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Abstract

Pulmonary delivery of lipid-based nanotherapeutics by inhalation presents an advantageous 

alternative to oral and intravenous routes of administration that avoids enzymatic degradation in 

gastrointestinal tract and hepatic first pass metabolism and also limits off-target adverse side 

effects upon heathy tissues. For lung-related indications, inhalation provides localized delivery in 

order to enhance therapeutic efficacy at the site of action. Optimization of physicochemical 

properties, selected drug and inhalation format can greatly influence the pharmacokinetic behavior 

of inhaled nanoparticle systems and their payloads. The present review analyzes a wide range of 

nanoparticle systems, their formulations and consequent effect on pharmacokinetic distribution of 

delivered active components after inhalation.
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1. Introduction

Pulmonary delivery of nanotherapeutics via inhalation techniques has been an area of 

investigation for several decades and is attracting further prevalence in recent years. The 

natural characteristics of the lungs including their large absorptive surface area, exposure to 

high blood flow, thin alveolar epithelial layer and slow cell surface clearance make 

inhalation a unique approach for both systemic and local delivery of therapeutics. Inhalation 

administration is widely considered as an appealing noninvasive alternative to conventional 

*Corresponding author at: Department of Pharmaceutics, Ernest Mario School of Pharmacy, Rutgers, the State University of New 
Jersey, 160 Frelinghuysen Road, Piscataway, NJ 08854-8020, USA., minko@pharmacy.rutgers.edu (T.Minko). 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Declaration of Interest: None

HHS Public Access
Author manuscript
J Control Release. Author manuscript; available in PMC 2021 October 10.

Published in final edited form as:
J Control Release. 2020 October 10; 326: 222–244. doi:10.1016/j.jconrel.2020.07.011.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



invasive techniques given its capacity to localize the delivery of therapeutic agents to the 

lung with enhanced bioavailability and efficacy of complex formulations at their site of 

action in addition to systemic distribution. Localized pulmonary delivery by inhalation also 

provide significant advantages in circumventing non-specific toxicities in other major 

organs, degradation of active moieties in the gastrointestinal tract and avoiding first pass 

metabolism by the liver (Figure 1) [1]. In contrast, systemic administration generally 

promotes adverse effects through high drug exposure to other organs and limits therapeutic 

effect at the site of action. However, majority of free drugs, native nucleic acids and peptides 

cannot be delivered in their native form into the lungs by inhalation necessitating a special 

dosage form or nanotechnology-based delivery system that can be inhaled.

To date, there have been many studies were carried out in order to understand the in-vitro 
and in-vivo efficacy of delivered nanotherapies to the lung. However, few of these 

investigations have attempted to capture and model the pharmacokinetic profiles of their 

developed formulation. This present review analyzes several nanotherapeutic approaches for 

pulmonary delivery of inhalable formulations in previous studies that have collected and 

modeled the pharmacokinetic properties of the utilized vehicle. The review also summarizes 

various therapeutic targets of inhalation delivery with an emphasis on lung cancer. Lastly, 

this manuscript also examines some of the efforts in clinical trials applying nanotherapies 

for the treatment of lung cancer.

2. Determinant Characteristics of Nano-Formulations

One must consider the key variables that determine a formulation’s efficiency in order to 

develop a vehicle that targets the specific site of action, avoids degradation and exhibits a 

robust absorption and elimination profile after inhalation delivery. These considerations 

primarily include the vehicle’s size, charge, uniformity, final pH, porosity and additional 

targeting moieties that could influence the formulation’s activity (Figure 2). The ideal 

nanoparticle would achieve systemic exposure to all parts of the lung including deep lung 

deposition, un-loading of the drug at the target site of action, high degree of homogeneity, 

avoidance of any degradation or uptake by macrophages and favorable kinetics that limit 

saturation. Many studies have been employed to investigate the changes and effects on the 

manipulation with these characteristics and the findings are summarized herein.

2.1. Size

Medications suitable for inhalation usually are delivered via jet or ultrasonic nebulizer, 

metered-dose inhaler, or dry powder inhaler in a form of aerosols or dry powders, 

respectively. Speaking about optimal size distribution for inhalation therapy it is important to 

distinguish between dry powder and aerosol nebulization. It is equally important to mention 

that the size of nanoparticles/nanotherapeutics dispersed by inhalation devices is different to 

the aerosol particle/droplet size. Such differences are discussed later in the review. For 

inhalation and pulmonary delivery purposes, the aerodynamic diameter of nanoparticles is 

described as the diameter of a sphere of unit density and optimally captures part of the 

aerodynamic behavior. Particles of analogous aerodynamic diameters will have equivalent 

velocities in the air stream regardless of their densities. These geometric diameters can be 
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measured through current techniques such as laser diffraction or image analysis and light 

scattering, where results can be translated to the aerodynamic diameter by employing a 

recognized equation (Eq. 1) that relates the aerodynamic diameter with geometric diameter 

and density [2].

Da = Dg ∗ ρ
Xρ0

(Eq. 1)

In this model, Da represents the aerodynamic diameter, Dg represents the geometric 

diameter, ρ is the particle density, X is the dynamic shape factor of the particle and ρ0 is the 

unit particle density. For inhaled particles, there are three key variables that influence the 

distribution of a given payload through the airways, which are inertial impaction, 

gravitational sedimentation and diffusion [3, 4]. Precise measurements of aerodynamic 

diameters and the correlative area of deposition vary in literature but not to a significant 

degree. Small molecules larger than 5 micrometers (μm) are highly cohesive and have shown 

poor inhalation performance and flow [5, 6]. It is generally accepted that particles with 

aerodynamic diameters between 5–10 μm are primarily influenced by inertial impaction and 

lack the capacity in altering their trajectories resulting in deposition within the primary 

bronchi or upper airways [7–10]. Particles with an aerodynamic diameter between 1–5 μm 

deposit in secondary bronchi and particles with a 1–3 μm aerodynamic diameter accumulate 

in the bronchioles whereby gravitational sedimentation is the leading determinant [10, 11]. 

Lastly, particles smaller than 1–2 μm in aerodynamic diameter are primarily retained by 

alveoli and can be phagocytosed by alveolar macrophages. They also are susceptible to 

mucociliary clearance or exhalation due to their nanoscopic form and propensity to remain 

in the airstream. The prominent factor for deposition at these size ranges is through diffusive 

means [10–12]. With respect to aerosolization performance, inhaled formulations are 

measured and often described in terms of the fine particle fraction (FPF) [13], which is the 

fraction of emitted particles that are smaller than the upper limit of particle size considered 

respirable. This limit can be pinpointed at 5 μm as described earlier but can also be defined 

as 3.5 μm for more stringent purposes. A useful device in describing the overall size of 

inhalable formulations is the mass median aerodynamic diameter (MMAD), which is 

defined as the aerodynamic diameter in which half of the particles are smaller [13].

2.2. Porosity

An alternative to nanoparticle inhalation was introduced by Edward et al. with their concept 

of large porous particles. These formulations are large in geometric size, approximately 10 

μm, but behave similar to particles that have aerodynamic diameters smaller than 5 μm due 

to their low density [14–16]. Due to their larger geometric sizes, these porous particles are 

able to overcome interparticle forces thus enabling enhanced aerosol performance and 

greater deposition within deep lung. Further credit to their enlarged size, these porous 

molecules can efficiently avoid being enveloped by alveolar macrophages [14, 15, 17]. 

Recent literature has commended the plausibility of utilizing porous particles at the 

nanoscale to further improve inhalation kinetics. Low-density hollow particles have been 

previously manufactured through spray-drying emulsions encompassing propellants and 

phospholipids [14, 15, 17–19]. Tsapsis et al. have generated enlarged porous formulations of 
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their nanoparticles employing specific spray-drying methods without excipients, which can 

fragment into single nanoparticles upon reconstitution (Figure 3) [20].

In order to form hollow LPNPs by a spray-drying procedure, the ratio between the time 

required for diffusion of a solute or nanoparticle from the periphery of the droplet to its 

center and the time required for a droplet to dry (Td). The first time depends on the ration 

between the ratio of the squared droplet radius (R2) and the solute or NP diffusion 

coefficient (D). This ratio defines a dimensionless mass transport number (an effective 

Peclet number) that characterizes the relative importance of diffusion and convection (Eq. 

2):

Pe = R2

D ∗ Td
(Eq. 2)

Here, Pe is the Peclet number, R is the radius of the droplet, D is the diffusion coefficient 

and Td is the time needed for the droplet to dry [20]. For inhaled nanoparticle formulations, 

the optimal Peclet number should be much greater than 1 as this indicates less time for 

molecules to redistribute to the center of the receding droplet resulting in an accumulation at 

the air-water interface. Conversely, when the Peclet number is less than 1, molecular 

constituents accelerate towards the center of the receding droplet by diffusion resulting in 

comparatively dense dried particles. Continued drying facilitates molecular cohesion 

through physical forces (i.e. van der Waals forces) or entrenchment in an excipient matrix 

which forms a shell in the early phases of drying. Increased vapor pressure breaks the cell 

and continues to leak until the final phase of drying, which generates the porous product 

[20]. The resulting physical characteristics, such as porosity and morphology, were 

determinant on a number of factors including the type of excipients used, chemical nature, 

nanoparticle concentration and size [20–22]. Among these determinants, phospholipid 

concentration was identified as the dominating influence on the degree of hollowness of 

generated products [21]. It was also found that the degree of hollowness had a direct 

correlation with the amount of drug released from the construct [22].

2.3. Ligands and pH

The conjugation of ligands on nanoparticle vehicles can prove to be strategically prudent 

dependent on the potency of the formulation to yield greater effects at the site of action, 

shielding from pre-mature degradation, improved targeting and/or controlled release 

kinetics. Our lab has previously investigated the efficacy of conjugating a modified synthetic 

analog of luteinizing hormone-releasing hormone (LHRH) as a cancer targeting agent to 

different nanoparticles [23–27]. LHRH has affinity for receptors that are overexpressed on 

the plasma membranes of lung (and other) cancer cells and practically not expressed in 

healthy visceral organs (Figure 4) [27]. It was observed that LHRH-peptide targeted 

nanoparticles could achieve statistically significant levels of depositing their payload in 

tumor cells while minimizing delivery to non-targeted healthy cells and organs [24, 25, 27]. 

Similar approaches have been adopted elsewhere seeking to exploit on the overexpression of 

specific receptors in lung tumors such as epidermal growth factor (EGF) and folate 

receptors. Tseng et al. noted increased deposition and retention of cisplatin-loaded gelatin 
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nanoparticles that was biotinylated and EGF-modified [28]. Due to the enhanced delivery to 

the local site, anti-tumor efficacy was greater in modified nanoparticles compared to the 

non-modified and control (free cisplatin) counterparts [29]. Inhalable magnetic nanoparticles 

are another kind of these adaptations that facilitate improved targeting capabilities to allow 

for tumor ablation to occur at the optimal sites, utilizing an alternating magnetic field that 

stimulates the superparamagnetic iron oxide payload to heat at cellular lethal temperatures 

[30]. Frequency of the magnetic field can control the heat generated, which can dissipate 

over small spaces owing to the high thermal conductivity of water resulting in concentrated 

heating. Highly conjugated inhalable polyethylene glycol (PEG) dendrimer systems exhibit 

improved retention in lung and avoid degradation given the greater steric hindrance, which 

will be explored in a later section [31]. Pre-mature release of encapsulated drugs from 

nanoparticle vehicles may also lead to non-specific toxicity in healthy lung tissue. It is 

generally understood that the extracellular microenvironment of tumor tissues exhibits lower 

pH levels than their healthy counterparts. Sense and respond formulations exploit this 

divergence enabling a triggered release mechanism through the design of pH-sensitive 

fusogenic lipid nano-vesicles. The low extracellular pH levels promote nanovesicle fusion 

with tumor plasma and lysosomal membranes resulting in the targeted delivery of the 

anticancer payload [32–34].

2.4. Clearance Mechanics

Particles clear from the lung via three main mechanisms: mucociliary clearance, 

phagocytosis and systemic uptake. Ciliated columnar epithelium produces mucus, 

facilitating the trapping of deposited particles in the upper air network. The majority of 

insoluble particles with a diameter of greater than 5 μm is deposited in the upper airways 

and eliminated via mucociliary clearance, which is the dominant mechanism in this region 

[37, 38]. The trapped particles are propelled by the propagation of whipping cilia in a 

proximal direction resulting in the particles to be swallowed or coughed out. Macrophages 

are also present in the upper respiratory tract though phagocytosis or endocytosis is less 

prominent in this area [39, 40]. Particles between 1–5 μm in diameter are most prone to 

elimination by phagocytosis via alveolar macrophages [41–44]. Physicochemical properties 

and surface chemistry of the nanoparticle will determine likelihood and kinetics of 

macrophage uptake. Once digested, the nanoparticle and the encapsulated payload are 

subjected to lysosomal digestion or removal into the lymph or cleared via mucociliary 

elimination [45–48]. Phagocytosis is documented to be the dominating clearance mechanism 

in deep lung. Anything smaller than 200 nanometer (nm) would be un-recognizable to 

macrophages due to small size or accelerated uptake by lung epithelial cells [49–51]. The 

rate of absorption into systemic circulation is dependent on the vehicle’s lipophilicity and 

molecular weight, whereby low molecular weight lipophilic compounds are most readily 

absorbed [52].

