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Abstract 

Aerosolization is a non-invasive approach of delivering drugs for both localized and systemic effects, 

specifically pulmonary targeting. The aim of this study was to deliver trans-resveratrol (TR) as an anti-

cancer drug entrapped in a new generation versatile carriers nanostructured lipid carrier (NLC) to 

protect degradation and improve bioavailability via medical nebulizers. Twelve TR-NLC (i.e., F1-F12) 

formulations were prepared using different combinations and ratios of formulation ingredients via hot 

high-pressure homogenization. Upon analysis, formulations F1 and F2 demonstrated a particle size of 

<185 nm, a polydispersity index (PDI) <0.25, Zeta potential values of ~30 mV and an entrapment 

efficiency >94%. The aerosolization performance of the F1 and F2 formulations was performed via a 

next generation impactor (NGI), using medical nebulizers. The air jet nebulizer demonstrated lower 

drug deposition in the earlier stages (1-2) and significantly higher deposition in the latter stages 3-5 (for 

both formulations), targeting middle to lower lung deposition. Moreover, the air jet nebulizer exhibited 

significantly higher emitted dose (ED) (87.44 ± 3.36%), fine particle dose (FPD) (1652.52 ± 9.68 µg) 

fine particle fraction (FPF) (36.25 ± 4.26%), and respirable fraction (RF) (93.41 ± 4.03%) when the F1 

formulation was used as compared to the F2 formulation. Thus, the TR-NLC F1 formulation and air jet 

nebulizer were identified as the best combination for the delivery and targeting peripheral lungs.  

 

Key words: Medical nebulizer; Pulmonary system; Drug delivery; Liquid lipid; Solid lipid; Cancer. 
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Introduction 

The pulmonary system remains a sought route of drug delivery. This is attributed to the large surface 

area (100 m
2
) offered by the lungs, protection from 1

st
 pass metabolism and non-invasive nature of 

administration [1, 2]. At around one in six fatalities, cancer is one of the main causes of death globally 

[3, 4]. Lung cancer has one of the worst survival rates when compared to other cancer types, accounting 

for about 1.8 million deaths per year [5]. Based on the histology, lung cancer is divided into small cell 

lung cancer (SCLC), non-small cell lung cancer (NSCLC), mesothelioma, sarcoma, and carcinoid. 

NSCLC makes up more than 85% of all instances of lung cancer and is the most prevalent kind. The 

bronchi are usually where SCLC starts, but NSCLC can start in any of the many kinds of lung-lining 

epithelial cells [6, 7]. Surgery, chemotherapy, radiation therapy, and/or immunotherapy are all part of 

the standard treatment for lung cancer [8]. Additionally, conventional treatments may harm adjacent 

healthy tissue, which could have a number of negative impacts on patients. New techniques for 

directing medications to tumour sites can be created with nanotechnology, improving the medication's 

effectiveness and minimizing its negative effects on healthy tissue. 

Nanoparticles [9, 10] possessing the ability for deep lung deposition to exert therapeutic effect, thus 

have achieved noticeable attention in drug delivery and cancer treatment. Nanoparticles are divided into 

many sub-classes, including polymeric nanoparticles [11, 12], micelles [13, 14], 

liposomes/proliposomes [15-17], ethosomes [18, 19], transfersomes/protransfersomes [20, 21], hybrid 

nanoparticles [22, 23], solid lipid nanoparticles [24, 25], and NLCs [26, 27]. These formulations can 

deliver both lipophilic and lipophobic drugs, demonstrating very low toxicity in comparison to 

conventional treatments (e.g., chemotherapy and radiation). These formulations have successfully 

prolonged drug action either by enhancing the drug half-life or extending the time of drug release. For 

targeting drug delivery, pH sensitivity is also important, so that active compounds may be released in a 

particular pH setting [28]. However, it is important to note that each formulation differs with respect to 

its composition and method of preparation. Among these drug delivery systems, most of the suspension 

formulations are not stable due to the oxidation and hydrolysis of their phospholipids and are attributed 

to the agglomeration and leakage of entrapped drugs, resulting in a shorter shelf-life [21, 29]. However, 

their dry powder formulations are more stable and can be converted into suspensions upon hydration. 

SLNs possess higher drug entrapment, but due to their perfect crystalline matrix, they may cause drug 

leakage. Therefore, amongst these nanoparticles, NLC is a new generation formulation, possessing both 

solid and liquid lipid in the internal core and surfactant to form the outer layer. Moreover, the presence 

of  both the liquid lipid and solid lipid may form an imperfect internal core, which is advantageous in 

terms of high drug loading and long-term stability as compared to counterpart nanoparticles. 

