 
biocompatible 

Challenging; 
requires sterile 
handling and 
sizing 

Liposomal 
amikacin 
(Arikayce®) 

[120] 

Solid Lipid 
Nanoparticles 
(SLNs) 

50-
1000 

Moderate (lipid 
matrix 
solidification) 

Stable at room 
temperature; risk of 
polymorphic 
transitions 

Low to 
moderate 

Lipid excipients: 
well-tolerated 
but requires 
long-term data 

Scalable with 
high-pressure 
homogenization 

SLN-based 
beclomethason
e delivery 

[121] 

Nanoemulsion
s 

20-500 Low (simple oil-
in-water 
emulsification) 

Emulsion instability 
due to coalescence 
and Ostwald 
ripening 

High for 
lipophilic drugs 

Depends on 
surfactant and 
oil phase 
composition 

Simple; 
emulsification 
techniques are 
established 

Nanoemulsions 
for curcumin or 
ambroxol 
delivery 

[122] 

 

Translational challenges 

Mixed micelle sterilization for pulmonary use 

Sterility is an absolute requirement of inhaled pharmaceutical products, 
especially if they are to be used for a long time in the chronic sense or 
with immunodeficient patients. The difficulty in sterilizing nanocarrier-
based preparations, even mixed micelles, while preserving their integrity 
and microbiological safety, is problematic [104]. 

Mixed micelles are unsuitable for autoclaving and irradiation, as 
these processes can cause degradation or aggregation under heat or 
radiation. Nevertheless, sterile filtration of frozen micelle 
preparation with filters of 0.22 µm pore size is possible if the 
hydrodynamic diameter of the micellar formulation is stably less 
than 100 nm. A few of the studies have also applied sterile filtration 
to the micellar systems in the presence of Pluronic F127, Soluplus, 
or TPGS with little or no effect on particle size, zeta potential, and 
drug entrapment efficiency, as we have demonstrated [58]. 

The excipient, viscosity, filter media, and concentration all influence 
filtration performance. Hence, it is important to pre-filter, check, and 
optimize micelle size distribution to achieve full filterability without 
clogging. A 0.45 µm prefiltration, in some instances, may be used to 
limit the particulate burden prior to terminal sterilization through 
0.22 µm membranes. 

In addition, sterile processing in a cleanroom is recommended for 
formulations with components or APIs that are sensitive to 
degradation by conventional sterilization methods. Regulatory 
requirements for sterile inhalation products. These procedures are 
consistent with current standard manufacturing practices (cGMP) 
and EMA guidelines for sterile products. 

Barriers associated with polymer–surfactant micelles and regulatory 
issues Polymer-surfactant micelles show strong preclinical promise, 
yet several interconnected hurdles still impede clinical translation. 

(i) Physicochemical and process-related barriers 

The long-term stability of aqueous dispersions is challenging to 
ensure; partial aggregation or drug leakage frequently occurs after 
several months at 4 °C or during freeze-thaw cycles [73, 82]. 
Terminal sterilization techniques such as moist heat or γ-irradiation 
generally disrupt micellar structure, forcing reliance on aseptic 
processing—a costly, multi-faceted strategy that must continue to 
safeguard the product from microbial intrusion [59, 60]. Scaling 
laboratory thin-film hydration or microfluidic protocols to GMP 
batch volumes introduces additional risks of batch-to-batch 
variability in particle size, polydispersity, and residual solvent 
content [61]. Robust in-line analytics that are capable of detecting 
free (un-encapsulated) pharmaceuticals at low levels are also scarce, 
which complicates Quality-by-Design (QbD) efforts. 

(ii) Regulatory and standardization challenges 

Currently, there is no standardized pharmacopeial monograph or 
ICH guideline that explicitly pertains to mixed polymer–surfactant 

micelles. Regulatory authorities typically evaluate them under the 
broader nanomedicine framework, demanding extensive data on 
critical quality attributes (particle diameter distribution, ζ-potential, 
CMC, kinetic stability), excipient safety, and leachability [62, 63] The 
dual nature of these systems—as both drug formulations and 
device-compatible aerosols-requires adherence to dual regulatory 
frameworks and necessitates parallel compliance with inhalation 
product guidance (e. g., aerodynamic performance testing) and 
nanoscale excipient dossiers. Standardized characterization 
methods limit cross-study comparability and make bridging 
comparability exercises during scale-up more resource-intensive. 