2.5. Controlled-Release Capabilities

By manipulating some of the aforementioned characteristics, nanoparticle formulations have 

the potential to be optimized for controlled-release capabilities. Ideally, these vehicles will 

be small enough to warrant deposition in deep lung. Once there, the main clearing 

mechanism is either systemic or macrophage uptake depending on the size of the 
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nanoparticle. If these nanoparticles are conjugated with external ligands or within the 

optimal size range, they could be retained for longer periods of time by avoiding receptor-

mediated uptake by lung epithelium or otherwise macrophage elimination. These particles 

will need to maintain their formulation within the surfactant lining layer of the lung [53], 

which is primarily (~90%) composed of phospholipids and some (~10%) proteins [54]. 

These alveolar surfactants are naturally amphiphilic and have the capability to dissolve or 

deplete the lipids on the nanoparticle membranes [55]. By avoiding pre-mature elimination 

before reaching the site of action and pre-mature degradation in the lining layer of the lung, 

the nanoparticle formulation could experience an overall improvement in controlled-release 

kinetics.

2.6. Aerosolization and Storage of Nanoparticles

To optimize delivery, nanoparticle suspensions are aerosolized into droplets with relevant 

characteristics such as uniformity and appropriate aerodynamic diameters. The most 

popularized method in converting nanoparticle suspensions into highly inhalable droplets is 

via a nebulizer device [56]. Nebulizers employ condensed air pressure to transform a 

suspension of nanoparticles into droplets suitable for inhalation [57]. Our lab has previously 

demonstrated that one-jet collision nebulizer can generate effective inhalable droplets of a 

liposome nanoparticle suspension encapsulating anticancer drugs and/or small-interfering 

RNA (siRNA) without compromising structural integrity or biological activity of the 

liposome and its constituents [58]. Recent advances in nebulizer technology has made way 

for more efficient and portable nebulizers such as vibrating mesh nebulizers, which have 

been previously utilized to aerosolize a nanocapsule suspension encapsulating paclitaxel and 

demonstrated an FPF greater than 80% without changing the determinant properties of the 

formulation [59].

An alternative means of generating inhalable droplets can be through pressurized metered 

dose inhalers (pMDI), which convert the nanoparticle suspension into droplets via a 

compressed propellant (i.e. hydrofluoroalkane). This route can also maintain the vehicle’s 

structural integrity as well as the biological activity of its encapsulated drugs, offers a high 

degree of portability and can be utilized for inhaled delivery. It has been previously 

established that pMDI can transform a dendrimer-siRNA construct suspension into 

respirable droplets with an FPF of ~77% where integrity and biological activity remain 

unchanged even after long-term exposure to the hydrofluoroalkane propellant [60]. Despite 

these advantages, pDMI technology is constrained by its low efficiency as only ~10% of the 

aerosol emitted deposit in deep lung [61]. Further limitations are experienced by patients 

who lack hand-mouth coordination as error has been previously documented [62–64]. pDMI 

is additionally constrained by its inability to effectively deposit high-dose medications [57].

Whether a nebulizer or pDMI is applied, nanoparticles are often in suspension form before 

they are delivered. Storing liquid suspensions for long-term periods could lead to 

physicochemical instabilities like hydrolysis of polymer, drug leakage/degradation and 

aggregation (especially at smaller sizes, i.e. < 200 nm) [65, 66]. Alternatively, storing 

nanoparticle formulations as dry powders has shown improved long-term stability when 

compared with their liquid suspension counterpart. The maintenance of nanoparticle 
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formulations as efficient and reliable dry powders is largely dependent on generating an 

accurate size. Towards this end, nanoparticles can be dried with or without excipients via 

freeze-drying, spray freeze-drying and spray-drying to achieve uniformly sized and stable 

powders [67]. Further complications arise due to the small phenotype and cohesive nature of 

nanoparticles because constituents smaller than 10 μm reportedly demonstrate poor 

inhalation and flow capabilities [5, 6, 68, 69]. To improve performance, particles can be 

formulated as “interactive mixtures”, in which nanoparticles can attach to the surfaces of 

larger carriers [70, 71]. Co-drying nanoparticles with excipients can produce inhalable 

nanoparticle aggregates in an excipient matrix [72–74]. L-leucine is a widely recognized 

force-control mediator that can decrease inter-particle cohesion and enhance the 

dispersibility of nanoparticles [75, 76]. L-Leucine has been successfully co-freeze-dried 

with paclitaxel-cisplatin nanoparticles of nano-aggregate sizes between 1–5 μm. This 

formulation did not indicate any cytotoxic effects up to 5 mg/mL in A549 cells and delivered 

an FPF of >70% [77]. Variability in the utility of differing excipients has been previously 

noted as spray-dried formulations of doxorubicin-loaded bovine serum albumin 

nanoparticles demonstrated more efficient FPF with trehalose when compared with L-

leucine, which generated irregularly shaped products [78].

Additional efforts to improve pulmonary delivery of nanoparticle formulations have been 

introduced through the use of effervescent technology. By co-spray-drying nanoparticles 

with effervescent excipients, nanoparticles experience more rapid release of their payload 

upon dissolution of the excipients in aqueous media [79]. This is caused by the effervescent 

effect and can be achieved through the combination of citric acid with ammonia and sodium 

bicarbonate. To prevent pre-mature effervescing, the pH of the feed solution is kept low 

during the drying process or particle formation [79]. Initial studies employing the 

effervescent co-spray-drying technology showed average MMADs of ~5 μm with no 

phenotypic change or morbidity to the tested rats upon application, thus confirming the 

safety and tolerability of the system [80]. It has been successfully showcased that an 

effervescent carrier co-spray-dried with doxorubicin-loaded nanoparticles can effectively 

distribute throughout the lung [81]. Further studies confirm longer survival rates of mice 

receiving doxorubicin-loaded n-butylcyanoacrylate nanoparticles co-spray-freeze-dried with 

effervescent excipients when compared to control groups receiving free doxorubicin via 

inhalation or doxorubicin solution via intravenous administration [82].

3. Pharmacokinetics of Dendrimers

3.1. PEGylated Dendrimers

In recent years, PEGylated polylysine dendrimers have exhibited considerable versatility and 

potential as nanometer-sized drug delivery vehicles due to their inherent structure and 

biocompatibility [83–85]. Dendrimers exhibit molecular dimensions similar to proteins 

between 2–20 nm in diameter and typically demonstrate high monodispersity. Their reactive 

polyfunctional surface make dendrimers favorable subjects for conjugating drugs, proteins, 

targeting ligands, solubility enhancers and a multitude of other surface functional groups 

that can govern the dendrimer’s kinetic or physicochemical properties. Dendrimer synthesis 

can also be regulated to a high standard resulting in well-defined and uniform 
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macromolecules in which by-products of differing molecular weights synthesized by radical 

mediated polymerization can be avoided [86]. These formulations have been previously 

studied in vitro and in vivo and noted for their excellent stability, facile enzymatic 

degradation and ensuing renal elimination of degraded low molecular weight products [83]. 

Dendrimers based on poly-amino acid constructs are biodegradable and demonstrate reduced 

risks for immunological stimulation and response. This platform can be prepared as an 

inhalable therapy via aerosolization utilizing a microsprayer for therapeutic delivery to the 

lungs and has been previously observed to show controlled release characteristics when 

designed in this format.

Size and molecular weight of dendrimer vehicles can significantly influence the 

pharmacokinetic characteristics of varying formulations administered by intratracheal (IT) 

instillation. Polylysine dendrimers conjugated with surface amino groups of 2300 Dalton 

(Da) polyethylene glycol polymers (PEG2300) have shown high retention in the lungs up to 

1 week but limited availability in systemic circulation after intratracheal delivery [86]. 

Conversely, the smallest dendrimer conjugated with 200 Da PEG polymers (PEG200) 

showed relatively good absorption of >20% bioavailability but limited lung retention. At 

earlier time points (2h), 51.5% of the dose was intact and recovered in bronchoalveolar 

lavage fluid (BALF) with only 12.4% present in lung homogenate. Whereas PEG2300 had 

relatively low quantities of intact dendrimer present in BALF and the majority of the dose, 

approximately 80% after 1 week, was recovered in feces suggesting high clearance via the 

mucociliary escalator. Relatively, PEG2300 did exhibit higher quantities of the dosage found 

in lung homogenate when compared with other collected organs and tissues [86]. This is 

consistent with previous findings that dendrimer retention and stability in lung tissues 

increases with increasing chain lengths of conjugated PEG products. These observations are 

also consistent with other macromolecular formulations (nanoparticles, proteins) that the 

increasing rate of absorption from lungs into systemic circulation is inversely proportional 

with molecular mass [87–89]. In general, the optimal formulation was found to be the 

dendrimer of compromising size conjugated with 570 Da PEG polymers (PEG570) and 

exhibited the more favorable pharmacokinetic (PK) parameters. After 48h, the PEG200 

group showed significant levels of degraded 3H-radiolabeled material in the BALF and 

lungs, indicating significant biodegradation and/or enzymatic cleavage of the intended 

products occurring in the lung. The PEG570 group showed a 2-fold increase in Cmax, a 5–

10-fold increase in Fabs (absolute bioavailability) % and similar values for Tmax when 

compared with PEG2300 group. On the other hand, both PEG570 and PEG200 had similar 

Fabs values with PEG570 showing a 6.5-fold increase in Cmax and a 13-fold increase in Tmax 

(time at which maximum concentration is achieved). Although the dendrimer of smallest 

size (PEG200) displayed a more immediate and rapid absorption profile, the same group was 

also subject to greater rates of degradation [86].

Two similar dendrimer formulations were synthesized where both systems were conjugated 

with 1100 Da linear PEG polymers (PEG1100) and one formulation had an additional 

surface ε-amino acid group and α-carboxyl OtBu-methotrexate linked via a hexapeptide 

linker (MTX dendrimer) [28]. These dendrimers were deployed in-vivo in male Sprague-

Dawley rats via intravenous and intratracheal administration as a comparative study where 

all blood samples were collected through the right carotid artery. The systemic 
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concentrations for both PEG1100 and MTX groups were low, where < 3% of the dose was 

absorbed over 7 days. This could be the result of tight junctions between alveolar epithelial 

cells that inhibit the paracellular transport of macromolecules. A large proportion of the dose 

was recovered in lung tissue for both dendrimers (approximately 40% of the nominal dose) 

with concentrations increasing over a 3-day period. Concentrations of both dendrimers were 

high in BALF on the initial day of administration and dropped below 5% by the third day. 

Despite these low figures, the more hydrophobic MTX dendrimer did exhibit a 2-fold 

increase in pulmonary bioavailability when compared to the standard PEG structure. 

Confirmed by the size-exclusion chromatography (SEC) profiles of urine samples, a higher 

concentration of 3H-radiolabled low molecular weight products were identified for the MTX 

formulation compared to the fully PEGylated construct. The SEC profiles of lung tissue 

homogenate supernatant also showed increasing concentrations of 3H-radiolabeled low 

molecular weight products for both dendrimer groups over the course of the study with 

higher levels observed for the standard PEG group. This is consistent with previous data 

which showed that polylysine dendrimers with decreased degrees of PEGylation and 

increased exposure of the scaffold to proteolytic enzymes increases in-vivo instability [90, 

91].

Aside from the lung, the remainder of the dosage was traced and distributed to feces, urine 

or liver for both dendrimers. This suggests that a large portion of the delivered dose was 

cleared through the mucociliary escalator and absorbed in the gastrointestinal tract. MTX 

dendrimer recovered in feces was also 2-fold higher than its PEG counterpart, which is 

indicative of higher mucociliary clearance between the two. However, this is in agreement 

with previous research which showed that hydrophobic molecules are more readily 

eliminated from the lungs when compared with hydrophilic formulations. The intravenous 

(IV) group exhibited high levels of dendrimer in liver and urine with minimal quantities in 

kidney, spleen or lung [31].