Resveratrol (a novel anti-cancer agent) is a stilbenoid polyphenol with two phenol rings connected by 

an ethylene bridge [30]. Two isomeric variants of resveratrol have been identified: cis- and trans-

resveratrol.  
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Amongst these two, trans-resveratrol (TR) notably induces cellular responses such as cell cycle arrest, 

differentiation, apoptosis, and enhances cancer cell anti-proliferation [31, 32]. A combination of NLCs 

and TR as an anti-cancer drug delivery system may result in better in-vivo absorption and 

bioavailability when compared to TR alone. It is important to know that there have been many 

preclinical investigations on resveratrol's anticancer properties, but translational research and clinical 

trials have progressed very little. Most of the research has concentrated on its cellular processes, signal 

transduction pathways, and anticancer effects both in vitro and in vivo. A research study conducted by 

Boocock et al. demonstrated the oral administration of various doses (0.5, 1, 2.5, and 5 g) in humans, 

where the highest dose demonstrated a recovery of 2.4 μM in the plasma after 1.5 h [33]. In another 

dose-dependent study where multiple daily doses of 0.5, 1, 2.5 and 5 g were tested in humans for 29 

days, the recovered maximum plasma concentration was 4.25 µM [34]. Moreover, in another study 

where Zhu et al. administered a dose of 50 mg twice a day for 12 weeks, they found a 2.9 μM mean 

plasma concentration and demonstrated an effect on cancer biomarkers [35]. 

Pulmonary drug delivery of NLC formulations may be achieved through the use of nebulizers. Upon 

nebulization, the drug is inhaled through a mouthpiece or facemask with normal tidal breathing, 

depositing formulations into the deep lungs. There are three main types of medical nebulizers available 

that have been extensively used for the delivery of lipid-based formulations: air jet, vibrating mesh, and 

ultrasonic nebulizers [36, 37]. Each nebulizer type consists of many sub-types, possessing the same 

working principle but with minor modifications in terms of their design. Air jet nebulizers are 

employed with pressure or compressor systems from which high velocity compressed air is passed 

through a nebulizer and converts aqueous suspensions or solutions into aerosols. Upon passing the 

compressed air through the venturi nozzle of the air jet nebulizer, it develops a negative pressure over 

the formulation, generating inhalable aerosol droplets (which is also called the Bernoulli effect) [2, 38]. 

Moreover, surface tension of formulations and impaction on the baffle may also help droplet formation 

in the air jet nebulizers, followed by droplets passing through the mouthpiece for inhalation [39]. 

Ultrasonic nebulizers have an incorporated piezoelectric crystal, which, upon connecting to a power 

supply, generates vibration at high frequencies (1-3 MHz) creating energy. This energy either generates 

a fountain (capillary wave formation) or bubble (cavitational bubble formation) in the stagnant 

formulation to produce inhalable droplets [40]. Vibrating mesh nebulizers contain a perforated mesh 

plate, piezoelectric crystal, and a horn transducer. Piezoelectric crystals create vibrations that are 

transmitted to the connected horn transducer in order to extrude formulations from the perforated mesh 

plate to produce inhalable droplets [36]. The deposition of aerosol particles/droplets is pertinent to the 

combined effect of inertial impaction, sedimentation and Brownian diffusion, providing a 

representative simulation of lung deposition [2, 41]. The in-vitro assessment of the aerodynamic 

diameter of aerosol particles released from the nebulizers can be analysed via a next generation 

impactor (NGI). 
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This work aimed to combine formulation excipients in various ratios to prepare NLC formulations. This 

was followed by their characterization and nebulization performance using medical nebulizers (air jet 

and ultrasonic) for drug deposition in an in-vitro lung model. Physicochemical properties (particle size, 

PDI, Zeta potential and entrapment efficiency) were examined and compared between freshly prepared 

and stored formulations (25 °C for two months). The superior formulations identified based on their 

physicochemical properties were selected for aerosolization studies, where nebulizers were employed 

for drug deposition in the NGI stages. Through this process, an ideal formulation and nebulizer 

combination were identified for maximal ED, FPD, FPF and RF. Lastly, the sustained release profile of 

the best formulation was also determined in different pH media (mirroring various physiological media) 

at room temperature. 

 

Materials and methods 

Materials  

Trans-resveratrol (TR) was purchased from Manchester Organics (Chesire, UK). Tripalmitin (Dynasan 

116) was kindly provided by IOI Oleochemicals (Witten, UK). Glycerol monostearate was obtained 

from Alfa Aesar, UK. Gelucire 50/13, Compritol 888 ATO and glycol monocaprylate type II (Capryol 

90) were generously gifted by Gattefose (Birkshire, UK). Soya phosphatidylcholine (Lipoid; S-75) was 

purchased from Lipoid, Switzerland. Tween 80 was procured from Sigma Aldrich, UK. HPLC grade 

acetonitrile, ammonium molybdate, formic acid, and tetrahydrofuran were purchased from Fischer 

Scientific Ltd., UK. 

 

Preparation of Nanostructured lipid carriers 

Nanostructured lipid carrier (NLC) formulations were prepared via hot high-pressure homogenization 

using three separate phases: the lipid phase, the drug phase and the liquid phase. NLC formulations (F1-

F12) were prepared using one liquid lipid (Capryol 90) in combination with four different solid lipids 

(Dynasan 116, glycerol monostearate, Gelucire 50/13 and Compritol 888), in three different ratios 

(90:10, 50:50 and 10:90 w/w). Each combination was further prepared using Tween 80 as a surfactant 

in a 0.5% concentration, where soya phosphatidylcholine (Lipoid; S-75) was employed as a co-

surfactant in all NLC formulations (Table 1). 