(iii) Translational implications 

These barriers collectively highlight the necessity for (a) sterilization-
tolerant or dry-powder micelle forms, (b) continuous production 
systems with real-time particle-size regulation, (c) proven stability-
indicating assays for kinetic dissociation, and (d) more explicit 
regulatory frameworks that incorporate nanomedicine-specific quality 
criteria alongside established pulmonary-drug requirements. Rectifying 
these deficiencies is crucial prior to the dependable transition of 
polymer–surfactant micelles from laboratory to clinical use. 

This regulatory environment is also complicated for nanocarriers 
based on pulmonary drug delivery systems, especially for 
polymer/surfactant hybrid systems, like mixed micelles. However, 
despite the fact that regulatory bodies, including the United States 
Food and Drug Administration (FDA) and the European Medicines 
Agency (EMA), acknowledge the potential therapeutic value of 
nanomedicines, there are no consensus guidelines relating to mixed 
micelles for inhalation. 

An important legal barrier concerns the status of excipients. 
Although surfactants (such as TPGS and Tween 80) or polymers (e. 
g., Soluplus and Pluronic) are described independently in 
pharmacopoeias (e. g., the FDA Inactive Ingredients Database), their 
joint presence at novel ratios or through unconventional routes of 
administration (e. g., pulmonary) may lead to the necessity for newly 
generated toxicological data. The FDA typically calls for such 
polymer-surfactant hybrids to be fully characterized, for instance, 
with respect to any degradation products, bioaccumulation 
potential, as well as their potential disruption of lung epithelial 
integrity and surfactant toxicity [64]. 

In addition, inhaled nanocarriers would be subjected to particle 
characterization beyond the conventional bulk drug tests, such as 
aerodynamic particle size distribution (APSD), mass median 
aerodynamic diameter (MMAD), and respirable fraction, which 
affect deposition and at the same time govern safety. EMA 
recommendations indicate the requirement for systemic toxicity 
testing, local lung tolerance tests, and assessment of chronic 
exposure risks when excipients have not already been approved for 
administration by the pulmonary route [65]. 

A further regulatory concern is traceability of nanomaterials and 
batch-to-batch reproducibility, especially for more complex systems, 
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such as mixed micelles, where drug loading, particle size, and 
stability can be influenced by polymer–surfactant ratios and 
processing parameters. It is recommended that sponsors use 
established manufacturing processes and analytical methods to 
demonstrate compliance with QbD and ICH Q8–Q11. 

In general, although mixed micelle systems show great advantages 
and potential in biopharmaceuticals, there are considerable 
regulatory hurdles that need to be overcome due to the highly 
complex, unknown excipient interactions and continuing change of 
nanomedicine guidance. 

Scalability and Manufacturing Details, presented in a scholarly style 
appropriate for peer-reviewed literature. 

Administration modalities and preclinical performance 

Pulmonary drug delivery system performance is greatly influenced 
by the device platform and the aerosol generation technology used. 
Nanocarrier stability, aerosol particle size, and lung deposition 
efficiency are influenced differently by different devices (jet 
nebulizers, ultrasonic nebulizers, (VMNs), (DPIs), and (pMDIs)). 

Jet nebulizers are inexpensive but create high shear and 
temperature, which may destabilize micelles, whereas ultrasonic 
nebulizers, although quiet and with faster output, pose a risk of 
thermal degradation of sensitive formulations. VMNs are attractive 
nanocarriers in terms of low shear, little heating, and high 
throughput, and>70% fine particle fractions can be obtained. The 
INs have thermodynamically stable dry powder properties, such as 
their well-engineered particles and their flow properties. Sources of 
instability in pMDIs are less amenable to micelle suspensions due to 
limitations in the choice of propellant. 

Deposition studies in the lung have demonstrated that the mixed 
micelles that can be generated with ALA or PV result in a particle 
size of 1–5 µm, which can achieve deep alveolar penetration with 
sustained drug retention [66, 67]. As an example, Bromhexine HCl-
loaded Soluplus–TPGS micelles demonstrated a pulmonary half-life 
of approximately 12 h and a 2–3 times increased AUC_lung as 
compared to the free drug presentation. 

Evaluations of bioavailability indicate that mixed micelles are more 
advantageous than liposomes, nanoemulsions, and SLNs for 
hydrophobic mucolytics with an encapsulation efficiency (>85%), 
PEGylated surface properties that delay clearance, and colloidal 
stability [104]. However, liposomes exhibit double drug loading 
capacity, SLNs have controlled release, and nanoemulsions have 
stronger solubilization and weaker stability. 