3.1.2. Pharmacokinetics of PEGylated Dendrimers for Lung Cancer 
Treatment—Clinical studies have shown that the sole administration of cytotoxic drugs 

against lung cancer requires high local drug concentrations and instigates lung-related 

toxicities as a result [92–94]. However, on-going development in nanoparticle formulation 

strategies has been of interest to researchers seeking of improving the delivery of cytotoxic 

drugs for therapeutic effect with greater degrees of control and precision. Dendrimers also 

provide a distinct advantage with drug conjugation and cleavage selectivity within the tumor 

microenvironment that could lend to greater levels of control over the delivery and kinetics 

of the cytotoxic drug [95]. Dendrimers allow for loading of anticancer drugs either by 

conjugation to their surface or via encapsulation inside the structure (Figure 5). A 56 kilo-

Dalton (kDa) PEGylated polylysine dendrimer conjugated with doxorubicin via an acid 

labile linker (D-DOX) was explored for its therapeutic utility against lung-resident cancer in 

a comparative study between inhalation and IV administration as well as delivery of free 

non-bound doxorubicin alone [85]. In-vivo bioluminescence studies observing the anti-

tumor efficacy of the inhaled dendrimer-doxorubicin (D-DOX) formulation showed a 

reduction of lung tumor burden by >95% when compared to the IV and control forms of D-

DOX. Lung tumor regression was seen in five out of the nine rats where one animal showed 

Shen and Minko Page 9

J Control Release. Author manuscript; available in PMC 2021 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



complete inhibition after 1 week of treatment. Biodistribution data collected from lung tissue 

and BALF indicate a rapid clearance of D-DOX, approximately 60% of the IT dose, within 

the first 24h of administration. A large portion of the dose, approximately 20%, was cleared 

via the muociliary escalator and was recovered in feces. Clearance of D-DOX greatly 

decelerated after the initial 24h where peak concentrations of D-DOX occurred 3–4 days 

after administration and approximately 15% of the dose remained in lung tissue and BALF 

after 1 week. The prolonged residence of inhaled D-DOX in lung is an encouraging 

development for additional studies on controlled release mechanics and further 

improvements as t1/2 (half-life) was approximately 49 hours whereas the IV administered D-

DOX had a t1/2 of approximately 25 hours.

Further exposure of D-DOX to MAT 13762 IIIB cells in-vitro showed that roughly 12% of 

the doxorubicin associated with D-DOX was internalized by the cell line. Cellular levels of 
3H-associated with the dendrimer scaffold were below the limit of quantification. This 

suggests that the PEGylated dendrimer was not internalized into lung cancer cells and that 

cellular uptake of doxorubicin liberated from D-DOX occurred only after the drug was 

released from the dendrimer scaffold. Alexa-flour-405 labelled D-DOX taken from the 

middle region of a lung tumor lobe showed deep penetration by D-DOX under a glass 

microscope 24h after IT instillation where concentrations were found to be 100-fold higher 

when compared to the rats administered IV doxorubicin. The proportion of total D-DOX and 

free doxorubicin in lung tumors in-vivo could not be determined as tissue homogenization 

resulted in the liberation of doxorubicin presenting a key limitation and future direction for 

further pharmacokinetic investigative efforts. Furthermore, IT-administered D-DOX was 

better tolerated than IT-administered doxorubicin solution as the latter showed greater signs 

of pulmonary congestion and inflammation. These symptoms manifested through breathing 

difficulties, rapid loss of body weight, increased number of neutrophils and alveolar 

macrophages. The inhaled D-DOX formulation was also found to reach an AUC of 

approximately 266 μg/mL·h, which shows additional potential for tumor penetration from 

both the ‘air side’ (via the lung) and the ‘blood side’ from the systemic circulation [85].

4. Clinical Application of Chemotherapeutic Formulations Administered 

via Inhalation

4.1. Doxorubicin via Inhalation

The first study to evaluate the clinical safety of doxorubicin administered via inhalation was 

a Phase I multicenter dose escalation study in patients with developed cancer affecting the 

lung [96]. The primary objective was to determine the maximal tolerated dose of inhaled 

doxorubicin administered every 3 weeks via a high-efficiency nebulizer, the OncoMyst 

model CDD-2a. In conjunction with this goal, the team also documented toxicity/adverse 

effects and evaluated initial pharmacokinetic profiles. The results showed that inhaled 

doxorubicin can be delivered safely however, high dosages do instigate pulmonary toxicities. 

Significant pulmonary toxicities were observed at the higher dosages of 7.5 and 9.4 mg/m2 

where further dose escalation would not be feasible. For most patients subjected to the 

maximum tolerated dose (7.5 mg/m2) and below, the variability in pulmonary function tests 

were within the limits established by the study. Only 1 of the 11 patients treated at the 

Shen and Minko Page 10

J Control Release. Author manuscript; available in PMC 2021 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



advised Phase II dose of 7.5 mg/m2 developed significant pulmonary toxicity that 

manifested by a considerable drop in forced vital capacity. The generated pharmacokinetic 

profiles for inhaled doxorubicin were consistent with the minimal systemic toxicity observed 

during the study. Cmax (maximum concentration) was observed at the first sampling point 

(as expected) and reached 47.8 ng/mL, which is well below the systemic concentrations 

observed after IV administration. It has been previously established that the absorption of 

small molecules via inhalation is primarily determined by lipophilicity rather than size [97]. 

Being that doxorubicin is a relatively hydrophobic/lipophilic drug, the clinical data is 

consistent with its initial rapid absorption in the lung within the range of minutes after 

inhalation [96].

This investigated formulation of inhaled doxorubicin did show a moderate antitumoral 

response. One partial response was observed with a patient affected by spindle cell sarcoma. 

The response was initially documented at a dosage level of 1.9 mg/m2 with six cycles of 

administration. Further escalation of the patient’s dosage form to 6.0 mg/m2 did not result in 

any additional response. Eight patients observed stabilization of their disease with treatment 

cycles ranging between 5 and 15. Two patients had soft tissue sarcoma, two patients were 

affected by bronchoalveolar carcinoma, one had endometrial carcinoma and three were 

affected with thyroid cancer. Six patients also demonstrated stability of their disease over the 

duration of 3 courses but were withdrawn due to the protocol and study arrangement [96].

4.2. Combination Study: Doxorubicin via Inhalation and Cisplatin via IV

A subsequent phase II clinical study was initiated by the same group [97] evaluating the 

efficacy of inhaled doxorubicin given in combination with IV administered cisplatin. Since 

non-small cell lung cancer (NSCLC) is a considered a systemic disease and the toxicities 

observed in the phase I study do not readily overlap with platinum-based doublet 

chemotherapy for NSCLC, the study directors hypothesized that the added IV chemotherapy 

could bolster therapeutic effects for beneficial responses. This was a multicenter dose-

escalation phase II study in patients with metastatic NSCLC who were inexperienced to 

chemotherapy treatment where the primary objectives were characterizing both the 

therapeutic potential and toxic effects of the combination therapy. Given their therapeutic 

efficacy and favorable toxicity profiles, docetaxel and cisplatin were selected as the standard 

doublet to be combined with the inhalation dosage. The initial dose of inhaled doxorubicin 

hydrochloride was 6.0 mg/m2 and allowed to escalate to a maximum level of 7.5 mg/m2, 

where both initial and maximal ranges were previously established from the initial phase I 

study. Patients were administered doxorubicin via inhalation 1–3 hours prior to receiving IV 

chemotherapy. Docetaxel and cisplatin were administered in standard practice at 75 mg/m2 

with specified dose reductions for non-pulmonary toxicity. This treatment course repeated 

every 3 weeks provided that patients had recovered from the previous cycle. A total of 43 

patients were enrolled in this study where 9 received the maximal dose level of inhaled 

doxorubicin (7.5 mg/m2) and 34 received the initial phase II dose (6.0mg/m2). After the 

second patient was subjected to the maximal dose level (7.5 mg/m2) and experienced a drop 

in the diffusing capacity for carbon monoxide (DLCO) after the first cycle, the data safety 

monitoring board suggested the phase II portion be conducted at 6 mg/m2 for inhaled 

doxorubicin. A total of 34 patients received the phase II dose level where 28 underwent at 
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least one cycle of treatment. Of these 34 patients, 7 patients dropped out due to mounting 

evidence of disease progression in three individuals, adverse events observed in two and two 

withdrawals with the consent or direction of their physician (one each). Of the 25 registered 

patients at the phase II level, 24 individuals were evaluable, and 21 patients received at least 

two cycles of treatment. Among the 24 evaluable individuals treated at the phase II dosage 

level (6.0 mg/m2), 6 patients experienced partial responses and 1 had a complete response. 

Among the 17 non-responders, 13 patients had stable disease progression for up to eight 

courses of treatment and 4 individuals had further progression of their disease states. The 

most common adverse symptoms related to the IV chemotherapy and were mild in nature, 

which included (grade 1–2) alopecia, anorexia, diarrhea, nausea and cough. Although the 

study was able to demonstrate the safety of the combination therapy, the results in overall 

response rate did not show any statistically significant improvements even when looking 

only at intrathoracic tumors. Further complications have been noted amongst patients with 

advanced lung cancers who were habitual smokers or ex-smokers, where many of these 

individuals were unable to satisfy the pulmonary function test requirements for eligibility in 

this study [97].

4.3. Clinical Phase I Studies of Liposome Formulations against Lung Cancer

Cisplatin has also been encapsulated in a liposomal formulation and investigated in a clinical 

Phase I study against metastatic lung cancer given its anti-tumor activity previously reported 

in-vivo and its capability to circumvent the development of toxic side effects occurring at 

other major organs or tissues. For intravenous application, the major dose-limiting toxicity is 

usually associated with nephrotoxicity, peripheral neuropathy, ototoxicity, hypersensitivity 

reactions and myelosuppression. Initial in-vitro studies utilizing liposomal encapsulated 

cisplatin against the human lung tumor cell line (NCI-H460) showed no significant 

alterations to the cytotoxic properties of the nebulized drug [98]. Additional confidence was 

garnered from the in-vivo studies with Sprague-Dawley rats as the liposomal encapsulated 

cisplatin displayed sustained release properties and led to much higher ratios of lung/kidney 

levels when compared to IV-administered cisplatin. This result was indicative of reduced 

cisplatin concentrations at the kidneys and thus minimizes potential risk for nephrotoxicity 

typically associated with IV-administered cisplatin. Another study exploring the sustained 

release lipid inhalation targeting (SLIT) cisplatin also did not show any signs of toxicity or 

histopathological changes within lung, kidneys or bone marrow [98]. From these in-vivo 
studies, it was observed that SLIT cisplatin was well-tolerated and provided significant anti-

tumor activity with minimal systemic toxicity and exposure. A total of 17 patients were 

enrolled for the dose-escalation study, which started at 1.5mg/m2, which increased up to 

24mg/m2 and up to a maximal deliverable dosage of 48 mg/m2. Inhalation treatments were 

administered between 1–4 consecutive days in 21-day cycles where nebulization was 

performed over 20 min and never exceeded 3 nebulizations for any given session with a 

maximum of two sessions per day. At 48 mg/m2, dose limiting toxicity was still not achieved 

however inhalation time was the limiting constraint for additional escalation. Other than 

nausea and vomiting, the primary observed side effects were respiratory related where 11 

patients experienced dyspnea, 5 patients experienced productive/irritative cough and 8 

patients experienced hoarseness. Patients’ anti-tumor activity was assessed utilizing the 

Response Evaluation Criteria in Solid Tumors guidelines in which 12 patients achieved a 
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“best response” of stable disease while 4 patients had progressive disease. In general, 

inhalation therapy remains at a disadvantage given the low deposition efficiency of the drug 

within the target area. From the PK data, only ~10%−15% of the dose will reach the site of 

action during jet nebulization. Droplets with MMADs between 1–5 μm have been 

documented to deposit in the central and peripheral airways by way of gravitational 

sedimentation and inertial impaction. Smaller particles will be exhaled, and larger particles 

will experience steric obstruction, thereby remaining in the upper airways. Overall, the study 

did achieve a significant antitumor response with limited systemic toxicities [98].

Tissue distribution, therapeutic index and the general kinetics of a drug can be significantly 

altered by formulating active pharmaceutical ingredients (API) into liposomes. Interleukin-2 

(IL-2) has been well-documented for its anti-tumor capabilities both in-vivo and in the clinic 

[99, 100], however, it is generally associated with debilitating adverse effects that include 

malaise, vascular leak syndrome, eosinophilia, fever, fatigue, chills and sweats [101–104]. 

Canine studies exploring the utility of aerosolized IL-2 liposomes did demonstrate immune 

activation, lower systemic toxicities and anti-tumor activity with a 33% complete response 

rate [105–108]. IL-2 can bind to either a trimeric high-affinity receptor, resulting in 

proliferation and activation of T-lymphocytes, or bind to a dimeric receptor of lower affinity 

on NK cells and monocytes [109, 110]. Previous inhalation studies have also noted IL-2’s 

capability to increase accessory function of alveolar macrophages and increase the number 

of immunocompetent cells in bronchoalveolar lavage (BAL) [111, 112]. In-depth analysis of 

nebulized IL-2 liposomes to canine lung showed a significantly improved local effect when 

compared to freely administered cytokine with increased BAL cell number and functional 

activity. A phase I dose escalation study exploring the utility of inhaled IL-2 liposomes 

recruited 9 patients with various cancer types including sarcoma, renal cell and melanoma 

[113]. Initial inhalation treatment was given on the first day over 4 sessions to account for 

any adverse effects. Patients then self-administered IL-2 liposomes for one month with three 

dosages per day. The initial cohort with a starting dosage of 1.5x106 IU/dose showed one 

episode of upper respiratory symptoms that persisted for 3 days. Outside of this data point, 

the second cohort of 3x106 IU/dose and third cohort of 6x106 IU/dose were completed 

without any evidence of toxicity. Of the 9 recruited patients, 7 were evaluable for antitumor 

response where 3 patients had progressive diseases, 2 patients experienced stable diseases 

and one patient with complete remission one month after treatment had ended. No 

significant toxic effects were observed except for the initial respiratory complication and an 

optimal dosage was determined at 3–6x106 IU 3 times a day. Like the aforementioned 

cisplatin phase I study, optimal MMAD was identified around 2.0 μm with a mode size of 

about 1.0 μm. This was further confirmed in a radiolabeled IL-2 liposome study 

administered via inhalation to canine that demonstrated deposition to all ventilated parts of 

the lung with a 1:1 ratio between central and peripheral deposition [107]. Overall, the study 

is a key milestone in exhibiting acceptable tolerability and anti-tumor efficacy.
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5. Pharmacokinetics of Liposomes and Nanostructured Lipid Carriers for 

Lung Cancer

5.1. Nanostructured Lipid Carriers

Nanostructured lipid carriers (NLCs) are widely employed for many drug delivery 

applications and exhibit specific advantages over other formulations due to their inherent 

phenotype. In contrast to liposomes that have a bi-layer lipid membrane, NLCs have one-

layer membranes with hydrophilic heads exposed to the extracellular environment and 

hydrophobic tails encapsulating any constituents therein. This characteristic allows for easy 

integration of lipophilic drugs within the lipid core. A prime illustration was investigated 

with 9-bromo-noscapine (9-Br-Nos), a lesser known chemotherapeutic platform that has 

previously demonstrated the capability to arrest cell cycle progression in non-small cell lung 

cancer cells during the mitosis phase by influencing tubulin polymerization [114, 115]. 