The lipid phase was prepared by weighing Capryol 90 (a liquid lipid) and Dynasan 116 (one of a solid 

lipid) in a 90:10 w/w ratio (i.e., 1800:200 mg) in a glass beaker (100 ml). Both lipids were melted at 75 

°C (approximately 10 °C above their respective phase transition temperatures) via a digital hotplate 

magnetic stirrer (Benchmark Scientific, UK). The same procedure was applied for all other 

combinations of liquid to solid lipid (Table 1).  
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The drug phase was prepared, where 500 mg of trans-resveratrol (TR) was dissolved in 10 ml of 

ethanol (as a stock solution) because the drug is hydrophobic. From this drug phase or stock solution, 

only 1 ml was taken containing 50 mg of TR for NLCs formulation [42].. An aqueous phase was 

prepared by mixing tween 80 at 0.5% (i.e., 250 mg) in preheated water (75 °C) (sufficient to prepare a 

50 ml formulation) with the aid of a digital hotplate and magnetic stirrer. 

Initially, the prepared drug phase was added into the molten lipid phase, followed by the addition of the 

aqueous phase with continuous stirring for 15 min at 1250 rpm to obtain an emulsion (dispersion 

system). This dispersion system (microparticles) was homogenized (Ultra-Turarax; IKA England Ltd) 

at 10,000 rpm for 3 min. The resulting microparticles in the dispersion system were then reduced via 

probe sonication (Qsonica probe sonicator, UK) at an amplitude intensity of 60% for a total of 5 min 

(i.e., 2 min sonication time and 1 min interval time) to obtain TR entrapped in NLCs (TR-NLCs). TR-

NLC formulations were then left to cool down to room temperature (25 °C). The resultant TR-NLC 

formulations were then subjected to bench centrifugation (Eppendorf centrifuge, UK) in order to 

separate titanium particles (leached out during the sonication process) at a lower centrifugal force of 

1250 g for 8 min. Titanium particles sedimented to the bottom of the tube, whereas the suspended 

nanoparticles in the formulation were separated out. The same formulation steps were repeated for all 

TR-NLC formulations (Table 1). 

 

Table1. TR-NLC (F1-F12) formulations prepared comprising of one liquid lipid (Capryol 90) and four 

solid lipids (Dynasan 116, Glycerol monostearate, Gelucire 50/13 and Compritol 888) in three 

different w/w ratios (90:10, 50:50 and 10:90), where tween 80 was used as a surfactant (0.5%), and 

SPC-75 (50 mg) as a co-surfactant. Trans-resveratrol (TR) was employed as the model drug (50 mg) in 

all formulations. 

 

TR-NLCs particle size and Zeta potential analysis 

Particle size and the polydispersity index (PDI) of TR-NLC formulations were measured using a 

Zetasizer (Malvern Zetasizer Nano series, UK) via dynamic light scattering [9, 43]. For analysis, 0.5 ml 

of TR-NLC formulations were diluted with 10 ml of deionized water, followed by 2 min of vortex 

mixing (Fisions WhirliMixer, Fisions Scientific Equipments, UK) for uniform particle distribution [42]. 

Furthermore, following aerosolization of TR-NLC formulations via medical nebulizer into the next 

generation impactor (NGI), each plate was washed with deionized water, and then 2 min of vortex 

mixing was conducted for uniform mixing and distribution of particles. The Zeta potential of TR-NLC 

formulations was obtained employing disposable folded capillary cells and using Laser Doppler 

Velocimetry (LDV) via electrophoretic mobility in the aqueous dispersion medium. 

 

Determination drug entrapment efficiency  

For the calculation of the entrapment efficiency of TR in the NLC formulations, the total drug and the 

unentrapped drug were determined. To quantify the total drug, 0.5 ml of the TR-NLC formulations was 
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diluted with tetrahydrofuran (0.45 ml), and 2.5 ml of this solution was further diluted with 2.5 ml of a 

mobile phase (as detailed below), followed by processing via HPLC (Agilent 1200 series instrument, 

UK). For the unentrapped drug quantification, 0.5 ml of TR-NLC formulations was transferred into a 

Millipore centrifuge filter (3 kDa; Fisher Scientific, UK), placed into an Eppendorf tube. This tube was 

then subjected to bench centrifugation (Eppendorf centrifuge, UK) for 15 min at 10000 rpm (i.e., 9300 

g), resulting in clear filtrate collected at the bottom of the tube. Whereas TR entrapped in the NLC 

particles were retained by the filter due to their high molecular weight (only free drug may pass through 

the filter due to its lower molecular weight). The concentration of TR in the filtrate was determined by 

HPLC. Thus, the entrapment efficiency (Equation 1) as well as the recovery percentage (Equation 2) of 

TR in NLC formulations were quantified by the following equations: 

 

                           
                           

          
                    

 

              
                                                             

                                                            
                    

 

An Agilent 1200 series HPLC instrument was used with C-18 column, 4.6 x 250 mm (Phenomenex, 

UK) with particle size of 5 µm, and the UV detector was set at 306 nm wavelength. The injection 

volume of 20 µl and the flow rate of 1 ml/min were set up. Two solvents (acetonitrile (A) and 0.1% 

formic acid in water (B)) were used as the mobile phase with a gradient elution method for 15 min. At 0 

minutes, the solvent A ratio was 10% and solvent B was 90%; at 13 min, solvent A was 85% and 

solvent B was 15%; at 15 min, solvent A was 10% and solvent B was 90%. 