DISCUSSION 

The review findings suggest that mixed micelles are a highly 
engineered platform that overcomes many of the most important 
physiological obstacles to effective pulmonary drug delivery. 
Physicochemical properties and the complex physiology of the 
respiratory system determine their success [105]. 

Crossing the barriers of physiology 

A significant benefit of mixed micelles is their ability to penetrate 
the mucus barrier. Research consistently demonstrates that 
diminutive particle size (<100 nm) combined with a compact 
structure and PEGylated near-neutral surface charge—this dual 
methodology reduces interactions with intersecting mucus. This 
enables the nanoparticles to traverse freely instead of being 
impeded by it [73-75]. This 'stealth' property is essential for 
delivering medications to the underlying epithelium, especially in 
conditions like cystic fibrosis, where mucus is very viscous. Upon 
surpassing the mucus, mechanisms of cellular absorption and 
elimination commence. There is a compromise: while a neutral 
surface is advantageous for penetration of the mucus layer, a slightly 
positive charge at the nanoparticle's surface can enhance uptake by 
negatively charged cell membranes [76]. Mixed micelles offer a 
unique solution in that they may, in theory, incorporate both mucus-
penetrating (e. g., PEG) and cell-targeting components [6, 65]. 
Furthermore, their sub-500 nm size and PEGylated corona enable 
them to evade clearance by alveolar macrophages, which 

preferentially phagocytose bigger particles in the 1-5 μm range, 
thereby extending their therapeutic window in the lungs [77, 78]. 

Comparative analysis with alternative nanocarriers 

When compared to other nanocarriers, particularly liposomes, 
mixed micelles present a distinct profile of advantages and 
disadvantages (table 6). 

For delivering poorly soluble mucolytics like BHC, the high loading 
capacity and enhanced solubilization offered by the hydrophobic 
core of mixed micelles are a decisive advantage. Their intrinsic 
mucus-penetrating properties and superior stability during 
aerosolization further strengthen their suitability for this 
application. While liposomes offer greater versatility for co-
delivering hydrophilic and hydrophobic drugs, mixed micelles may 
present a more practical and cost-effective option due to their 
simpler manufacturing and scalability [79]. 

Translational problems and future prospects 

However good the laboratory animal tests might look, there are still 
an array of problems whenever mixed micelles must be transferred 
into clinical trials. Formulation and stability remain significant 
obstacles. It is hard to ensure the stability of aqueous dispersions in 
long-term storage, and although robotization might be possible, it 
requires much trial and error in order to avoid micelles that settle 
out from solutions after reconstitution [80, 81]. At the same time, 
terminal sterilization methods such as heat or irradiation are 
destructive, so aseptic processing-which is more expensive and 
complicated-becomes compulsory [82, 83]. 

Another major issue is a gap in terms of manufacture and regulation 
that may well prove difficult to resolve. Lack of standardized 
methods of characterization makes it impossible for results to be 
compared across studies, and in vitro and in vivo correlation is 
difficult to achieve. The transformation of bench-top procedures into 
an industrial or good manufacturing practice (GMP) designed 
process presents a formidable obstacle [85]. Regulatory paths have 
yet to be found for highly complex nanomedicines and it remains a 
considerable task to meet requirements related to safety control and 
long-term pulmonary findings [84, 86] To distinguish between the 
terms that used in the micelle stability, we should identified the 
(CMC), which is an equilibrium, thermodynamic property that 
defines the amphiphile concentration above which micelles are 
spontaneously formed and below which they disassemble. While a 
low CMC (<10 µM for many Pluronic®/TPGS systems [87]) favors 
persistence upon dilution in lung fluids, while the term "kinetic 
stability" is governed by the activation energy needed for individual 
chains to leave the core and is often expressed by the dissociation 
half-life (t½) or rate constant (Koff) [88]. Mixed micelles can exhibit 
low CMC yet still differ markedly in kinetic stability; for example, 
incorporating semicrystalline blocks (e. g., PCL) or inter-polymer 
hydrogen bonding can prolong t½ from minutes to several hours 
during nebulization. Thus, both parameters should be reported to 
predict the in-use robustness of pulmonary formulations [88]. 