Despite a favorable therapeutic profile, in-vivo or clinical applications of 9-Br-Nos are 

limited by its high lipophilicity and poor aqueous solubility that lead to suboptimal 

therapeutic efficacy at the local site of action [116]. However, NLCs present a feasible 

solution for a compatible encapsulation of the compound and focused delivery to the site of 

action. Another complication, as previously established, is the aggregation of nanoparticles 

with diameters smaller than 200 nm. Although alternative strategies have been studied in 

varying the principal excipients such as the surfactant or cryoprotectant, recent literature 

investigating the utility of effervescent excipients in NLCs has shown efficacious rapid 

dispersion, potent targeting and high dissolution [80, 81]. The rapid release nanostructured 

lipid particles (NLPs) of 9-Br-Nos (9-Br-Nos-RR-NLPs) given through inhalation was 

compared with 9-Br-Nos suspension administered intravenously, 9-Br-Nos suspension and 

9-Br-Nos-NLP administered via inhalation [114].

Plasma and tissue concentration-time profiles of 9-Br-Nos were developed for all 

(previously determined) time points where all pharmacokinetic parameters were derived 

using the linear trapezoidal rule up to the last sampling point with detectable levels and 

extrapolated to infinity (AUCinf). The analysis was accomplished utilizing WinNonlin 

software version 4.1® (Pharsight, Mountain View, CA) with one-compartmental method 

[114]. Other variables calculated included the elimination rate constant (ke, h−1) half-life 

(t1/2, h), area under the curve at the last sampling point (AUClast, h μg/mL), mean residence 

time (MRT, h), total clearance rate (CL, L/h), and volume of distribution (Vd, L) [114]. 

Below is a summary of how the variables were calculated and inter-relate to one another:

AUCinf = AUClast + C/ke (Eq. 3)

t = 0.693/ke (Eq. 4)

MRT = AUMC/AUClast (Eq. 5)
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Vd = CLtotal/ke (Eq. 6)

CLtotal = Dose/AUCinf (Eq. 7)

The ke was calculated from the slope of the time points in the final log linear portion of the 

drug-concentration profile through least square linear regression analysis. AUMC was 

attained from a plot of product of plasma drug concentration and time (C · t) vs t from zero 

to infinity [114]. In general, the inhalable 9-Br-Nos-RR-NLPs showed enhanced drug 

delivery capacity and an improved PK profile in lungs following nose only exposure. The 

elimination rate constant of RR-NLPs was significantly lower than the individual NLP or 

dry powder formulation. The half-life of RR-NLPs was also improved to 4.529 hours 

compared with the 4.029 hours observed in NLPs and 2.585 hours from dry powder. 

Furthermore, the AUClast of RR-NLPs did indicate enhanced exposure of drug (with a 

higher end value) in lung when compared with powder or NLPs. However, the MRT of RR-

NLPs at 1.749 h−1 was noticeably lower than the 2.92 h−1 of the stand-alone NLP 

formulation. The better performance in a lower elimination rate constant and enhanced drug 

exposure can be attributed to the spherical shape of the RR-NLPs and slight negative charge. 

Alveolar macrophages exhibit a negative charge owing to the sialic acid residue in the 

membrane [117]. Macrophages also have an innate preference to engulf rod-shaped particles 

and do so more efficiently compared to nanospheres [118]. Due to the ionic repulsion and 

increased steric hindrance, NLPs and RR-NLPs are better retained in lungs for longer 

durations.

Cytotoxicity assays comparing the NLP and RR-NLP formulations against A549 non-small 

cell lung cancer cell line showed greater apoptotic potency amongst the RR group likely due 

to their unique rapid drug releasing capability and smaller mean particle size [119]. 

Confocal microscopy further validated these findings where 9-Br-Nos-RR-NLPs exhibited 

greater fluorescence intensity in A549 cells indicated an increased cellular uptake when 

compared to the base NLP formulation. This may be attributed to the rapid internalization of 

RR-NLPs via endocytosis due to their rough surface morphology as their NLP counterpart 

exhibit a smooth spherical shape. Previous research has pointed towards the importance of 

energy-dependent mechanisms for the uptake of nanoparticles and includes caveolae-

independent endocytosis, clathrin endocytosis, caveolae-mediated micropinocytosis and 

clathrin-mediated micropinocytosis [120]. Contrastingly, energy-independent endocytosis 

mechanisms have also been hypothesized as possible transport mechanism and cellular 

uptake of nanoparticles with average sizes below 100 nm [121]. The structural and chemical 

similarities between NPs and the cellular plasma membrane promote uptake by diffusion and 

facilitate drug delivery to the interior of the cell. For the RR-NLPs formulation and data, it 

was determined that energy dependent and passive diffusion mechanisms dominated the 

transport within A549 cells. Sodium azide, an energy depleter, decreased the cellular uptake 

and showcased a key role in the energy dependent endocytosis mechanism. Clathrin-

mediated endocytosis was also observed and is a routine process of all eukaryotic cells to 

intake nutrients [114]. Further, macropinocytosis also occurred for particles larger than 100 
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nm and likely transpired as a result of any RR-NLPs that did not effervesce well and 

aggregated. Some aggregation may have occurred during the storage period due to 

polymorphic transition from unstable alpha form to the stable beta form [122].

Despite the advantages that NLCs exhibit which include good tolerability, biodegradability 

and greater stability against shear forces produced during nebulization when compared to 

liposomes, emulsions and polymeric nanoparticles, there are still limitations [123–126]. Risk 

of gelation, low drug loading and rug leakage caused by lipid polymorphism during storage 

have been a few of the primary challenges [127]. Celecoxib (Cxb) is a lipophilic therapeutic 

drug that has exhibited anticancer capabilities by inhibiting cyclooxygenase-2 (COX-2) 

enzyme, which is over-expressed in several malignant cancer types and hypothesized to play 

a key role in the pathogenesis of NSCLC [128, 129]. Prior preclinical data alludes to the 

essential role that the COX-2/prostaglandin E2 signaling pathway contributes to the 

malignant characteristics of NSCLC through inhibiting apoptosis, promoting angiogenesis 

and suppressing the immune response [130]. Cxb has been noted for its ability to modulate 

the IL-10 production in the lung microenvironment and inhibit the overproduction of 

prostaglandin E2 in lung cancer patients [130]. Cxb has also demonstrated synergistic 

anticancer effects when administered in tandem with other anticancer drugs such as 

docetaxel [128]. To increase the loading capacity of Cxb, an exploratory formulation’s 

degree of organization was decreased where the NLC was developed to comprise of an inner 

oil core encapsulated by an exterior solid shell allowing for a high payload of Cxb. The 

entrapment efficiency of the Cxb-NLC formulation was calculated to be 95.6% and 4% w/w, 

respectively. In-vitro release studies of the Cxb-NLC formulation also showed controlled 

release characteristics as 8–10% of Cxb was released after 8h, 34% released after 24h and 

>80% released after 72h [55].

Pharmacokinetic and tissue distribution studies compared the Cxb-NLC formulation against 

normal Cxb-Solution (Soln), both of which were delivered via inhalation by nebulization. 

Following 30 min of nebulizing Cxb-Soln and Cxb-NLC, the degree of Cxb deposition in 

the lungs was 84.48% and 78.4% of Cxb dose per lung tissue, respectively. Cxb-Soln lung 

concentrations fell to 4.9% 6h post-nebulization and fell below the limit of quantification at 

12h post-dosing. Contrastingly, Cxb-NLC exhibited superior lung residence where Tmax was 

observed 4.5 h post-inhalation, which was followed by a slow elimination phase and well-

above the limit of quantification for up to 24h post-dosing. In general, all calculated PK 

parameters within plasma and lung displayed improved Cxb concentrations, residence and 

exposure in the local environment (data summarized in Table 1) [55].

Cxb-NLC showed improved Cxb plasma concentration levels at all time points, which was 

attributed to the formulation composition as well as particle size. Modifications of these 

components exhibited a robust lung residence that avoided rapid clearance and over-

saturation, which could lead to complications including inflammation and other negative 

effects. The exterior shell of the NLC was composed of a lipophilic triglyceride (i.e. 

Compritol, etc.) in order to increase adsorption to the surface of vascular epithelium. 

Previous investigations have also showed that nanoparticles smaller than 260 nm can escape 

macrophage detection and phagocytic uptake [131]. The controlled release behavior of Cxb 

can be attributed to the presence of Compritol in mixture as the long-chain fatty acid 
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(behenic acid, C22) is known for its slow degradation when compared to shorter chain 

length fatty acids and exhibits low pulmonary toxicity [131]. Due to the high encapsulation 

efficiency of Cxb in NLC, the observed AUC/D was 4-fold higher than its Cxb-Soln 

counterpart following nebulization and inhalation in Balb/c mice [55]. The low molecular 

weight of the Cxb-NLC complex also promoted absorbance via passive diffusion through the 

lung epithelial membrane after inhalation. The highest concentration of diffusion is expected 

to be in the alveoli region as the thin monolayer is made of compact and broad cells over a 

large surface area [53].

An interest of the biotechnology industry has also been attracted to NLC formulations for 

highly lipophilic anti-cancer therapies such as paclitaxel. NanOlogy LLC (Lawrence, KS) 

has patented its NanoPac® technology that processes paclitaxel with compressed 

antisolvents into uncoated submicron crystal particles in 600–800 nm of size that can be 

delivered via nebulization [132]. This formulation was intentionally designed large enough 

to avoid systemic uptake into plasma and be retained in lung as well as malignant sites for a 

reservoir depot effect. This promotes a slow release effect of paclitaxel into the surrounding 

fluids and tissues at constant saturation levels. A pharmacokinetic study involving 90 rodent 

animals investigated the feasibility of inhaled NanoPac at high dosages (IHNP-HD) and low 

dosage formats (IHNP-LD). Lung tissue and plasma samples were collected at pre-

determined time points up to 336 h post-exposure. Initial paclitaxel exposure to the right 

lobes of the lung was higher in the IHNP-LD and IHNP-HD when compared with the 

intravenous group where Cmax was 3.5- and 7-fold greater, respectively. Following 

completion of nebulization, inhaled NanoPac exhibited a much slower clearance rate than 

the intravenous group and observed a 3-fold increase in T1/2 for both high and low dosage 

formats. Paclitaxel concentrations were quantifiable up to the 72h time point whereas both 

inhaled NanoPac arms were above the limit of quantification up to 336 h (2 weeks) post-

dosing. Overall paclitaxel deposition and retention was characterized by observing AUClast 

in lung, which was 5.5- and 18-times higher for IHNP-LD and IHNP-HD groups, 

respectively, when compared to the intravenous arm. When these numbers are dose 

normalized, IHNP-LD and IHNP-HD showed 39- and 43-fold increases of paclitaxel 

exposure per drug unit dose when compared to the intravenous dosing group. 17.75- and 13-

fold increases were also documented when comparing paclitaxel plasma concentrations 

between the IV and the IHNP-LD as well as IHNP-HD, respectively [132].

The extended residence of NanoPac inside lung after inhalation allows the possibility of 

increased efficacy with the bioavailable concentration of paclitaxel gated by saturation levels 

in the surrounding environment. This approach could prove beneficial when applied in 

tandem with conventional therapies to treat diseases such as NSCLC for increased anti-

tumor efficacy while also minimizing any substantial systemic toxicity. Although residual 

NanoPac crystals have been observed in lung lobes for up to 336 h post-administration, 

histopathological examination of the IHNP-LD/HD were indistinguishable with untreated 

controls post 336 h time point. Nanoparticle characterization analysis showed that both 

NanoPac suspensions exhibited MMADs ~2 μm [132]. The sizing aspect could pose further 

complications when translating to the clinic as human physiology is inherently larger when 

compared to the rodent model. Further efforts may be necessary to tailor the formulation to 

clinical applications with appropriate size and API concentrations. Despite these limitations, 
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the study was able to showcase a significantly higher degree of deposition and retention of 

paclitaxel within the local lung environment as well as uptake into systemic circulation.

