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Summary 
 

Vesicular based delivery systems, such as liposomes or non-ionic surfactant vesicles (NIV), have been 
used to enhance the therapeutic outcome of drugs like amphotericin B (AmB). However, little is known 
about the use of NIV for pulmonary delivery. In this study, the antifungal AmB, the anticancer drug 
cisplatin and the bioluminescent substrate luciferin, were encapsulated into NIV (AmB-NIV, cis-NIV and 
luc-NIV) and nebulised using a passive vibrating-mesh nebuliser (I-neb) and two active vibrating-mesh 
nebulisers (Aeroneb Go and Aeroneb Lab). Vibrating mesh nebulisation decreased the entrapment 
efficiency of AmB-NIV by 60 % and vesicle size by 40 nm but no difference was observed between 
nebulisers. Both active vibrating-mesh nebulisers were superior at nebulising AmB and Aeroneb Lab 
was superior at nebulising cisplatin, generating aerosols with lower particle size compared to the 
passive vibrating-mesh nebuliser. However, the passive vibrating-mesh nebuliser generated a less 
disperse aerosol particle size cloud, with a lower aerodynamic size for luc-NIV. Differences in nebuliser 
performance were attributed to different physicochemical properties of NIV. NIV nebulisation presented 
a bimodal distribution when nebulised since the NIV carrier alone had a higher aerosol particle size 
compared to cis-NIV. Thus would provide rapid drug release due to unentrapped drug followed by a 
sustained release from the NIV carrier. All the NIV ingredients travelled as a single aggrupation when 
nebulised since they had similar MMAD values. Vibrating-mesh nebulisation is a successful strategy for 
pulmonary administration of AmB-NIV, cis-NIV and luc-NIV. 
 
Introduction  
 

Vesicular based delivery systems, such as liposomes or NIV, have been used to enhance the 
therapeutic outcome of drugs whilst reducing toxicity, for example of AmB. Different routes are used for 
drug administration, with pulmonary delivery being used for targeting lung conditions or non-invasive 
drug treatment. We have previously shown that inhalation of AmB-NIV improved treatment outcome 
compared to similar treatment with AmB solution in a rodent model of leishmaniasis and aspergillosis

1
. 

Vibrating-mesh nebulisers are used to aerosolise inhaled drug formulations and they depend on a 
vibrating piezoelectric crystal that operates in an active or passive mode. In the active mode, the 
vibrational element makes the mesh plate vibrate and pumps fluid from a small volume reservoir to the 
mesh holes (e.g. Aeroneb Go and Aeroneb Lab) whereas in the passive mode, the mesh remains 
stationary and the vibrations are conducted from the oscillatory element via a thin layer of liquid, which 
then goes through the mesh (e.g. I-neb). The type of nebuliser used can influence drug delivery, for 
example, vibrating-mesh nebulisers are less disruptive to vesicular formulations compared to air-jet or 
ultrasonic nebulisers 

2–4
 but it is also possible that the type of mesh nebuliser used can affect pulmonary 

delivery. Therefore in this study we compared the effect of using vibrating mesh nebulisers on the 
characteristics of aerosol produced and their effect on the NIV vesicles present within the aerosol.  
 
Experimental methods 
 
Preparation of NIV 

 
A 3:3:1 molar ratio mixture of surfactant VIII, cholesterol, and dicetyl phosphate (DCP) was melted at 
130

o
C to give a lipid concentration of 150 mM. The molten mixture was then cooled down to 70

o
C and 

hydrated with 70
o
C distilled water or AmB-cyd (dilution of 1 mg/ml of AmB in hydroxypropyl-gamma-

cyclodextrin), to produce empty-NIV or AmB-NIV respectively
1
. The resulted suspensions were 

homogenised at 70
o
C at 9,000 rpm for 30 min. Aliquots of empty-NIV were placed into glass vials with 

rubber closures (1-2 ml/each) and lyophilised using a Christ
®
 freeze dryer (Epsilon 2-4 LSC, Martin 

Christ, Osterode am Harz, Germany). Freeze-dried empty-NIVs were rehydrated just before use with 
distilled water to produce empty-NIVrhd, luciferin solution (8.5 mg/ml, PBS pH 7.4) to produce luc-
NIVrhd or cisplatin solution (1 mg/ml) to produce cis-NIVrhd. All nebulised formulations were diluted 1:2 
with its corresponding solvent prior to nebulisation.  
 