 

Stability studies of TR-NLCs formulations  

Preliminary stability studies of TR-NLC formulations were conducted for the following 

physicochemical properties (i.e., particle size, PDI, Zeta potential and entrapment efficiency) for 

comparison between freshly prepared TR-NLC formulations and formulations stored at 25 °C for four 

weeks. The stored TR-NLC formulations were retained in amber-coloured glass bottles (20 ml) and a 

constant temperature was maintained during the stability studies. 

 

Surface morphology study of TR-NLC formulations 

Surface morphology examination of the TR-NLC formulations was conducted via transmission electron 

microscopy (TEM). Two drops of a negative stain ammonium molybdate and two drops of TR-NLC 

formulation were combined on a glass slide; subsequently, a small drop of the resultant mixture was 

then placed onto a carbon coated copper grid (400 mesh) (TAAB Laboratories Equipment Ltd., UK). 

This was then allowed to dry for 2 h. TR-NLC structures were observed, with several images captured 

via a TEM instrument (Morgagni 268, MegaView, UK). 
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In-vitro studies of TR-NLC formulations via nebulization 

A next generation impactor (NGI) (Copley Scientific Limited, UK) was employed for the aerosolization 

study in combination with medical nebulizers. The NGI was set up by coupling the device with a 

vacuum pump (Copley flow HCP5, Copley Scientific, UK) and a critical airflow controller (Copley 

TPK 2000, Copley Scientific, UK) to adjust the airflow rate to 15 L/min. At this airflow rate using an 

NGI, the aerodynamic cut-off diameters for each stage were calibrated by the manufacturer as; Stage 1 

(14.10 µm); Stage 2 (8.61 µm); Stage 3 (5.39 µm); Stage 4 (3.30 µm); Stage 5 (2.08 µm); Stage 6 (1.36 

µm); Stage 7 (0.98 µm) and Micro-orifice Collector (<0.70 µm). Prior to aerosolization, the NGI and its 

stages were refrigerated for 90 min at 5 °C. For the nebulization of TR-NLC formulations, two 

nebulizers; an air jet (PARI Tourboboy 5 air jet, UK) and an ultrasonic nebulizer (Uniclife rechargeable 

ultrasonic inhaler MY-520B, UK) were used. Prior to nebulization, all empty stages were weighed 

separately. The TR-NLC formulation (3 ml) was then poured into the nebulizer reservoir and weighed. 

The position of the nebulizer was adjusted in front of the mouthpiece (induction port) of the NGI before 

starting the aerosolization process. Following total/complete nebulization (i.e., where no further 

aerosols were generated), the nebulization time (continuous generation of aerosols) and sputtering time 

(from sporadic to no generation of aerosols) were noted. The mass output and mass output rate were 

determined with the help of the following equations: 

 

                    
                               

                                                              
                  

 

                          
                               

                          
          (4) 

 

The emitted dose (ED) is the total amount of TR-NLC formulation released from the nebulizer. Fine 

particle dose (FPD) is the mass of those particles that are smaller than 5 µm of the ED. Fine particle 

fraction (FPF) is the fraction of those particles (< 5 µm) connected to the ED, whereas respirable 

fraction (RF) demonstrates particles that reach the lower respiratory tract. ED, FPD, FPF and RF were 

calculated with the aid of the below equations. 
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Release study of TR-NLC formulations 

The sustained release performance of TR from the NLC formulations (1 mg/1 mL) was evaluated using 

dialysis tubing (a cut-off MWCO; 3500 Daltons). TR-NLCs formulation (5 ml) were placed in dialysis 

bags and sealed; these were then sited in a release medium in a dissolution apparatus USP II (Varion 

instrument, UK). The rotation speed was adjusted to 100 rpm and the temperature condition was 

maintained at 37 °C. Release studies of TR from NLC formulations were conducted in three different 

release media: acetate buffer (pH 5), deionized water (pH 7) and phosphate buffer (pH 7.4). Moreover, 

TR alone (pure drug; 5 mg/5 ml) was also used as a control in each of the release media. 1 ml aliquots 

were withdrawn from each TR-NLC formulation and control sample from each media at set time 

intervals (30 min, 1, 2, 3, 4, 5, and 24 h) and replaced with 1 ml of release media (each time). The 

concentration of TR in each sample was analysed through HPLC and the percentage release of TR was 

calculated. 

 

Statistical analysis 

Analysis of variance (ANOVA) and student’s t-test were performed using SPSS software for statistical 

analysis to identify significant differences amongst the data of groups. A p value less than 5 was 

considered to be a significant difference. All formulations were prepared in triplicate and experiments 

were conducted for each batch separately. 