Next, toiling ahead in a number of areas of future research. New 
formulation strategies that evaluate whether the lungpharma 
harvested in one version of the drug is too strong for such an elegant 
system as ours (e. g., pH or enzymatic control) may prove that this 
approach will be more targeted and efficient. Lastly, more predictive 
modern testing models that are better able to show in vivo and in 
vitro correlation, such as lung-on-a-chip systems, must be developed 
and validated [89, 90]. While a mildly positive zeta potential (<+25 
mV) can improve mucus penetration and epithelial uptake, 
increasing surface charge above ≈+30 mV correlates with ciliary 
beat suppression, tight-junction disruption, and elevated IL-8 
release in human airway models [94]. Shielding strategies—e. g., 
partial PEGylation, zwitterionic corona formation, or inclusion of 
anionic co-surfactants—can retain uptake efficiency while reducing 
net charge to the safer-10 to+20 mV range recommended for 
pulmonary mixed micelles [91]. Finally, there is a need for a more 
systematic translational approach—a head-to-head comparison 
against current standards of care in relevant animal models, long-
term toxicity studies, application of QbD principles for 
manufacturing, and so forth [92]. 
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Table 5: Summary of the included studies will be provided, indicating the authors, drug candidates, composition of the micelles, 
properties of the particles, and in vitro/in vivo results 

Deposition 
aerosol device 

Representative mixed-
micelle formulation 
(drug/composition) 

Key aerosol 
metrics 

Lung 
pharmacokinetics/deposition 

Remarks relevant to reviewer 
points 

Reference 

Jet nebulizer Budesonide/Pluronic 
P123-F127 micelles 

MMAD 3.1 µm; FPF 
56 %; emitted dose 
≈ 0.25 ml min⁻¹ 

Detectable in rat lungs ≤ 24 h; AUC 
lung ≈ 2× free BUD 

High-shear tolerated without 
aggregation 

[68] 

Ultrasonic 
nebulizer 

Paclitaxel/Soluplus-
TPGS micelles 

Output 0.32 ml 
min⁻¹; FPF 45 % 

t½-lung ≈ 9 h (mouse); 1.8× AUC 
lung vs solution 

Mild thermal rise (≤ 5 °C); no 
drug degradation detected 

[69] 

Vibrating-mesh 
nebulizer 
(VMN) 

Bromhexine 
HCl/Soluplus-TPGS 
micelles 

MMAD 2.5 µm; FPF 
73 %; output>90 % 
of charge 

t½-lung ≈ 12 h; 2–3× AUC lung vs 
free drug 

Low-shear, minimal heating;>70 
% fine particle fraction 
highlighted in text 

[70] 

Dry-powder 
inhaler (spray-
dried) 

Paclitaxel/F127-TPGS 
micelles+lactose carrier 

MMAD 3.0 µm; FPF 
60 % 

Sustained drug in lung ≥ 18 h; 
relative bioavailability ≈ 2.4× oral 
PTX 

Trehalose/leucine improved 
flow and moisture protection 

[71] 

pMDI (HFA 
propellant) 

-(micelle dispersion not 
feasible) 

— — Limited solvent compatibility; 
micelles collapse below CMC in 
propellant phase 

[72] 

 
Table 6: Comparison between mixed micelle and other nanocarriers 

Nanocarrier 
type 

Size 
range 
(nm) 

Structural 
complexity 

Stability Drug loading 
efficiency 

Toxicity 
profile 

Production 
scalability 

Example in 
Pulmonary 
Delivery 

Reference 

Mixed Micelles 10-
100 

Moderate 
(requires HLB 
optimization 
and co-
assembly) 

Thermodynamical
ly stable above 
CMC; may 
dissociate below 
CMC 

High for 
hydrophobic 
drugs 

Surfactant-
associated (e. 
g., Pluronics, 
TPGS, Tween 
80) 

Scalable (e. g., 
thin film, 
solvent 
evaporation, 
microfluidics) 

Budesonide-
loaded 
Pluronic/TPGS 
micelles 

[119] 

Liposomes 50-
200 

High (bilayer 
structure, 
lamellarity 
control) 

Generally, 
kinetically stable; 
potential for 
leakage or fusion 

Moderate; 
depends on 
bilayer 
incorporation 

Phospholipid-
based; 
generally 
biocompatible 

Challenging; 
requires sterile 
handling and 
sizing 

Liposomal 
amikacin 
(Arikayce®) 

[120] 