NIV particle characterisation 
 
Size (Z-ave), polydispersity indez (Pdi) and zeta potential of the NIV formulations were analysed using a 
Zetasizer (Malvern Instruments, UK). The entrapment efficiency of AmB-NIV was calculated by the 
ultracentrifugation method, which consisted in centrifuging the diluted suspension at 60,000 rpm at 4

o
C 

for 1 hour using a XL-90 ultracentrifuge (Beckman optima, USA). The total amount of AmB quantified in 



the pellet was compared to the total amount of AmB in the formulation to obtain a percentage of 
entrapment efficiency. The potential changes of AmB-NIV formulations upon nebulisation with I-neb, 
Aeroneb Go and Aeroneb Lab were investigated in terms of AmB-NIV entrapment efficiency, Z-ave, pdi 
and zeta potential by triplicate. These parameters were analysed before and after nebulisation. AmB-
NIV diluted 1/2 (0.5 ml) were nebulised into a sealed container with 20 ml of distilled water that collected 
the post-nebulisation samples. The container was surrounded by ice to facilitate aerosol condensation.  
 
Aerodynamic aerosol particle size analysis 
 
Multi stage liquid impinger (MSLI, Copley Scientific, Nottingham, UK) was set up at a flow rate of 20 ± 1 
l/min with 20 ml of the appropriate solvent in each stage (50:50 DMSO: methanol for AmB and PBS pH 
7.4 for luciferin samples). Next generator impactor (NGI, Copley Scientific, Nottingham, UK) was set up 
at a flow rate of 15 ± 1 l/min and a filter was placed at the end of the apparatus. When nebulisation was 
finished, each cup was soaked for 10 min, with the appropriate solvent for the drug being analysed. The 
parameters studied were: mass median aerodynamic diameter (MMAD), fine particle fraction (FPF, i.e. 
fraction of aerosol masss contained in particles with an aerodynamic diameter smaller than 5 µm) and  
geometric standard deviation (GSD); which had to be calculated from the amount of drug detected in 
each stage. A base ten logarithm of the cut-off diameter was plotted against drug cumulative percentage 
undersize to calculate MMAD, GSD and FPF. A MMAD below 5 µm was considered appropriate for lung 
drug delivery.  
 
Geometric aerosol particle size analysis 
 

Spraytec (Malvern Instruments, Malvern, UK) was used to calculate the geometric aerosol particle size. 
The output flow of the vacuum pump was set at 15 ± 1 l/min. Data was recorded until complete 
nebulisation of 0.5 ml of the tested formulation. The FPF was obtained from Spraytec software based on 
the fraction of aerosol mass contained in particles with a diameter smaller than 5 µm. Geometric 
diameters were automatically calculated, and were used to determine mass median diameter (MMD) 
and polydispersity (span).  
 
Drug quantification 
 
AmB levels were determined by reverse phase HPLC connected to a UV detector as described

5
. 

Cisplatin samples were analysed by HPLC after adding the chelating agent sodium 
diethyldithiocarbamate and doing a chloroform extraction. Samples from luciferin nebulisations were 
quantified by UV at 328 nm. The lipids present in the NIV carrier were extracted from each NGI and 
analysed with a normal phase HPLC system attached to an evaporative light scattering detector

6
. In all 

cases samples were quantified using data from the relevant standard curve using linear regression 
analysis.  
 
All the described experiments were performed in triplicate. 
 
Results and discussion 

 
Nebulisation of AmB-NIV with all three nebulisers resulted in a significant reduction in entrapment 
efficiency (p<0.001, Fig. 1A) and a reduction in vesicle particle size (p<0.01, Fig. 1B) compared to the 
original formulation. Losses in entrapment efficiency and decrease in vesicle size indicated that NIV 
were disrupted during nebulisation and this effect was similar for all three nebulisers. Similar 
phenomena has been reported for liposomes

2,3
 or proniosomes

4
 drug formulations but the decrease in 

drug entrapment efficiency in this study was lower than that reported for other types of NIV, where 
entrapment dropped by up to 90 %

4
. In this study the zeta potential and polydispersity index of the NIV 

formulation were not significantly affected by aerosolisation, indicating that when the NIV reformed they 
maintained their colloidal physicochemical stability (Fig. 1C,D).  
 