 

Results and discussion 

Initial investigation and selection of TR-NLC formulations 

After initial characterization (particle size, PDI, Zeta potential and entrapment efficiency) of both 

freshly prepared and stored (25 °C for two months) formulations, the best TR-NLC formulations were 

selected based on these properties. Using Dynasan 116 (Glycerol Tripalmitate) as a solid lipid in F1-F3 

TR-NLC formulations, the particle size of freshly prepared and stored formulations exhibited a higher 

particle size when a higher concentration of solid lipid and a lower concentration of liquid lipid were 

employed (Table 2). No significant difference (p>0.05) was observed between the F1 and F2 

formulations when freshly prepared or even stored. However, when a lower concentration of liquid 

lipid was employed (i.e., F3), particles showed a significant increase (p<0.05) in size (with a higher 

amount of Dynasan 116), irrespective of age (i.e., freshly prepared or stored) [44].  
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These findings are consistent with previous literature, where a large particle size was observed with 

higher concentrations of Dynasan 116 when compared to a liquid lipid [45]. Both glycerol 

monostearate (F4-F6) and Gelucire 50/13 (F7-F9) were employed as solid lipids. It was noted that TR-

NLC formulations prepared containing these solid lipids with Capryol 90 as a liquid lipid resulted in 

particle aggregation and demonstrated a significant difference (p<0.05) in particle size when 

comparison was conducted between freshly prepared and stored formulations (Table 2).  

Compritol 888 in TR-NLC formulations (F10-F12) also exhibited a larger particle size when a higher 

concentration of this solid lipid was employed in TR-NLC formulations. Significantly large particle 

sizes were observed between the freshly prepared and stored formulations; this may be attributed to the 

potential interaction of this particular solid lipid with the liquid lipid (Table 2). These results are also in 

agreement with a study conducted by Bahari and Hamishehkar, when Compritol-based NLCs were 

prepared and stored at room temperature for 90 days [46]. Similar findings of a resultantly large particle 

size was also noted in NLC formulations when Compritol 888 was utilized as a solid lipid [47]. 

Moreover, upon increasing the liquid lipid concentration in NLC formulations, a decreasing trend in 

particle size was observed [48].  

Overall, it was observed that, upon increasing solid lipid concentration and reducing liquid lipid 

concentration, particle size increased in a concentration dependent fashion. Higher concentrations of 

solid lipid are associated with greater particle crystallinity, resulting in lattices in the lipid core, leading 

to poor stability and particle aggregation, accounting for the increase in particle size. [49, 50]. A similar 

trend was observed in terms of PDI for the tested formulations, with stored formulations exhibited 

higher values than freshly prepared formulations. Trends in particle size were not mirrored in zeta 

potential. No significant difference (p>0.05) was observed when comparing freshly prepared and stored 

formulations; moreover, no significant difference (p>0.05) was noted between all TR-NLC tested 

formulations (Table 2). However, it is important to know that zeta potential is an important parameter 

and a physical property to determine the surface charges, interaction with surfaces and stability of 

formulations [51]. In addition, formulations may have different charges based on their composition or 

surface modifications (i.e., negative, positive or neutral). In general, when colloidal formulations have 

low zeta potential, they tend to aggregate, affecting their stability. However, particles of NLC 

formulations tend to repel each other when their zeta potential value is more than ±30 mV [52],  and a 

similar trend was found for fullerene when their zeta potential values were more than ±40 mV [53]. 

Whereas formulations possessing lower charges than these values may be unstable due to the 

nanoparticles attraction strength becoming greater than the repulsion, which may lead to the disruption 

of dispersion and subsequently cause agglomeration [54]. Furthermore, even though according to a 

general stability rule when particles have higher positive or lower charges (±30 mV), if the density of 

the particles is greater than the dispersant, they will eventually sediment/aggregate [55]. 

Amongst the formulations tested, all twelve formulations were identified as possessing high entrapment 

efficiency [56, 57].  
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This may be due to the miscibility of TR in the chosen lipids, causing a disruption in the formation of 

crystal lattices. This may be attributed to the accommodation of high TR lodging and solubility in the 

lipid matrix, leading to higher TR entrapment [58, 59]. Overall, based on the physicochemical 

properties of TR-NLC formulations and their stability, the following two formulations, F1 and F2 were 

selected for further characterization.  

 

Table 2. Particle size, polydispersity index (PDI), Zeta potential, and entrapment efficiency of TR-

NLC formulations (F1-F12) of freshly prepared formulations and formulations stored at 25 °C for two 

months. Data are mean ± SD, n = 3. 

 

Morphology study of TR-NLC formulations via transmission electron microscopy (TEM) 

TEM was employed to study the surface morphology of selected TR-NLC F1 and F2 formulations. TR-

NLC formulations were noted to be spherical in shape and within the nanometer size range (Figure 1). 

These observations are in agreement with research conducted by Thatipamula et al. [60] when using 

domperidone-loaded NLCs. 

 

Figure 1. Transmission electron microscope images of TR-NLC formulations (A) F1, and (B) F2. 

These images are typical of three such different experiments.  

 

Particle size and deposition of TR in NGI stages via nebulization 

Following the selection of formulations based on physicochemical properties, formulations F1 and F2 

were selected for aerosolization performance using air jet and ultrasonic nebulizers in the next 

generation impactor (NGI). Upon aerosolization via an air jet nebulizer, significantly (p<0.05) larger 

particles were deposited in stages 1-2 of the NGI, whereas smaller particles were deposited in stages 3-

5 for both F1 and F2 formulations (Figure 2 A). This trend was observed for both formulations and may 

be attributed to the design of the nebulizer, which was deemed to minimally impact the formulation. 