5.2. Liposomes

Liposomes have been widely investigated as therapeutic delivery vehicles and recognized as 

one of the leading lipid-based carriers. Formulations can vary between a single bilayer lipid 

membrane (unilamellar liposome) and multiple bilayer lipid membranes (multilamellar 

liposomes). The outer shell is typically comprised of polymers such as PEG to allow for 

biocompatibility and additional conjugated components that can improve targeting/efficacy. 

Further manipulation of a liposome’s membrane composition can generate neutral, 

negatively charged and cationic formulations, which can be utilized to form complexes with 

negatively charged nucleic acids [1]. Similar to NLCs, liposomal formulations delivered via 

inhalation also experience rapid clearance, fast absorption or prolonged residence leading to 

oversaturation. It seems there is an optimal window of residence that augments the 

controlled release kinetics of nanoparticles while avoiding rapid clearance/absorption as well 

as oversaturation leading to inflammation.

PEG-phospholipids are amphiphilic polymers with a hydrophobic 

distearoylphosphatidylethanolamine (DSPE) block and a hydrophilic PEG block. In aqueous 

conditions, these polymers can self-assemble to form micellar structures that are endogenous 

to the lungs [133]. The PEGylated micelles and liposomes exhibit improved potential for 

controlled release kinetics due to the long fatty acyl chains comprising the outer shell, which 

confer less mobility to the encapsulated drug [133–136]. The same micelles have previously 

been demonstrated to actively accumulate in the Lewis Lung Carcinoma model in mice after 

IV administration [137]. The average micelle size was roughly 5 nm with notable uniformity 

and narrow size distribution (± 0.7 nm). Even among nanoparticles, these micelles are 

classified as ultra-small vehicles that can avoid phagocytosis by macrophages as they are too 

small to be detected. They are also more readily incorporated into the “respirable 

percentage” of aerosolized droplets due to their small size and phenotype as an aqueous 

colloidal dispersion drug carrier. Following intratracheal deposition, these nanoparticles 

typically remain in the lung lining fluid until they are dissolved and display prolonged 

residence within the lungs [138].

Drug release studies were performed in-vitro utilizing a dialysis bag with a molecular weight 

cut-off of 10 kDa and conditions that mimic the lung environment. These studies showed 

that only 22% of paclitaxel was released within the first hour of incubation demonstrating a 

slow release profile, which is contrary to many other sustained release formulations that 

have displayed an initial rapid burst of drug. Paclitaxel continued to slowly release with 90% 

of the drug emancipated at 8h after which time, the release profile was constant until the last 

observed time point of 24h. The PK studies observed 3 distinct formulation groups which 

included intratracheally administered paclitaxel loaded micelles, IV administered paclitaxel 

loaded micelles and intratracheally administered Taxol as the control group. The AUC of 

paclitaxel was significantly higher in the lungs of intratracheally administered PEG-lipid 

micelles to rats and experienced a ~45-fold increase when compared with the same 

formulation administered intravenously. Targeting efficiency (Te) was measured and 
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calculated by dividing the AUC0–12 of the target tissue by the sum of all AUC0–12 of non-

targeted tissues. Therefore, calculations were feasible for all organ tissues obtained and 

included lungs, blood, liver, kidney, heart and spleen. Targeting efficiency to the lungs was 

found to be 132-fold higher in the pulmonary route when compared with the IV counterpart 

with values of 6.57 and 0.05, respectively. Intratracheal administration of PEG-lipid micelles 

also resulted in reduced paclitaxel concentrations in plasma as well as the other peripheral 

organs observed. Despite the higher AUC exhibited in IT administration, Cmax was much 

higher in the IV route where the majority of the dosage was found in the liver or spleen. This 

is a good indication as it signifies lower systemic exposure of paclitaxel to other organs 

when the formulation is applied via IT route and demonstrates improved localization of the 

chemotherapy. The Taxol group also yielded an 8-fold higher Cmax which has been 

attributed to the free-state of paclitaxel and thereby, rapid access to systemic circulation. 

Stability studies of the paclitaxel loaded micelles suspended in water did not show any 

changes in particle size after 3 months of storage at room temperature, which is an 

encouraging finding for mass-scale production [138].

In a similar study, paclitaxel was also encapsulated in liposomes with employing 

dilauroylphosphatidycholine (DLPC) as part of their membrane formulation as opposed to 

DSPE [139]. The study setup also compared its formulation through two routes of 

administration: via inhalation through jet nebulization and IV. The measured AUC in the 

lungs of the aerosol group was 26-fold greater than that of the IV group. In-vivo anti-tumor 

activity was also evaluated by measuring predefined parameters that included lung weights, 

number of tumors and median tumor size on the lung surface. The treated mice were 

compared with untreated control mice and mice that received DLPC aerosol treatment only. 

The paclitaxel encapsulated DLPC liposome (PTX-DLPC) group showed similar lung 

weights to tumor-free lung weights. Whereas the DLPC-treated and untreated groups 

showed an increase in lung weights by 58% and 39%, respectively, when compared with 

tumor-free lung. Mean size of tumors and mean number of tumor lesions was also reduced 

in the treated group. A previous study by the same group also demonstrated that the addition 

of 5% CO2 to the breathing air can improve the deposition efficiency of therapies 

administered via jet nebulizer as it resulted in a 3-fold increase of drug [140]. In another 

experiment, the frequency of treatment was altered from 3 times per week to twice weekly 

for 2.5 weeks. The results still demonstrated a significant reduction in the lung weights of 

PTX-DLPC mice when compared with the control group. However, the reduction in dosage 

frequency proved less efficacious than the original 3 times per week treatment [141]. This is 

consistent with previous studies that showed that in-vitro cytotoxicity of paclitaxel is more 

dependent on the prolonged duration of exposure rather than increased PTX concentrations 

[142].

Despite the clinical benefits of inhalable nanotherapies, there is still a lack of understanding 

on the lung clearance kinetics of nanoparticle drug carriers and the influence lung 

inflammation can have on their clearance. For example, the accumulation of nanoparticles in 

the lung over a series of doses can result in “nanoparticle overload” and instigate local 

inflammatory responses [143–145]. Various inflammatory lung diseases and lung 

inflammation can compromise the integrity of respiratory function, alveolar epithelium and 

lung mucus volume as well as its composition. This in turn can affect clearance pathways, 
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lung distribution and general kinetics of inhaled nanomedicines [146–148]. It is also 

generally understood that pulmonary delivery of nanoparticles or proteins can induce mild 

inflammatory effects in healthy lungs, which can result in increased pro-inflammatory 

cytokines or alveolar macrophage presence [145, 149]. A previous study demonstrated that 

lung clearance kinetics of a non-PEGylated anionic liposome was considerably different 

from that of a non-PEGylated anionic solid lipid nanoparticle of similar charge and size 

[150]. Ciprofloxacin is an antibiotic medication that has no intrinsic pro-inflammatory or 

anti-inflammatory properties and showed high encapsulation efficiency in liposomes. 

Ciprofloxacin-loaded PEGylated 3H-labelled liposomes were delivered by intratracheal 

administration to the lungs of healthy rats and rats with bleomycin-induced lung 

inflammation to characterize the difference lung clearance and kinetics between the two 

states. Ciprofloxacin and 3H-lablled liposomes were quantified simultaneously utilizing 

liquid chromatography mass spectroscopy (LC/MS) and liquid scintillation counting, 

respectively [151].

IV plasma profile after intratracheal administration exhibited a biphasic clearance for both 
3H-lablled carrier and ciprofloxacin. The initial clearance of 3H-lablled liposome was rapid 

where ~2% of the initial dose remained in plasma after 48h. The slower elimination phase 

that followed showed a terminal half-life of approximately 4 days. On the other hand, 

ciprofloxacin (IV) cleared more rapidly from plasma than the radiolabeled carrier with a 

terminal half-life of 2h which indicate its swift liberation from the liposome. Plasma 

concentrations of 3H-lablled liposomes after pulmonary delivery were steadily low when 

compared to the IV group. There was an initial rapid absorption phase of 3H-liposomes and 

followed by a slower absorption rate phase. Healthy lungs did demonstrate an elimination 

phase whereas the inflamed lung group showed 3H plasma concentrations that plateaued 

between 4–7 days. Contrastingly, the plasma profile of ciprofloxacin-loaded liposomes after 

pulmonary administration showed no clear absorption phase as the first blood sample time 

point was 30 min. By this time point, the bulk of the drug was likely released from the 

carrier, absorbed into plasma and cleared. However, a distinct elimination phase could be 

characterized with a slow half-life of 20h, which is considerably longer than the IV 

counterpart. Despite the initial burst liberation of drug from the liposome, the formulation 

did promote a reservoir for the steady and prolonged release of drug in the lungs over time 

[151].

In general, the data suggests that systemic absorption of liposomes is limited after 

pulmonary intratracheal administration in rats for both healthy and inflamed lung types. Size 

exclusion chromatography (SEC) profiles of 3H lipids after IV administration indicated that 

intact liposomes were able to be systemically absorbed up to 24h post-delivery. Though after 

72h, the 3H species detected in plasma were primarily products of lipid biodegradation or 

liberated 3H lipids. Comparatively, SEC profiles after pulmonary administration detected 

predominantly free 3H lipids and a minor percentage of lipid-bound plasma proteins, 

suggesting that the systemic absorption of intact liposomes was limited. The marked 

difference between the healthy and inflamed groups is exhibited in the slower portion of the 

elimination phase that showed prolonged residence of liposomes in the inflamed lungs. 

Despite the marked difference in liposomal elimination between IV and IT administrations, 

this action is not reflected in the pharmacokinetics of ciprofloxacin, which is more 
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frequently examined [151]. Lung inflammation has been documented to increase alveolar 

macrophage content, induce local edema and change lung mucus viscosity as well as 

composition [154, 155]. These contributing factors put together may be responsible for the 

increased liposome retention in lung lining fluid and increased their exposure to alveolar 

macrophages. Despite the increased macrophage presence, lung inflammation can also 

decrease macrophage-mediated lung elimination of intratracheally instilled liposomes and 

impair alveolar macrophage mobility, which are likely by-products associated with the 

increased viscosity of mucus [156].

5.3. Liposomes vs Nanostructured Lipid Carries

A comparative study exploring the PK differences between liposomal and nanostructured 

lipid carrier (NLC) systems further reinforced that the speed and degree of absorption of 

macromolecules from the lungs is sub-par and a rate-limiting consideration [87, 143, 150, 

157]. Tight junctions between alveolar epithelial cells are a large contributing factor to the 

limited paracellular transport of macromolecules. The estimated pore radii of distal capillary 

endothelium and respiratory epithelium are 6.5–7.5 nm and 0.5–0.9 nm, respectively, 

effectively serving as a natural physical barrier against transport [158, 159]. This is in good 

agreement with previous lung retention data, which indicated a prolonged residence of 

nanomaterials in the lungs of rats via intratracheal instillation after an initial period of rapid 

clearance where >10% of the dose remained after 2 weeks [150]. Other dog, rodent and 

human subjects administered with 99mTc-labelled liposomes corroborate these findings [107, 

160–162]. More than 51% of the 14C-dipalmitoyl phosphatidylcholine (DPPC) liposome 

dose remained in the lungs of rats 1 day following pulmonary delivery (intratracheal 

administration) [163]. A similar formulation of 1,2-dilauroyl-sn-glycero-3-phosphocholine 

(DLPC) and DPPC-based liposomes showed ~80% of the inhaled pulmonary dose in the 

lungs of humans after 1 day [160]. Consensus across multiple studies in rats with varying 

formulations indicates that residence time can be influenced by controlling structural and 

chemical characteristics of the carrier or payload. Inhaled levonorgestrel loaded liposomes 

instilled intratracheally exhibit a Tmax and half-life of 7h and 64h, respectively [164]. 

Whereas, thymopentin loaded solid lipid nanocarriers (SLNs) exhibited a Tmax and half-life 

of 1h and 6h, respectively, following pulmonary administration by inhalation [165].