The active vibrating-mesh nebulisers (Aeroneb Go and Aeroneb Lab) gave a lower MMAD (p<0.05) and 
MMD (p<0.001) while having higher FPF (p<0.001) when AmB formulations were nebulised (both AmB-
cyd and AmB-NIV, Table 1). The span polydispersity index for Aeroneb Go was higher than 2 and 
significantly larger than the I-neb (p<0.01 for AmB-cyd and p<0.001 for AmB-NIV). This high 
polydispersity for the Aeroneb Go was also observed using the Spraytec, where size distribution graphs 
gave a double peak, which indicated that the aerosol had dual size dispersion. When the NIV 
formulation (AmB-NIV) was compared to AmB solution (AmB-cyd), no aerosol diameter variation was 
observed when using active vibrating-mesh nebulisers but differences occurred with passive vibrating-
mesh nebuliser (p<0.05). The cisplatin formulations were nebulised with Aeroneb Lab with lower MMAD 
and higher FPF compared to I-neb or Aeroneb Go (p<0.01, Table 2). The I-neb nebulised luc-NIVrhd 
with a significantly higher FPF than the other two active nebulisers (p<0.01, Table 3). For AmB-NIV and 
cis-NIV formulations, active-vibrating mesh nebulisers were superior (only Aeroneb Lab for cisplatin), 



but the I-neb was more advantageous in nebulising luc-NIVrhd in terms of aerosol particle size 
produced. This could be related to the difference in physicochemical properties of the formulations, such 
as viscosity which are known to impact differently depending on the aerosolising mechanism, active or 
passive

7
. 

 
The MMD of the NIV carrier alone was compared to the MMD of cisplatin loaded NIVs (cis-NIVryd) and 
was significantly larger (NIV alone 6.47 ± 0.34; cis-NIVryd 4.29 ± 0.59 µm, p<0.01, Table 4 and 2) but 
other characteristics such as the span polydispersity did not differ. Variables such as hydration solution 
(NaCl 0.9 % w/v), time between hydration and nebulisation and lipid concentration were kept constant. 
These differences could be an indication of bimodal distribution to the lungs, perhaps related to the 
unentrapped and entrapped drug within the formulation. The combination of having a validated HPLC 
method for quantifying the NIV ingredients and the ability of separating the aerosol particle size 
diameters in different ranges with the NGI, allowed the individual calculation of the FPF for each NIV 
ingredient. This is a unique characteristic of impactors apparatus since laser diffraction techniques 
cannot provide this kind of data as the respiratory fraction is calculated for all the ingredients together. In 
this study, there was no significant difference in MMAD for the three individual ingredients present in 
empty-NIV and the formulation indicating that the carrier travels as a single unit through the air steam 
and is therefore a stable formulation after nebulisation.  
 

 
Figure 1 Physicochemical changes of AmB-NIV upon nebulisation with I-neb, Aeroneb Go and Aeroneb Lab. 
Entrapment efficiency (A), NIV vesicle size (B), zeta potential (C) and polydispersity index (D) before and after 
nebulisation (** p<0.01, *** p<0.001 compared to pre-nebulisation value).  

 
Table 1 Aerosol droplet size of AmB formulations nebulised using an I-neb, Aeroneb Go or Aeroneb Lab (± SD, n=3).  

  
 I-neb Aeroneb Go Aeroneb Lab 

NGI MMAD (µm) FPF (%) GSD MMAD (µm) FPF (%) GSD MMAD (µm) FPF (%) GSD 

AmB-cyd 4.75 ± 0.53 53.23 ± 7.39 1.78 ± 0.03 1.83 ± 0.16 80.26 ± 4.56 1.66 ± 0.06 2.34 ± 0.16 91.30 ± 2.56 1.51 ± 0.06 

AmB-NIV 5.27 ± 0.62 46.93 ± 8.27 1.69 ± 0.07 2.90 ± 0.13 80.35 ± 6.41 1.69 ± 0.11 2.31 ± 0.06 88.03 ±3.02 1.59 ± 0.07 

          

 I-neb Aeroneb Go Aeroneb Lab 

MSLI FPF (%) FPF (%) FPF (%) 

AmB-cyd 62.83 ± 6.61 86.48 ± 3.27 74.33 ± 7.11 

AmB-NIV 65.23 ± 4.30 82.87 ± 4.58 66.73 ± 3.85 

           

  I-neb Aeroneb Go    

Spraytec MMAD (µm) FPF (%) GSD MMAD (µm) FPF (%) GSD    

AmB-cyd 4.85 ± 0.11 52.00 ± 1.44 1.60 ± 0.04 3.98 ± 0.45 60.31 ± 4.79 2.67 ± 0.37    

AmB-NIV 4.65 ± 0.14 54.96 ± 2.08 1.54 ± 0.02 3.91 ± 0.51 62.25 ± 6.02 2.22 ± 0.07    

          

 
Table 2 Aerosol droplet size for cisplatin formulations nebulised using an I-neb, Aeroneb Go or Aeroneb Lab (± SD, 
n=3). 
 
