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AI3STRACT 

ln I1J:ed nu tic.lsone pro lon,lte ( r) is fi ('<1 prcscnlJe 15 a fi r sr -llIle therapy for lhe enec live ma ndgemenl 
of pulmonary dls~dses such as "sthma. As nanocarriers offe mJny ddvdntdges over otl1er drug delivery 
systems. this stuoy investig,l'::! ttle sllir.lbility of lipid nan(l[.'psules (LNCs) dS a carrier for nuticasone 
propionare.examining lhe drug-relJtcd factors that should be consitJered in the formulation design and 
the bellaviuur of LNCs \Nith different compositions and propenies sllspended within aerosol drapiers 
uneler rhe relalively hostile candirions of nebuhzation. 

By adiusting the fUll1luldtion conditions, particlilarly the flJnocarrier composition. Fr was e fkiently 
encapslli,HCcJ v!irhin tlle LNCs with a yielcl ofllp to 97';{,. "nel a c(Jncentr'arion comparable ra commercially 
available p~iJJrations was achieved. iI1oreover. resting The solubility of rhe drug in ail and W,l1er and 
deterlll'llIng the oll/wi\tcr [ldl'rlr(on coefli ienl proveel ro be "se:ul when assesslng the enCl[lSl<!.Jlrorl of 
lhe Fr in the LNC formulation. 

Nebulizarior. clrd not cause the Fr to kak from tlle formulaTion. anel no phase separation WdS observeel 
,1 ftcr nebu lizalion. LNCs wirh a dia metcl of 100 nm con taini ng a sma Ile r amou nr of SLl! facta nt and a larger 
amounr of ail provideel a better Fr-Ioadng c.lpaciry and beTter stabiliry during nebultzarion than 30 or 
60 nm LNCs. 

© 2015 Elsevier B.V. Alli (glas re -·rveel. 

1. Introdtlction 

['ulmonary clise,lSeS sucl1 .15 dSlhlT1d dncl CIHOllic obstl'uctivc 

pllimonJl'Y clisease (COPD) dffect milliorls of people worldwide. 

Inlldl.ltion is the pt'eferred route ofdrug aclministration for .1sthma 

treatment (Bo:·g,.rriliTl. '!(lO]). Pullllonuy administration offers 

m,lny advantages for the treatment of respiralory cliseases com

p.lfed witl1 other routes of delivel'Y- Inllalation therapy allows for 

Ille cliren applicdtion ofa clrug within the lungs (l,cck-Groic;il,itler 

,:1 .Ii. ~~(ICJ9) Direct delivery of the active subsrances ta thc Jung 

enables the aclminisrrarion of lower doses comparecl with other 

rOUles of aciministLltlon (ie .. or,lI. buccal. or rectdl delivery) with 

,111 equrv"lcnl ther-apeuic response ancl lower systemic exposul'C 

(,\, ! Il,)\' il 111,1,1:\ t! Stcl'kd ~ 1) 10).1 n haler' de v ices MC co m m on Iy uscd 

for the local delivery of drug molecuJes ta tredt pliimonaty dis

eases such as COPD and asthma Four broad cl,lsses of inhalation 

Cor--espnlldinL1 dUlhoràl: INSER\1 Ul0G6.IBS-tRIS Nivedu 3. Rlle' ries Capl\cjn~, 

·1991J Angers Cedex 9. Fraoce. 
r. IfH7IlcddH'SS.. ' ') • "ll.·.'·....t·û\'.l::rl~ (':A UnH~ljk,lJ 

..• '". .',,: ','1" I~! : J! . l!t'ii" H' 2:.! t !o 'J: UO,"= 

0170-517)102015 Ehevier B.I) Ail righrs rt<erved. 

clev·ces.He u'ed ta ddminlster thesc drug~. :ilciudi: .. ; pressul'izecl 

lllctct-ed ose inllalcrs. nebulizers, soft mist inhalers. and dry pow

clcr inhalt'rs (C.<III,' ,'1 ,d .. 'r:!.J) Nebulizers Me r'ecolllmelldE'd 

forchilclren and acluits have drfliculty coor-dinatirlg illSpir.ltion dncl 

,lcrosol actuation and in dCUle sevcl-e episodes of bronchospasms. 