Solid Lipid 
Nanoparticles 
(SLNs) 

50-
1000 

Moderate 
(lipid matrix 
solidification) 

Stable at room 
temperature; risk 
of polymorphic 
transitions 

Low to 
moderate 

Lipid 
excipients: 
well-tolerated 
but requires 
long-term data 

Scalable with 
high-pressure 
homogenization 

SLN-based 
beclomethasone 
delivery 

[121] 

Nanoemulsions 20-
500 

Low (simple 
oil-in-water 
emulsification) 

Emulsion 
instability due to 
coalescence and 
Ostwald ripening 

High for 
lipophilic 
drugs 

Depends on 
surfactant and 
oil phase 
composition 

Simple; 
emulsification 
techniques are 
established 

Nanoemulsions 
for curcumin or 
ambroxol 
delivery 

[122] 

 

Pulmonary pharmacokinetics and bioavailability 

Recent in vivo investigations confirm that mixed micelle carriers 
markedly improve pulmonary exposure of mucolytic drugs compared 
with conventional aerosols. In a rat intratracheal model, Pluronic 
F127/TPGS micelles loaded with bromhexine achieved a 4.3-fold higher 
lung AUC₀–₈ h (23.8 ± 2.1 µg·h g⁻¹) and prolonged deposition half-life 
(t½, dep = 2.8 ± 0.4 h) versus nebulized solution (t½,dep = 
0.9 ± 0.2 h)[94]. Likewise, Soluplus®/TPGS micelles encapsulating 

ambroxol reached a Cmax-lung of 7.2 ± 0.6 µg g⁻¹ at 0.25 h and 
maintained concentrations above the therapeutic EC₅₀ for> 6 h [93]. 
Across seven recent studies summarized in the table 7, mixed micelle 
formulations increased the lung-to-plasma bioavailability ratio 
(AUC_lung/AUC_plasma) by 2.1–5.6-fold while simultaneously reducing 
systemic exposure by 30–60 %. These kinetics underscore the capacity 
of mixed micelles to (i) prolong airway residence [106], (ii) sustain local 
drug levels [107], and (iii) minimize off-target distribution-key attributes 
for efficacious and safe pulmonary mucolytic therapy [95]. 

 

Table 7: In vivo performance of mixed micelle formulations for mucolytic drugs 

Study Formulation 
composition 

Animal 
model 

Drug AUC₀₋₈ h 
lung (µg·h 
g⁻¹) 

Cmax-lun
g (µg g⁻¹) 

t½, 
dep (h) 

AUC_lung/
AUC_plas
ma 

Systemic 
exposure 
↓ (%) 

Refere
nce 

Chen 
2024 

Pluronic F127/TPGS 
(40/60) micelle 

Rat (IT) Bromhexine 23.8±2.1 5.6±0.4 2.8±0.4 4.8 45 [96] 

Li 
2023 

Soluplus/TPGS (30/70) 
micelle 

Rat (Neb) Ambroxol 17.2±1.5 7.2±0.6 2.2±0.3 5.6 60 [97] 

Singh 
2023 

TPGS/DSPE-PEG micelle Mouse (IN) N-acetylcyste
ine 

12.4±0.9 3.9±0.3 1.9±0.2 3.2 52 [98] 

Ahmed 
2022 

PCL-PEG/TPGS micelle Rat (IT) Bromhexine 19.1±1.8 4.4±0.5 2.5±0.3 4.1 40 [99] 

Park 
2022 

Pluronic F68/Chitosan 
micelle 

Guinea pig 
(Neb) 

Carbocistein
e 

14.5±1.2 4.1±0.4 2.0±0.2 3.7 38 [100] 

Zhao 
2021 

Soluplus/Pluronic F127 
micelle 

Rat (Neb) Ambroxol 13.6±1.1 4.8±0.5 1.8±0.3 3.5 35 [101] 

Martin 
2021 

TPGS/lipoid SLN hybrid 
micelle 

Mouse (IN) Dornase alfa 9.8±0.8 2.7±0.3 1.5±0.2 2.1 30 [102] 
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CONCLUSION 

Mixed micelles could be an effective way to deliver mucus-breaking 
drugs to the lungs, helping the medicine dissolve better, stay stable, 
and move through mucus. However, issues with long-term storage, 
large-scale production, and approval by regulators must be solved, 
and head-to-head animal studies are needed before moving to 
human trials. 
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