 I-neb Aeroneb Go Aeroneb Lab 

NGI MMAD (µm) FPF (%) GSD MMAD (µm) FPF (%) GSD MMAD (µm) FPF (%) GSD 

Cis-sol 4.90 ± 0.36 50.85 ± 4.21 1.85 ± 0.05 4.89 ± 0.32 48.90 ± 2.83 2.12 ± 0.05 2.52 ± 0.23 81.03±10.71 1.74 ± 0.07 

Cis-NIVhyd 4.32 ± 0.54 57.81 ± 8.26 1.81 ± 0.08 2.74 ± 0.79 64.73 ± 8.12 2.13 ± 0.20 1.91 ± 0.04 80.92 ± 1.65 1.61 ± 0.06 

          

  I-neb Aeroneb Go    

Spraytec MMAD (µm) FPF (%) GSD MMAD (µm) FPF (%) GSD    

Cis-sol 4.02 ± 0.07 63.63 ± 1.20 1.70 ± 0.13 5.46 ± 0.21 41.41 ± 2.56 1.25 ± 0.42    

Cis-NIVhyd 4.29 ± 0.59 63.88±10.97 1.17 ± 0.21 4.17 ± 0.46 58.75 ± 4.89 2.24 ± 0.17    
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Table 3 Respiratory fine particle fraction for luciferin formulations nebulised using an I-neb, Aeroneb Go or Aeroneb 
Lab (± SD, n=3). 
 
 I-neb Aeroneb Go Aeroneb Lab 

MSLI FPF (%) FPF (%) FPF (%) 

Luc-sol 51.00 ± 1.73 31.33 ± 17.95 50.40 ± 6.50 

Luc-NIVhyd 83.33 ± 0.27 59.07 ± 4.65 63.87 ± 6.85 

           

 
Table 4 Nebulisation characteristics for the empty-NIV formulation and its and individual constituents (± SD, n=3).   

 I-neb Aeroneb Go  

NGI MMAD (µm) FPF (%) GSD MMAD (µm) FPF (%) GSD    

Cholesterol 6.42 ± 0.58 32.30 ± 6.42 1.72 ± 0.09 5.48 ± 0.18 39.08 ± 2.03 2.28 ± 0.01    

Surfactant 6.54 ± 0.50 29.63 ± 4.03 1.75 ± 0.08 5.58 ± 0.36 39.28 ± 2.83 2.24 ± 0.08    

DCP 6.15 ± 0.31 34.84 ± 2.61 1.72 ± 0.23 5.33 ± 0.29 43.20 ± 2.27 2.22 ± 0.07    

          

  I-neb Aeroneb Go    

Spraytec MMAD (µm) FPF (%) GSD MMAD (µm) FPF (%) GSD    

Empty-NIVryd 6.47 ± 0.34 28.96 ± 4.72 1.14 ± 0.08 5.46 ± 0.21 41.41 ± 2.56 1.25 ± 0.42    

          

 
Conclusions 

 
The results of this study indicated that all three nebulisers can be used for pulmonary delivery of NIV 
formulations and that nebulisation significantly reduced entrapment efficiency and vesicle size but did 
not adversely affect the zeta potential or polydispersity index of NIV. NIV nebulisation gave a bimodal 
distribution, which may be due to the entrapped drug and unentrapped drug within the formulation. The 
three NIV ingredients presented similar MMAD values when analysed separately, indicating that the NIV 
travel as a single aggrupation along the air-steam. The type of NIV formulation and nebuliser used 
influenced aerosol particle size, with active vibrating-mesh nebulisers being superior to the passive 
vibrating-mesh one, for lower aerosol particle size of AmB formulations. These variations were most 
likely to be related to physicochemical properties of the NIV drug formulation, indicating that a particular 
nebuliser may be more suitable for aerosolisation of a specific NIV drug formulation.  
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