For both NLC and liposome formulations, the comparative study data showed mucociliary 

clearance to be the dominant mechanism by which 3H-labelled lipids were eliminated from 

the lungs of rats after intratracheal instillation [150]. Absolute bioavailability was difficult to 

accurately determine as pulmonary administration of 3H-labelled lipids resulted in large 

recovery of the dosage (~24%) in feces. This data confirms mucociliary clearance from the 

lung and liberation of the free 3H-lipid in the GI tract, which contributed to plasma 

concentrations as lipid micelle or free lipid and skewing the absolute bioavailability. Despite 

this contribution, both nanomaterials exhibited prolonged residence in the lungs with 

roughly ~40% of the pulmonary dose remaining after 3 days and approximately ~30% 

remained after 1 week. This suggests that the majority of the detected 3H-lipid plasma 

concentrations of both nanomaterials were largely a result of direct absorption from the 

lungs after intratracheal instillation [150]. Notably however, mucociliary clearance was more 

prevalent for the NLC group compared to the liposomal formulation, which could be 
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attributed to NLC’s tendency to form aggregates within the lungs, while liposomes are 

primarily eliminated by alveolar macrophages. Once phagocytosed, alveolar macrophages 

will either transport towards the lung lymphatics or clear via the mucociliary escalator. The 

comparative results provide key evidence that alveolar macrophages can distinguish, seize 

and consume nanosized particles as small as ~170 nm in diameter. This is in direct contrast 

to the previous studies which determined that particles smaller than ~260 nm were likely to 

escape phagocytic uptake by macrophages [131, 166]. Despite the lack of prolific in-vivo 
investigations and data, the comparative study data infers that anionic liposomes are likely to 

have superior intrinsic mucus penetrating properties and capability to be absorbed by 

alveolar epithelium when compared to anionic NLCs. Nevertheless, it is generally known 

that coating polymeric nanoparticles with hydrophilic polymers (such as PEG or pluronic) 

can improve lung absorbance and reduce mucociliary clearance [167]. In our lab, an original 

complex multifunctional liposomal drug delivery system containing an anticancer drug, 

suppressors of multidrug resistance and antiapoptotic defense was developed and tested on 

an orthotopic model of lung cancer (Figure 6) [152, 153, 168]. Human A549 lung 

adenocarcinoma epithelial cells (expressing MRP and BCL2 proteins) transfected with 

luciferase were intratracheally injected into the lungs of nude mice. The liposomal system 

was delivered by inhalation using a specially designed nose-only exposure chamber 

equipped by Collison nebulizer. Experimental drug distribution data of inhaled liposomes 

within treated mice showed preferential accumulation and retention in lungs with tumor. A 

superior antitumor effect was also observed by our inhaled complex system (Lip-DOX-

MRP1-BCL2 ASO) when compared with intravenously injected free, liposomal drug, and 

even a mixture of liposomal DOX, BCL2 and MRP1 ASOs delivered by inhalation. 

Inhalation delivery also limited adverse side effects of this toxic system upon healthy organs 

(Figure 6).

5.4. Targeted Nanostructured Lipid Carriers

Targeting ligands have been widely employed in nanotechnologies to optimize their 

pharmacokinetic and pharmacodynamic properties. A diverse range of moieties have been 

investigated and include aptamers, carbohydrates, vitamins, peptides, proteins and 

monoclonal antibodies. Continued efforts in innovating these types of vehicles have resulted 

in the development of hierarchical targeting entities where each layer in the formulation is 

designed with a different objective. One such example involved a multifunctional NLC 

nanoparticle that utilized hierarchical targeting in 3-stages that included lung tissue 

targeting, cancer cell targeting and mitochondrial targeting (final destination of the payload) 

[169]. This was achieved through a RGDfk-histidine-poly (lactic-co-glycolic acid) 

copolymers (PLGA) structure where PLGA is a biodegradable and biocompatible material. 

The size and other physicochemical properties of the NLC formulation were optimized for 

inhalation administration, which enabled primed lung tissue targeting and is Stage I of the 

hierarchical design. Stage II involved the utility of RGDfk receptors that recognize the 

integrin αvβ3 receptor on lung cancer cell membranes and were bound to the surface of the 

NLC system through chemical grafting. Stage III focused on the intracellular kinetics 

including mitochondrial targeting and lysosomal escape. Histidine groups were engineered 

into the NLC system to facilitate the ‘proton sponge’ effect whereby increasing proton 

influx and resulting in endosomal bursting. The histidine group also promotes a positive 
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charge, aiming to bring the vehicle in proximity to the negatively charged mitochondrial 

membrane. The active pharmaceutical ingredient (API) employed was yuanhuacine 

extracted from the Chinese medicine Thymelaeaceae, which has reported for its in vitro 
anticancer capabilities (especially for lung cancer) [170].

The PK study showed greater plasma AUC, longer mean retention time and lower Cmax for 

inhaled hierarchical-NLCs when compared with the IV administration. These statistics point 

to decreased risks of drug toxicity and the potential for a less frequent dosing schedule. The 

targeting efficiency was also monitored as the relative AUC0-t value of the target tissue to the 

non-target tissue, providing a ratio and estimation of selectivity. There was a significant 

increase in the Te of hierarchical-NLCs administered via inhalation when compared with the 

IV counterpart and was observed consistently across all non-targeted tissues in the study that 

included liver, spleen, kidney and reproductive organs. Anti-tumor efficacy was examined 

through in-vitro apoptosis assays utilizing the human lung cancer cell line (A549) and 

showed ~33.09 % apoptosis rates for the hierarchical-NLC NP while the control group was 

tracked at ~4.70 %. Traditional NLC formulation (non-hierarchical) encapsulating 

yuanhuacine was also tested in-vitro and yielded 25.65 % apoptosis rate. Solo treatment of 

yuanhuacine yielded an apoptosis rate of 18.55 % [169]. Also, observed decreases in 

mitochondrial membrane potential was an early indicator in the process of cascade apoptosis 

[171]. Cell apoptosis is irreversible once the membrane potential collapses. Further evidence 

of the induced activation of caspace (leading to cell death) was detected with increasing 

concentrations of Cytochrome C, which is an integral component of the mitochondrial 

respiratory chain and indicative of increasing apoptosis processes [169]. Overall, the data 

suggests that the hierarchical-NLC systems have demonstrated comparable robustness and 

therapeutic efficacy to warrant further investigation.

5.5. Targeted Liposomes

Active targeting liposomes typically display enhanced anti-tumor therapeutic efficacy due to 

their ability to selectively bind to over-expressed receptors of cancer cells. However, 

accurate selection of efficacious API(s), targeting ligand(s) and physicochemical properties 

of the liposome system are critical to ensure optimal results. Expression of transferrin 

receptor (TFR) is low in most healthy cells and is overexpressed (~100-fold) in many tumor 

types including lung adenocarcinoma, prostate, ovarian, brain and breast [172, 173]. TFRs 

are transmembrane proteins that regulate the uptake of iron through receptor-mediated 

endocytosis to help satisfy the metabolic requirements of tumor cells [174, 175]. TFRs are 

highly expressed in the A549 cancer cell line and further corroborated by an investigation 

utilizing transferrin-conjugated liposomes loaded with doxorubicin, which did observe 

higher in vitro uptake in A549 cells [176]. A T7 (HAIYPRH) peptide was identified by 

phage display and enhanced with a biopanning process [177]. The T7 peptide binds to a 

small cavity on the TFR surface and is subsequently transferred inside the cell through 

endocytosis through the assistance of transferrin (TF) [172]. T7 peptides also do not actively 

compete with TF for binding to TFR and enhances cellular uptake of the TF-conjugated LP 

system [177, 178]. Quercetin (QR) is a natural flavonoid widely found in nature (i.e. fruits, 

vegetables, etc.) and has been noted for its anticancer capabilities [179]. QR has been 

reported for its ability to suppress the overexpression of Aurora-B kinase, inactivate the 
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Akt-1 pathway and promote the MEK-ERK pathway [180, 181]. QR’s utility in lung 

chemotherapy has been limited due to its low bioavailability, low water solubility and rapid 

elimination from plasma [182, 183]. A T7-conjugated QR-loaded liposome system (T7-QR-

LP) was developed for pulmonary administration (intratracheal aerosol instillation) against 

lung cancer though and showed only slight improvements in anti-tumor efficiency [184]. 

Although the T7-QR- P system’s features showed adequate versatility including particle 

size, polydispersity index, encapsulation efficiency, and stability studies, it only slightly 

improved the in-vivo therapeutic efficacy of QR. The mean survival time of the control 

groups were averaging ~40 days while T7-QR-LP group’s mean survival team averaged ~69 

days after dosing [184]. Despite the optimization of the platform and targeted nature of the 

system, therapeutic efficacy was still relatively low.

Other well-known target for cancer-specific delivery of therapeutics is folate receptor which 

is practically not expressed in healthy cells and overexpressed in tumor cells including 

NSCLC [185–187]. In particular, it was used for the inhalation delivery of docetaxel by 

cancer-targeted liposomes [188]. Drug containing liposomes were prepared as inhalable dry 

powders. The physicochemical properties and PK of the docetaxel (DTX)-loaded folic acid 

(FA)-conjugated liposomes (LPs-DTX-FA) were tracked and evaluated to assess if PK or 

anti-tumor efficacy were altered after co-spray drying the inhaled dry powder [188]. The LP-

DTX-FA system exhibited an average PDI of ~0.229, zeta potential of −28.6 ± 2.6m V and 

diameter of 100.1 ± 1.0 nm. Of note, the empty liposomes were smaller (89.2 ± 0.3nm) than 

the DTX-loaded systems, suggesting that the presence of docetaxel increased the volume of 

liposomes. In-vitro cellular uptake assays showed that energy-depended endocytosis was 

primarily responsible for the cellular internalization of such liposomes. It was found that the 

cellular internalization of LP-DTX-FA suspensions decreased significantly at 4°C when 

compared with room temperature. The measured concentration of docetaxel in BALF was 

128.30 ± 25.89 ng/mL 12h after co-spraying administration via inhalation. The calculated 

AUC value for docetaxel in lung was 25-fold higher after intratracheal administration of 

drug-loaded liposomes when compared to IV administration (Figure 7). Furthermore, the 

highest concentration of docetaxel in the lungs for the IT route was observed at 30 min after 

liposome exposure and was 45-fold higher than the IV counterpart, implying a potential for 

a better therapeutic efficacy of local inhalation delivery of liposomal drug formulation. 

Although both routes of administration exhibited close AUC0–12h for all other measured 

organs (heart, liver, spleen and kidney), AUC of docetaxel in spleen, kidney, liver and heart 

were 17-fold, 22-fold, 43-fold and 50-fold lower, respectively, when compared with IT 

administration creating prerequisites for fewer adverse side effects of the delivered drug. 

Furthermore, MTT assay was employed for measuring cytotoxicity of the drug loaded 

liposomes and showed higher cytotoxicity of cancer targeted LP-DTX-FA system when 

compared with non-targeted one [188].

The use of targeted liposomal systems in clinical applications is limited by the heterogenous 

nature of cancer cells that limits efficient binding of cancer-targeted formulations as well as 

binding-site barriers that prevent deep penetration of liposomes into tumors [190]. To 

address these complications in a targeting LP system, a dual-ligand delivery platform was 

developed to enhance the vehicle’s deep penetration and targeted accumulation capabilities 

[189] (Figure 8A). Tumor microenvironments typically exhibit a relatively low concentration 
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of oxygen due to the poor vasculature and increased consumption of oxygen by cancer cells 

[191]. The underlying cellular reaction to hypoxia includes the activation of hypoxia-

inducible factor (HIF) and results in the over-expression of carbonic anhydrase IX (CA IX) 

on the cancer cell surface [192]. It has been reported that CA IX expression in healthy tissue 

is limited and is aberrantly expressed in various types of tumors including lung, breast, 

kidney and colon [193–199]. The attachment of an anti-CA IX antibody potentially can 

improve targeting capabilities of drug delivery systems and further limit their accumulation 

in healthy cells. On the other hand, the hydrophobic feature of cell membranes safeguard 

against the influx of exogenous materials including bioactive components such as 

oligonucleotides and proteins [200]. CPP33 is a novel tumor lineage-homing-cell-

penetrating peptide which exhibits the capacity to penetrate the cell membrane of A549 cells 

[201]. A pharmacokinetic study was employed to explore the efficacy of an ant-CA IX 

antibody and CPP33 dual-ligand liposome system encapsulating triptolide (dl-TPL-LP) 

delivered via intratracheal aerosol administration [189].

Prior to the PK study, a few in-vitro tests were conducted to verify the tumor penetration, 

targeting capabilities and anti-tumor efficacy of the tested delivery system. A 3-dimensional 

tumor spheroid assay showed the dl-TPL-LP could deeply penetrate into different layers of 

the spheroids when compared to non-modified liposomes, which reflects enhanced 

penetration of modified liposomes. Cytotoxic damage assays were employed in the 3-

dimensional tumor models and showed significantly higher cytotoxicity of dl-TPL-LP when 

compared to non-modified formulations and the control group. A549 cells were also 

incubated under hypoxic conditions [202] to mimic the tumor microenvironment and dl-

TPL-LP system greatly reduced the migratory activities and proliferation of CA IX-positive 

A549 cells in this circumstances. After pulmonary administration of the dl-TPL-LP system 

in rats, the AUC0−∞ remained consistent and a 3-fold decrease in Cmax was observed when 

compared with the free-TPL formulation also delivered via inhalation. The marked 

difference was observed through bioluminescence images and mass weights of the dissected 

lungs of rats treated with free TPL. High tumor proliferation was observed through peak 

radiance signals and an approximately ~6-fold increase in the weight of the lungs. 

Comparatively, the bioluminescent images of dl-TPL-LP group showed low radiance signals 

and approximately ~1-fold increase in lung weight (Figure 8B). Although both free-TPL and 

dl-TPL-LP groups showed similar AUC0−∞, the anti-tumor efficiencies were radically 

different and likely attributed to the dual-ligand modification. The reduced Cmax in the blood 

also shows advantages of targeted system as this indicates a lower distribution of TPL in 

systemic circulation which creates prerequisites for the limitation of adverse side effects. 