Moreover, the air jet nebulizer possesses a baffle, allowing for smaller droplet formation for inhalation 

and retaining larger droplets by impacting upon the baffle, deflecting the formulation back into the 

reservoir for re-aerosolization. The larger particle sizes observed in the initial 1-2 stages of the NGI 

may be attributed to the high velocity of compressed air, which causes the formulation to deposit in the 

initial stages via inertial impaction. However, based on droplet size, smaller droplets may be propelled 

a greater distance in the NGI and hence produce high drug deposition in the latter stages of the model. 

This was also confirmed via TR drug deposition, demonstrating significantly high (p<0.05) drug 

deposition in the middle to lower stages of NGI (i.e., stages 3-5 (Figure 2 C)). 

Ultrasonic nebulizers possess a piezoelectric crystal that generates vibration in formulation suspension. 

The distance between aerosol generation and baffle location is quite large, and therefore the baffle 

cannot retain all large droplets. Thus, the deposition of the formulation in the different stages of the 

NGI is proposed to be dependent on the particle size. 
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 TR-NLC formulation F2 exhibited a significantly larger (p<0.05) particle size in the early stages of the 

NGI (Stages 1-4) when compared to stages 5-8 (Figure 2 B). Whereas formulation F1 demonstrated 

significantly larger particle size in stages 1-2, upon comparing to other stages (i.e., 3-8) in the NGI. The 

larger particle size deposited in the earlier stages for TR-NLC formulations F1 and F2 demonstrated 

high drug deposition in these stages. Drug deposition was determined to be directly related to the 

particle size (i.e., large size resulting in lower deposition) and hence related to the design of the 

nebulizer producing large droplets (Figure 2 B and Figure 2 D). Comparisons of deposition based on 

the nebulizer type identified the air jet nebulizer as possessing overall superior performance (higher 

deposition in the later stages indicating deep lung deposition) when compared to the ultrasonic 

nebulizer. 

 

Figure 2. Aerosolization of TR-NLC formulations F1 and F2 via air jet nebulizer for (A and B) 

particle size (nm), and (C and D) TR deposition in various stages of the NGI. Air jet and ultrasonic 

nebulizers demonstrated particle size and drug deposition in the NGI stages using an airflow rate of 

15 L/min. Data are mean ± SD, n = 3. 

 

Aerosolization performance of TR-NLC formulations  

After complete nebulization, the TR-NLC F1 formulation showed significantly higher (p<0.05) ED 

when nebulized using both the air jet (87.44 ± 3.36%) and ultrasonic (64.28 ± 3.52%) nebulizers, when 

compared to the TR-NLC F2 formulation (Table 3). However, the air jet nebulizer emitted a 

significantly higher (p<0.05) amount of formulation than the ultrasonic nebulizer. ED represents the 

amount of TR-NLC formulation emitted from the nebulizer and deposited in various stages of the NGI. 

The higher ED when combined with the air jet nebulizer is attributed to the lower amount of 

formulation retained in the nebulizer reservoir, referred to as “dead/residual volume” after complete 

nebulization time, when compared to the ultrasonic nebulizer. Similar to ED, the TR-NLC F1 

formulation showed significantly higher (p<0.05) FPD when compared to the TR-NLC F2 formulation, 

irrespective of the nebulizer type used (Table 3). FPD represents the deposition of TR in the various 

stages (i.e., stages 2-7) of the NGI. Using an airflow rate of 15 L/min in the air jet nebulizer, higher 

(p<0.05) TR deposition was observed for the F1 formulation (1652.52 ± 9.68 µg) in comparison to the 

F2 formulation (1010.56 ± 8.27 µg), whereas when the ultrasonic nebulizer was employed, a 

significantly lower TR deposition in the NGI stages (Table 3) was observed in comparison to the air jet 

nebulized formulations.  

The trend of higher FPD is closely related to the ED, as the air jet nebulizer was noted to retain lower 

concentrations of TR-NLC formulation post-aersolization, whereas a higher dead volume was retained 

by the ultrasonic nebulizer [50]. FPF is the fraction of formulation particles that are smaller than 5 µm 

and deposited in stages 2-7 of the NGI from the ED. Upon analysis, a higher FPF was also found for the 

air jet nebulizer when compared to the ultrasonic nebulizer (Table 3). These results are in concordance 

with the previous research that demonstrated high FPF for air jet nebulizers [50, 61].  
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RF is the fraction of droplets that are less than 5 µm deposited in the stages of NGI [38]. The air jet 

nebulizer deposited a high volume of RF for both TR-NLC F1 and F2 formulations when compared to 

the ultrasonic nebulizer (Table 3). This may be attributed to the generation of smaller droplets by the air 

jet nebulizer, where the baffle is located just above the venturi nozzle and may result in the formation 

of smaller droplets for inhalation (i.e., higher drug deposition in the lower stages of the NGI), whereas 

larger droplets impact on the baffle (may further generate smaller droplets) and deflect back the 

formulation to the reservoir for re-aerosolization. This phenomenon is not efficient in the ultrasonic 

nebulizer, and therefore both smaller and larger droplets are readily available for inhalation, 

consequently leading to larger droplet deposition in the earlier stages of the NGI (i.e., induction port 

and stage 1) due to inertial impaction. Larger droplets and their deposition in the earlier stages of the 

NGI represent higher drug deposition in the upper stages, whereas lower droplet sizes allow desirable 

deposition in the lateral stages. Overall, post-aersolization of TR-NLC F1 and F2 formulations, it was 

found that the air jet nebulizer in combination with the F1 formulation resulted in the highest drug 

deposition in the lower stages of the NGI. 