The dl-TPL-LP also exhibited a ~3-fold increase in half-life when compared to free TPL and 

is an encouraging feature of the modified liposomal system that creates basis for reduced 

dosing schedule. Overall, the system showed high encapsulation efficiency, high targeting 

efficiency, uniformity and robust anti-tumor capabilities after intratracheal aerosol 

administration [189].
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6. Pharmacokinetics of Nanomedicines for other Therapeutic Areas

6.1. Pulmonary Arterial Hypertension

Bosentan is an endothelin receptor antagonist (ERA) and a potent blood vasodilator 

prescribed to patients with pulmonary arterial hypertension (PAH) due to elevated levels of 

endothelin (ET1) [203–205]. The oral administration of bosentan has several shortcomings 

including short duration of action, need for frequent administration, dose-dependent 

hepatotoxicity, low bioavailability and systemic hypotension. When specifically considering 

patients with PAH, orally delivered bosentan lacks pulmonary vascular selectivity, which 

results in peripheral vasodilation and subsequent systemic hypotension which are common 

side effects for PAH-patients. To address these complications, a biodegradable polymeric 

nanoparticle colloid composed of PLGA has been developed and investigated for pulmonary 

administration via respiratory system by intratracheal administration [206]. The respirable 

controlled release polymeric colloid (RCRPC) exhibits several advantages including 

biocompatibility, macrophage uptake escape, minimal lung inflammation, controlled release 

of the API and local delivery to the site of action [207–211]. The release profiles of bosentan 

from the RCRPC system were characterized as a sustained release pattern (common for 

colloidal systems in pulmonary delivery) and lacked the initial burst release of API (only 

about 1.7% of bosentan was released after 0.5h). A wide range of RCRPC systems were 

developed with different characteristics and tested. The optimal formulation had a particle 

size of 420 nm (Figure 9A), PDI of 0.39, and an encapsulation efficiency of ~60.5%. The 

PK studied revealed a ~12.71-fold increase in AUC0-t for intratracheally administered 

RCRPC when compared with the orally delivered drug suspension (Figure 9B & 9C). The 

enhanced bioavailability of bosenten achieved after pulmonary administration can be 

attributed to the RCRPC’s capability to adhere within bronchial/lung tissue and sustain the 

release of bosenten at the adsorption site. Furthermore, inhalation delivery has the added 

benefit of avoiding the hepatic first-pass metabolism. It has been reported that PLGA 

nanoparticles can be retained in alveolar space, type 1 alveolar epithelium cells and 

basement membrane following IT administration and subsequent absorption by transcellular 

endocytosis through type 1 alveolar epithelium cells [208]. The congestive effect of IT 

administered bosentan-loaded RCRPC on pulmonary blood vessels was evident 12h post-

dosing and correlates well with the obtained PK data that observed a ~10-fold increase in 

Cmax when compared with the orally delivered counterpart. By optimizing size, dispersity, 

physicochemical properties of the carrier and sustained release properties, the bosentan-

loaded RCRPC system was able to exhibit improved bioavailability, deep lung deposition, 

controlled release and sustained vasodilation effect [206]. Therefore, this system potentially 

can be effective in clinical application where adverse effects of ERA (systemic vasodilation) 

may be reduced by inhalation delivery.

Liposomal encapsulation of PAH therapies is a notable trend as typical medications 

including ERAs, prostacyclin analogues, nitric oxide (NO) and phosphodiesterase-5 

(PDE-5) inhibitors all lack pulmonary specificity, drug stability, ease of administration, 

safety and efficacy [212]. Systemic administration of these therapies yields many off-target 

effects including reduced cardiac function and peripheral vasodilation. Furthermore, 

progression of disease is inadequately inhibited while patient morbidity remains high [213]. 
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Fasudil is an alternative medication to bosentan and has been validated to produce 

pulmonary vasodilation in both human and animal models of PAH by acting on vascular 

smooth muscle cells [214]. It is a Rho-kinase inhibitor that is similar to prostacyclins and 

alleviates the symptoms of PAH by inducing pulmonary vasolidation and downregulating the 

expression of matrix proteins, cell proliferation markers, growth factors and upregulates the 

expression of apoptotic markers. For liposomal delivery, fasudil is a weak base, hydrophilic 

molecule and exhibits low entrapment efficiency in lipid-based systems [215]. For this 

reason, various passive/active loading methods and drug-to-lipid ratios were analyzed to 

identify the optimal formulation system. It was found that passive loading methods yielded 

very low entrapment efficiencies that averaged ~27.4% while active loading methods 

increased drug entrapment by at least 2.5-fold. 5 sets of formulations (F1 = Passive loading 

Fasudil; F2 = Active loading pH 5.4; F3 = Active loading pH 3.0; F4 = Active loading pH 

7.0; F5 = Active loading pH 8.0) at different pH values were tested where the highest 

increase in entrapment was observed at pH 3.0 and pH 7.0.

Continued optimization of the drug entrapment method found incubation of the drug/

liposome system at 65°C with a 30-minute incubation time yielded maximal drug 

entrapment performance. Particle size of liposomes ranged between 100 and 250 nm and 

maintained a PDI of 0.15–0.2 indicating homogenous size distribution. Liposomes were 

developed using DPPC:Cholesterol (from ovine wool) at a molar ratio of 7:3. F1, F2 and F5 

formulations were able to release 50% of their drug content within 8–12h while F3 and F4 

released 50% of the drug ~24h showing good promise in delivering fasudil in the distal 

pulmonary arterioles for a sustained period. The loaded fasudil is initially unprotonated and 

becomes protonated in the liposome’s rich core and forms neutral complexes with anionic 

sulfates [216]. It is reasonable to assume that the principal mode of action of drug release is 

diffusion of the neutral fasudil complex out from the core through the liquefied lipid 

membranes as phase transition temperature for DPPC is 41°C and near human physiological 

temperature. This assumption is consistent with a previous report that analyzed temperature-

dependent phase transition of DPPC liposome systems of >100nm undergo phase transition 

in the range of 37–39°C. Stability studies show that storage at 4°C observed a 10–15% 

reduction in drug entrapment over a period of 28 days while storage at room temperature 

(25°C) resulted in ~30–35% drug loss in the same time period [215].

IV administration of fasudil yielded a quick rise and rapid decline in drug plasma 

concentrations with a calculated Cmax of 298 ng/mL and t1/2 of 0.39h. Comparatively, 

pulmonary administration via intratracheal instillation of plain fasudil yielded a modest rise 

and sustained elimination profile in drug plasma concentrations with a calculated Cmax of 

66.2 ng/mL and t1/2 of 1.17h. Utility of the liposomal formulations yielded fasudil 

concentrations above therapeutic levels for at least 15-hours, which can be extrapolated into 

a once or twice-a day dosing schedule. F3 group showed a t1/2 of 4.71h and a Cmax of 89.4 

ng/mL at 8h followed by a sharp decline with no detectable drug at 18h. F4 group produced 

a t1/2 of 3.44 h and a Cmax of 86.9 ng/mL at 2 h. The controlled release characteristics in 

liposomes can be attributed to multiple factors. When administered via inhalation, liposomes 

can act as reservoirs that remain submerged in BALF and release drug continuously. Fasudil 

released from the liposome system will travel via the air-blood airway barrier and enter 

arterioles through the adventitial side to facilitate its vasodilatory effects. Intact liposomes 
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can also enter systemic circulation via the air-barrier and release their payload in plasma. PD 

efficacy was analyzed through measuring mean pulmonary arterial pressure (MPAP) and 

mean systemic arterial pressure (MSAP). IV plain fasudil yielded a 45.6% reduction in 

MPAP, which quickly diminished 60–80 minutes post-dosing. IT administration of plain 

fasudil yielded a 38.3% reduction in MPAP where the effect could be extended up to 200 

minutes. IT administration of liposomal fasudil observed a maximal reduction of 37.6% in 

MPAP with its vasodilatory effect observed beyond 3.5 h post instillation where a 20% 

reduction in MPAP was measured at 200 minutes. On the other hand, MSAP of IV and IT 

plain fasudil yielded 45.6% and 38.1% decreases in MSAP, respectively, while IT liposomal 

fasudil produced a 26.4% reduction in MSAP [215]. This data suggests the liposomal 

formulation delivered via IT route is capable of pulmonary selectivity while reducing its 

systemic exposure to off-target vasculature and thereby minimizing adverse effects in other 

parts of the body.

6.2. Liposomal Systems for Other Pathological Conditions

Lung transplantation (LT) has improved in the last decade. However, long-term survival after 

LT remains inadequate by the on-set of bronchiolitis obliterans syndrome and is regarded as 

a manifestation of chronic allograft rejection, which occurs in 30–50% of patients 2 years 

post-operation [218, 219]. Tacrolimus is a primary immunosuppressant and has been found 

to be more potent, effective, safe and superior than its competitor, cyclosporine, showing 

favorable results in decreasing the risk of obliterative bronchiolitis, acute rejection and lower 

toxicity in LT [220–223]. Clinical application of tacrolimus is limited due to a narrow 

therapeutic index, patient PK variability, potential drug interactions and dose-related efficacy 

and toxicity issues when considering available oral or parenteral formulations [224]. 

Encapsulation of tacrolimus in liposomal carriers has its advantages including 

biocompatibility for most lipophilic drugs, intracellular delivery, aqueous compatibility and 

the potential for a sustained release profile [225]. Among the options of pulmonary delivery 

systems, the dry powder inhaler formulations exhibit key features over the alternatives 

including increased potency, uniform deposition, propellant free, high encapsulation 

efficiency, reduced toxicity and stability [226–232]. The tacrolimus encapsulated liposomal 

systems were also tested in tandem with a co-spray drying ingredient to assess their effect on 

the formulation’s drug release capabilities. Nanoparticles (Figure 10) were spray dried with 

lactose, trehalose or sucrose and compared with spray dried plain tacrolimus with lactose. 

90% drug release was observed from the spray dried plain tacrolimus with lactose 

formulation and was the most rapid of the four groups. The trehalose formulation produced 

the most pronounced sustained release capabilities with 90% of the drug released at 18h, 

followed by the lactose and sucrose [217].

Consistent with other liposomal-based formulations, the in-vivo PK profile of the LP-

encapsulated tacrolimus system delivered via IT administration in albino rats showed 

prolonged residence of up to 24 hours and t1/2 of 16h. Meanwhile, plain tacrolimus 

administered via IT exhibited a much shorter residence with a t1/2 of 3.9 hours. Controlled 

release kinetics were also apparent for the LP formulation as 35.47% of the tacrolimus 

dosage was present in BAL at 4h and 9.47% observed at 12h. Contrastingly, plain tacrolimus 

was below the level of quantification 4 h post-IT instillation. AUC0–24h of the LP group was 

Shen and Minko Page 28

J Control Release. Author manuscript; available in PMC 2021 October 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



1.83-fold higher than the plain tacrolimus group suggesting greater exposure and therapeutic 

potential with the lipid-based system [217].

Contraceptive administration experience similar obstacles as oral delivery often interferes 

with the production and action of endogenously generated steroid hormones [233]. Previous 

reports have indicated changes in oestradiol metabolism following administration of 

exogenous hormones [234]. Since oral contraceptives also incur the hepatic first-pass effect, 

hepatic enzymes and liver microsomal cytochromes (P450) are common in high 

concentration [235]. Continued stress and interference with liver function is also consistent 

with reports of oral contraceptive users developing fatty livers as an unwarranted effect of 

long-term treatment [236]. However, there is rising interest in the exploitation of the lung for 

systemic delivery of challenging molecules such as proteins, peptides, vaccines and 

analgesic agents. The large surface area and permeability of the lung tissue similar to other 

mucosal surfaces provides a promising space for rapid absorption of these delivery-

challenged therapies. Levonorgestrel (LN) is a widely employed oral contraceptive where its 

utility has been regularly in low dosages in the progestogen only pill (POP) and in 

combination with estrogen in combined oral contraception (COC) formulations [237]. PK 

analysis of LN delivered orally (LO) against the LN-encapsulated LP (LNLP) formulation 

revealed similar AUC drug plasma concentrations though vastly different absorption 

profiles. LO produced a Cmax of 14.4 ± 0.6 ng/mL and t1/2 of 16.9 h while LNLP observed a 

Cmax of 4.4 ± 0.6 ng/mL and t1/2 of 64.4 h. Solubilization and diffusion of the drug into 

alveolar fluid prior to absorption into systemic circulation via transcellular transport may be 

accountable for the controlled release kinetics and zero-order absorption of LN. Pulmonary 

intratracheal administration and liposomal encapsulation of LN also limit exposure within 

the therapeutic window of 4–6 ng/mL for a longer period of time (almost 2-fold longer) 

rather than over-exposure of LN for a shorter duration, which is often attributed to the oral 

route [164] (Table 2). The data show that the liposomal encapsulated LN’s demonstrates 

ability to reduce dose-dependent progestronic side effects that are typically associated with 

orally administered LN.