 

Table 3. Aerosolization performance using an air jet and ultrasonic nebulizers employing TR-NLCs 

F1 and F2 formulations in a next generation impactor (NGI) at an airflow rate of 15 L/min for the 

determination of emitted dose (ED), fine particle dose (FPD), fine particle fraction (FPF) and 

respirable fraction (RF). Data are mean ± SD, n = 3. 

 

In-vitro release study of TRES-NLCs F14 formulation 

For sustained release, TR alone was used as a control, and 100% of the release was found after 4 hours 

(data not shown). However, over a period of 8 h, the maximum release of TR was found in the TR-NLC 

F1 formulation (p<0.05) when compared to the TR-NLC F2 formulation, regardless of the dissolution 

media type (Figure 3). A trend of higher to lower release of TR from NLC formulations (F1 and F2) 

was found depending on media as follows: acetate buffer > water > phosphate buffer. Moreover, the F1 

and F2 formulations demonstrated the highest (29.73 ± 0.76% and 25.87 ± 0.81%) and lowest (15.95 ± 

0.69% and 12.72 ± 0.84%) release of TR (p<0.05) in acetate and phosphate buffer (Figure 3). It is 

noteworthy that the highest release of drug in acetate buffer may be attributed to the acidic medium of 

the media (pH 5.4), which retains TR stability when compared to alternative media, protecting the 

hydroxyl group of TR from radical oxidation (i.e., via positively charged H3O
+
) [62]. Whereas the basic 

media may make TR unstable, due to its hydrolysis and degradation. Similarly, previous research has 

indicated TR stability in an acidic medium, with the stability of the drug decreasing with increasing pH 

[63, 64]. It is important to know that the low level of oxygen in cancer may cause a metabolic shift and 

hence generate an acidic environment [65], and therefore these formulations were investigated in 

different pH environments to assess the release profile of TR. Thus, the selection of dissolution media 

has a major effect on TR stability and its release profile. 

 

                  



14 

 

 

 
Figure 3. Sustained release of TR as a model drug from TR-NLCs formulations F1 (solid lines) 

and F2 (doted lines), employing three dissolution media, including acetate buffer (pH 5.4), water 

(pH 7), and phosphate buffer (pH 7.4). Data are mean ± SD, n = 3. 

 

Conclusion 

In this study, TR-NLC formulations (F1-F12) were designed and prepared employing one liquid lipid 

(Capryol 90), four solid lipids (Dynasan 116, glycerol monostearate, Gelucire 50/13 and Compritol 

888) in two different ratios (90:10 and 50:50 w/w), tween 80 and SPC S-75 as a surfactant and a co-

surfactant. After post-physicochemical properties characterization and stability studies at 25 °C for two 

months (including smaller particle size, lower values of PDI, Zeta potential and higher entrapment 

efficiency of TR), only TR-NLC formulations F1 and F2 were selected for further studies. Both 

formulations characterized as nanoformulations with associated particle sizes falling within the 

nanometric range, were also confirmed via TEM. Upon aersolization, the F1 formulation demonstrated 

smaller particle size and higher TR deposition in the middle to lower stages of the NGI when an air jet 

nebulizer was used, as compared to the F2 formulation via an ultrasonic nebulizer. Moreover, 

aersolization performance was also superior when a combination of air jet nebulizer and F1 formulation 

was employed, producing higher ED, FPD, FPF and RF. Thus, this combination of formulation and 

nebulizer may possess enhanced suitability for delivering drug formulation into the lateral stages of the 

pulmonary system. 
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Table 1 

 
Table1. TR-NLC (F1-F12) formulations prepared comprising of one liquid lipid (Capryol 90) and four solid 

lipids (Dynasan 116, Glycerol monostearate, Gelucire 50/13 and Compritol 888) in three different w/w ratios 

(90:10, 50:50 and 10:90), where tween 80 was used as a surfactant (0.5%), and SPC-75 (50 mg) as a co-

surfactant. Trans-resveratrol (TR) was employed as the model drug (50 mg) in all formulations. 

Formulations Liquid lipid 

(mg) 

Solid lipid 

(mg) 

Liquid 

lipid : Solid 

lipid (w/w) 

Tween-

80% 

Co-

surfactant 

(mg) 

TRES 

(mg) 

F1 Capryol 90 Dynasan 116 90:10 0.5 50 50 

F2 Capryol 90 Dynasan 116 50:50 0.5 50 50 

F3 Capryol 90 Dynasan 116 10:90 0.5 50 50 

F4 Capryol 90 Glycerol 

Monostearate 

90:10 0.5 50 50 

F5 Capryol 90 Glycerol 

Monostearate 

50:50 0.5 50 50 

F6 Capryol 90 Glycerol 

Monostearate 

10:90 0.5 50 50 

F7 Capryol 90 Gelucire 50/13 90:10 0.5 50 50 

F8 Capryol 90 Gelucire 50/13 50:50 0.5 50 50 

F9 Capryol 90 Gelucire 50/13 10:90 0.5 50 50 

F10 Capryol 90 Compritol 888 90:10 0.5 50 50 

F11 Capryol 90 Compritol 888 50:50 0.5 50 50 

F12 Capryol 90 Compritol 888 10:90 0.5 50 50 
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Table 2 

 
Table 2. Particle size, polydispersity index (PDI), Zeta potential, and entrapment efficiency of TR-NLC 

formulations (F1-F12) of freshly prepared formulations and formulations stored at 25 °C for two months. 

Data are mean ± SD, n = 3. 

 

Formulati

ons 

Particle size 

(nm) 

PDI Zeta potential 

(mV) 

Entrapment 

efficiency 

(%) 

After 

preparati

on 

After 2 

months 

After 

preparati

on 

After 2 

months 

After 

preparati

on 

After 2 

months 

After 

preparati

on 

After 2 

months 

F1 170.65±13

.15 

173.65±8.

31 

0.22±0.05 0.20±0.

03 

-

28.38±5.4

2 

-

29.82±4.

83 

95.45±4.3

7 

95.61±6.

71 

F2 182.45±4.

31 

181.05±7.

81 

0.24±0.03 0.24±0.

04 

-

30.53±4.4

3 

-

27.38±4.

64 

93.65±5.6

5 

94.96±4.

64 

F3 412.46±11

.72 

562.13±10

.36 

0.38±0.07 0.36±0.

05 

-

32.78±4.2

5 

-

26.14±6.

46 

92.75±7.3

6 

90.89±7.

44 

F4 223.28±7.

91 

423.48±8.

06 

0.38±0.08 0.32±0.

05 

-

28.25±6.4

8 

-

26.91±5.

35 

92.83±5.7

4 

90.33±5.

68 

F5 254.72±8.

98 

724.76±10

.52 

0.62±0.07 0.73±0.

08 

-

31.04±0.3

7 

-

33.18±6.

97 

86.27±6.2

4 

84.04±6.

89 

F6 362.44±9.

85 

681.11±11

.41 

0.57±0.06 0.69±0.

06 

-

31.29±5.6

6 

-

28.32±5.

36 

88.49±7.1

8 

84.68±7.

43 

F7 112.65±4.

73 

601.27±7.

36 

0.46±0.11 0.59±0.

07 

-

26.51±7.3

3 

-

24.8±7.6

6 

97.65±8.6

5 

94.59±7.

06 

F8  

136.99±7.

21 

596.26±9.

06 

0.57±0.05 0.65±0.

09 

-

26.05±7.1

6 

-

29.17±4.

83 

94.55±5.4

9 

90.95±8.

16 

F9 174.45±13

.25 

599.85±7.

35 

0.61±0.04 0.64±0.

14 

-

25.82±5.9

8 

-

14.57±5.

49 

96.74±7.3

3 

95.97±7.

43 

F10 244.38±18

.92 

446.75±12

.71 

0.45±0.06 0.56±0.

07 

-

23.55±6.9

1 

-

26.54±6.

75 

94.17±6.6

3 

94.35±6.

12 

F11 371.67±13

.05 

536.63±8.

62 

0.94±0.06 1.00±0.

04 

-

26.61±4.1

1 

-

25.78±6.

77 

91.45±7.6

5 

91.72±7.

63 

F12 549.35±13

.62 

668.94±7.

28 

0.69±0.05 0.77±0.

04 

-

22.95±6.6

3 

-

24.71±4.

84 

93.05±5.1

4 

90.61±6.

44 
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Table 3 

 
Table 3. Aerosolization performance using an air jet and ultrasonic nebulizers employing TR-NLCs F1 and 

F2 formulations in a next generation impactor (NGI) at an airflow rate of 15 L/min for the determination of 

emitted dose (ED), fine particle dose (FPD), fine particle fraction (FPF) and respirable fraction (RF). Data 

are mean ± SD, n = 3. 

Formulations ED (%) FPD (µg) FPF (%) RF (%) 

F1 Air jet 87.44 ± 3.36 1652.52 ± 9.68 36.25 ± 4.26 93.41 ± 4.03 

F1 Ultrasonic 64.28 ± 3.52 679.38 ± 10.66 13.38 ± 3.51 82.21 ± 3.34 

     

F2 Air jet 69.35 ± 2.68 1010.56 ± 8.27 31.56 ± 4.82 90.26 ± 3.27 

F2 Ultrasonic 51.72 ± 3.74 454.54 ± 9.06 11.63 ± 3.02 78.54 ± 3.16 
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Figure 1 

 

 

Figure 1. Transmission electron microscope images of TR-NLC formulations (A) F1, and (B) F2. These 

images are typical of three such different experiments.  

 
 

Figure 2 

 

 

 

Figure 2. Aerosolization of TR-NLC formulations F1 and F2 via air jet nebulizer for (A and B) particle size 

(nm), and (C and D) TR deposition in various stages of the NGI. Air jet and ultrasonic nebulizers 

demonstrated particle size and drug deposition in the NGI stages using an airflow rate of 15 L/min. Data are 

mean ± SD, n = 3. 
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Figure 3 

 

 

Figure 3. Sustained release of TR as a model drug from TR-NLCs formulations F1 (solid lines) and F2 

(doted lines), employing three dissolution media, including acetate buffer (pH 5.4), water (pH 7), and 

phosphate buffer (pH 7.4). Data are mean ± SD, n = 3. 
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