7. Future Directions

Therapeutic efficacy of NLC and LP formulations are highly dependent upon their API, 

physicochemical properties and delivery format. Consistent across most pulmonary 

administered lipid nanoparticle systems is their ability to deliver therapeutic levels of their 

payload for sustained periods without over-exposing other major organs. A common trend to 

be weary of is optimization of key characteristics that govern mucociliary clearance, drug 

release kinetics, deep lung deposition and ability to maintain a reservoir of drug in BAL. 

Given the importance of controlled release kinetics in NLC/LP therapies, it is imperative that 

a balanced formulation is developed to ensure optimal saturation of API is stored in BAL 

whereas over- or under-saturation can lead to inflammatory risks and/or insufficient drug 

exposure. PK studies have been employed across a variety of diseases. However, PD data 

seems lacking in most investigations and require further attention. Meanwhile, 

understanding PD characteristics of various inhaled nanotechnology-based formulations may 

help in developing novel treatment strategies. Except few studies of PD of inhaled insulin 

[238], corticosteroids [239, 240] and some other drugs [241–245], PD of inhaled drugs is 
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under investigated in most cases. Also, many studies collate one or two data sets which may 

include plasma, lung tissue or BAL drug concentrations. However, one could contend that a 

comprehensive approach and understanding of nanoparticle PK behavior in all 3 data fields 

is advantageous when optimizing the platform for additional therapeutic efficacy. Clinical 

applications should also be kept in mind as many variables and physicochemical 

characteristics are tailored for in-vivo rat/mice studies. Comprehensive approaches for 

translation of developed inhalation delivery systems into clinical applications should also be 

investigated. Tumor targeting efficiency can also be improved by the careful selection of the 

type of ligands for conjugation and/or innovative formulations (e.g. hierarchical liposomal 

system). Several complex and often stimuli-responsive structures (often defined as 

hierarchical) such as vesicles incorporating gas bubbles or nanoparticles in the lumen or 

membrane were developed in the last decade [246–249]. These carriers defy easy 

classification and require a separate more detail discussion. Overall, the pharmacokinetic 

profiles of LP, NLC and other nanosized vehicles show promise of localized application, 

enhancing therapeutic efficacy and warrant further investigation.
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Abbreviations

9-Br-Nos 9-bromo-noscapine

9-Br-Nos-RR-NLP 9-bromo-noscapine, rapid release, nano-lipid particle

API Active pharmaceutical ingredient

AUC Area under the curve

AUC0–12 Area under the curve from t=0h to t=12h

AUC0–t Area under the curve from t=0 to t=t

AUCinf Area under the curve from t=0h extrapolated to t=infinity

AUClast Last collated time point for the measured area under the 

curve

BAL Bronchoalveolar lavage

BALF Bronchoalveolar lavage fluid

CA IX Carbonic anhydrase IX

CL Clearance

Cmax Highest reached concentration in time-concentration drug 

profile

Cxb Celecoxib
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D-DOX 56 kDa PEGylated polylysine dendrimer conjugated with 

doxorubicin via an acid labile linker

DLCO Diffusing capacity for carbon monoxide

DLPC 1,2-dilauroyl-sn-glycero-3-phosphocholine

dl-TPL-LP Dual-ligand triptolide encapsulated liposome

DPPC 14C-dipalmitoyl phosphatidylcholine

DSPE Distearoylphosphatidylethanolamine

DTX Docetaxel

EGF Epidermal growth factor

ERA Endothelin receptor antagonist

FA Folic acid

Fabs Absolute bioavailability

FPF Fine particle fraction

HIF hypoxia inducible factor

IC50 A concentration that inhibits cell grows on 50%

IHNP-HD Inhaled NanoPac at high dosages

IHNP-LD Inhaled NanoPac at low dosages

IT Intratracheal

IV Intravenous

ke Elimination rate constant

LC/MS Liquid chromatography mass spectroscopy

LHRH Luteinizing hormone-releasing hormone

LN Levonorgestral

LP Liposome/Liposomal

LT Lung transplantation

MMAD Mass median aerodynamic diameter

MPAP Mean pulmonary arterial pressure

MRT Mean residence time

MSAP Mean systemic arterial pressure
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MTX Methotrexate

NLC Nanostructured lipid carrier

NLP Nanostructured lipid particle

NSCLC Non-small cell lung cancer

PAH Pulmonary arterial hypertension

PEG Polyethylene glycol

PEGxxxx Polyethylene glycol polymer with molecular weight xxxx 

Da

PK Pharmacokinetic

PLGA Poly(lactic-co-glycolic acid)

pMDI Pressurized metered dose inhalers

PTX Paclitaxel

QR Quercetin

RCRPC Respirable controlled release polymeric colloid

SEC Size exclusion chromatography

siRNA Short-interfering RNA

SLIT Sustained release lipid inhalation targeting

SLN Solid lipid nanocarrier

Soln Solution

t1/2 Half-life

Te Targeting efficiency

TFR Transferrin receptor

Tmax Time at which the highest drug concentration is reached

TPL triptolide

Vd Volume of distribution
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Figure 1. 
Advantages and challenges of pulmonary drug delivery. Modified from [1], image credits to 

iStock/snegok13 with permissions.
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Figure 2. 
Main key variables that determine a formulation‟s efficiency in order to develop a vehicle 

that targets the specific site of action, avoids degradation and exhibits a robust absorption 

and elimination profile after inhalation delivery.
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Figure 3. 
A representative scanning electron microscopy images of large porous nanoparticles 

(LPNP). (A) Hollow sphere LPNP obtained from the spray drying of a solution of 

polystyrene nanoparticles (170 nm). (B) Magnified view of the particle surface. (C) LPNPs 

dissolve readily into the nanoparticles in solution. Redrawn with permission from [20].
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Figure 4. 
Luteinizing hormone-releasing hormone (LHRH) as a cancer targeting moiety. (A) Sequence 

of the modified synthetic analog of natural LHRH peptide. (B) Expression of genes 

encoding LHRH receptor (LHRHR) in different human cancer cells and healthy human 

organs. β2-microglobulin (β2-m) was used as an internal standard. (C) Distribution of 

tritium-labeled PEG and LHRH-PEG conjugates in different tissues of mice without tumor 

and mice bearing xenografts of A2780 human ovarian carcinoma. Radioactivity is expressed 

in disintegrations per min (dpm) per g of tissue weight. Means ± SD are shown. Redrawn 

from [27, 35, 36].
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Figure 5. 
Dendrimers as drug carriers for anticancer drugs. Association of anticancer drugs with 

dendrimers may be achieved via covalent conjugation to the surface, or by encapsulation of 

drugs within the structure. Reproduced with permission from [95].
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Figure 6. 
Orthotopic lung tumor model and inhalation treatment of lung cancer. (A) Human lung 

cancer cells transfected with luciferase were intratracheally injected into the lungs of nude 

mice. (B) Typical bioluminescent image of a mouse with lung tumor 4 weeks after 

instillation of cancer cells. Intensity of bioluminescence is expressed by different colors, 

with blue reflecting the lowest intensity and red indicating the highest intensity. (C) 

Bioluminescence of excised mouse organs. (D) Inhalation delivery enhances lung exposure 

to liposomal drug and limits its content in other organs. (E) Installation for inhalation 

treatment. (F) Inhalation treatment of mice with orthotopic human lung cancer by DOX 

combined with inhibitors of pump and nonpump cellular resistance significantly decreases 

tumor size. Representative bioluminescent (IVIS imaging system) and ultrasound (Vevo 

imaging system) images of mice (untreated and treated within 4 weeks). (G) Mouse inside 

the nose-only exposure chamber. (H) Lung tissue histology (H&E staining). 1 – control (no 

tumor); 2 – untreated tumor; 3 – DOX (i.v.); 4 – liposomal-DOX (i.v.); 5 – liposomal-DOX 

(inhalation); 6 – mixture (“cocktail”): liposomal-DOX-MRP1 ASO + liposomal-DOX-BCL2 
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ASO (inhalation); 7 – complex DDS: liposomal-DOX-MRP1- BCL2 ASO (inhalation). (I) 

Inhalation delivery enhances cell death induction in the lungs with tumor and limit adverse 

side effects in other organs. Means ± SD are shown. *P < 0.05 when compared with 

untreated animals. Redrawn from: [24, 152, 153].
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Figure 7. 
Area under the curve (AUC) for docetaxel delivered by folic acid-conjugated liposomes 

from t = 0 to t = 12h in heart, liver, spleen, lung, kidney, and plasma following intravenous 

and intratracheal administration of docetaxel-loaded suspensions (1 mg/kg). Means ± SD 

(n=6) are shown. *P < 0.05 when compared with intravenous administration. Redrawn based 

on the data in [188].
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Figure 8. 
Dual-ligand modified liposomes for local targeted delivery of anticancer drug for treatment 

of lung cancer. (A) Illustration of the preparation of dual-ligand triptolide (TPL)-loaded 

liposomes. (B) Representative bioluminescent images and corresponding lung tissue of the 

mice at day 31 after tumor inoculation. Mice were treated with free triptolide (TPL) and 

TPL delivered by liposomes (TPL-Lip), anti-carbonic anhydrase IX antibody-modified 

liposomes (CA IX-TPL-LIP), CPP33-modified liposomes (CPP33-TPL-Lip) or dual-ligand 

TPL liposomes (DL-TPL-Lip). Mice bearing orthotopic lung tumor were treated every three 

days four times by intratracheal administration at 0.3 mg/kg of tested substances. Redrawn 

from [189].
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Figure 9. 
Respirable controlled release polymeric colloid (RCRPC) of bosentan for the management 

of pulmonary hypertension. (A) Representative transmission electron microscope 

micrograph of the optimized bosentan RCRPC. (B) Bosentan concentration in plasma of rats 

after the oral administration of bosentan suspension and intratracheal delivery of the 

optimized bosentan RCRPC. (C) Pharmacokinetics parameters of bosentan in plasma 

following IT delivery of the optimized RCRPC and oral formulation of bosentan suspension 

given to rats. Means ± SD are shown. *P < 0.05 when compared with oral administration. 

Redrawn and replotted based on data presented in [201].
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Figure 10. 
Spray dried nanoliposomes with trehalose for the inhalation delivery of tacrolimus. (A) A 

representative scanning electron microphotograph. (B) Surface texture analysis of trehalose 

based spray dried formulation. Reproduced with permission from [217].
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Table 1.

Plasma pharmacokinetic and lung disposition parameters of Celecoxib encapsulated in nanostructured lipid 

carriers (Cxb-NLC) and in solution (Cxb-Soln) following nebulization and inhalation for 30 min in Balb/c 

mice*. Mean values (percent coefficient of variation) are shown. For all values, P < 0.05 when compared with 

tle-o Cxb-Soln. Modified from [55].

Plasma** Lung***

Parameter Cxb-NLC Cxb-soln Parameter Cxb-NLC Cxb-Soln

Tmax, h 4.50 (22.2) 1.38 (54.5) Tmax, h 1.13 (66.7) 0.5 (0.0)

Cmax, μg·mL−1·mg−1 0.11 (19.3) 0.02 (9.6) Cmax, μg·g−1·mg−1 0.21 (12.8) 0.23 (24.3)

AUCt, μg·h·mL−1·mg−1 1.1 (4.8) 0.05 (15.82) AUCt, μg·h·g−1·mg−1 1.26 (14.6) 0.36 (9.8)

AUCinf, μg·h·mL−1·mg−1 1.27 (10.5) 0.07 (15.4) AUCinf, μg·h·g−1·mg−1 1.36 (16.1) 0.42 (6.6)

Cl, L·kg−1·h−1 0.93 (4.72) 20.03 (4.72) Cl, L·kg−1·h−1 0.81 (16.3) 27.77 (10.3)

*
Tmax is the time at which the maximum concentration is observed; Cmax maximum concentration per mg of dose; AUC(t) dose normalized total 

area under the curve (time zero to last measurable concentration per mg of drug dose), AUCinf/dose dose normalized total area under curve (time 

zero to infinity per mg of drug dose), Cl clearance.

**
Blood values are normalized per mL of blood and mg of applied dose.

***
Lung parameters are normalized per g of lung tissue mass and mg of applied dose.
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Table 2.

PK of different formulations after oral and intratracheal pulmonary delivery of levonorgestrel in rats. LP1 - 

plain drug formulation, LP2 - physical mixture (plain drug along with constituents of liposomes), LP3 - 

liposomal formulation of levonorgestrel. Means ± SD are shown. Based on data from [164].

Formulation Route AUC* (ng-h/mL) Percentage relative bioavailability Tmax (hours) Cmax (ng/mL) T1/2 (hours)

LP1 Oral 261.41 ± 12.36 - 2.1 ± 0.2 14.4 ± 0.6 16.9 ± 0.2

LP1 Pulmonary 255.16 ± 9.87 97.6 ± 1.2 6 ± 0.2 4.4 ± 0.4 61.2 ± 0.2

LP2 Pulmonary 257.63 ± 10.15 98.6 ± 1.4 7 ± 0.2 4.2 ± 0.5 61.4 ± 0.2

LP3 Pulmonary 287.24 ± 11.29 109.9 ± 1.4 6.8 ± 0.2 4.4 ± 0.6 64.4 ± 0.2

*
AUC indicates the area under the blood levonorgestrel concentration time curve
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