Nebulization C,ln dlso !Je indicalecl when a patient reqllires IdI'ge 

doses of inhaled drugs (i\rlilavilillii iHld Stecl;cl. 2010). 
Inhaled glucoconicosteroids are ofrell prescribecl as the first

line therapy fol' the effcLli'Je management of persistent asthma 

(i1.1hI.2U)';). The m ost corn m on Iy prescri becl in h ale cl corticoste ro ici 

is nuticason . propionale (FP). a highly patent anti-inflamm atory 

clrug with good phMmacokrrlctic and pharmacoclyna m ic properties 

(CliI;lnb t'r. .Ii. :)()\ll) ComrMeci with other inhaled cortico

steroicls (tr'iameinolone acetonicle. nunisoliclc. beclometll,lsone 

clipropionare. and budesonide), FP has the highcst affinity to the 

corticosreroicl rrc [Hor' relarive to clexamethasolle (RRA = 1800) 

ancl t.C 10WCSl systemic !J!(),l'Ic,ilduility « 1%). Rrporl'i h,lVe indj 

cated that 80% of FP is bOlilld tO plasma proteins (Dcre!ldor! l'l,lI, 
i ')'if») 

Drug absorption ancl retention in the llings is dependent on 

many fdctors sllch as the physlco-chemical properties of the clrllg. 

1 
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the formulation and the nlethod of delivery (Ydng Cl al .. 20(8). 
Fluticasone for inhalation is dvailable as a dry powder inhaler. an 
inhalation aerosol (a suspension ofFP with suitable propellants in a 
[Jrcssurized container) and a minonizecl suspension for nebuliza
tion. 

Recently. the use of ndnopanicles for drug delivery has received 
a gredt deal of attention from researchers due to their efficacy 
and safety. and the advantages offered by nanoparticles are widely 
accepted by industry (Chi,lIIg ct d\.. 2(10). Nanoparticles offer 
numerous advantages over other delivery systems due to their 
special characteristics including their small panicle size and large 
surface area and the ability to control their surface properties 
(i\lJrmi ct JI .. 20nS). Drug encapsulation within nanocarriers 
protects the encapsulated molecules from direct biological interac
tions. protects them from degradation. and reduces their potential 
systemic toxicity. Encapsula~ion can also improve the therapeu
tic efficiency by controlling the biodistribufrun and release kinetics 
of the active pharmaceutical ingredient (API: Delmas et a\.. 20 12). 
Nanoscdle suspensions offer several advantages compared with 
solutions and dry powder formulations including their suitabil
ity for poorly soluble crystalline compounds (therefore eliminating 
the need for solubilization). the ease of dosing with a syringe-type 
delivel-y device in animal studies (Ieading to more consistent drug 
distribution in the Jung compared with dry powder formulations). 
and the ability to control the particle size (reducing the variability 
in drug absorption) (Yang ct JI, 2008). 

The fate of inhaled nanomaterials depends on regional distri
bution in the lung (S,lkagdilli. 200G). The inertial impaction and 
sedimentation occur during the passage through the oropharyn
geai region or the bronchial region. respectively. and it affects 
particles larger than 10 fLm in diameter. At the other extreme. par
ticles sm aller than 1 fLm are likely to reach the alveolar region. but 
they are expected to be exhaled rather than deposited. Particles 
with aerodynamic diameters between 1 and 5 fLm are likely to be 
deposited in the lung periphery (Bdiley Jnd Ber!<[dnd. 2(09). Indi
vidual nanoparticles are too small to be deposited in the alveoli and 
the majority of the administered dose is exhaled. The nanoparticles 
are most often delivered to the lungs via nebulization of colloidal 
suspensions (Sung ct al .. 20(7). and in this case it is the size of the 
aqueous droplet that determines the fate of the inhaled nanocarri
ers. To administer the nanoparticles in the solid state form. Trojan 
particles (nanoparticles incorporated into microparticles) can be 
employed (TSdpi, ~I dl .. 2002). 

Lipids have been widely used in a variety of drug delivery 
systems such as liposomes. emulsions. solid lipid nanoparticles 
(SLNs) and nanostructured lipid carriers (NLCs). These formula
tions were not developed specifically for pulmonary applications. 
but they have since been used for respiratory delivery as scien
tists Ilave exp[ored novel applications in various pharmaceutical 
areas (Ci poila ct J\.. 2014). A number of pharmaceuticalliposome 
formulations have reached the market. and many liposome for
mulations have shown promise as inhaled products (Cipolla cr al .. 
:'U 1·1). In contrast. the evaluation of the potential of SLNs and 
NLCs ta provide therapeutic benefit as inhaled products is at an 
earlier stage (Weber ct al. 2014). Lipid nanocarriers can be used 
to solubilize poorly water-soluble drugs. One major advantage of 
these systems is that their solubilization capacity is retained on 
administration. in contrast to formulations based on conventional 
solubilization approaches. Formulations containing cosolvents or 
surfactant micelles may partially lose their solubilization potential 
upon dilution with aqueous media (Runjes. 201 0). 

A broad range of drugs. mainly drugs with lipophilic proper
tics, has already been incorporated into lipid nanocapsules (LNCs). 
includ ing ibu pl'ofen (Lam prccht et dl .. 2004 J. etoposide (Lclt n [Herh L 

.. " d ric' ne: i!. 20(1(j). paclitaxel (H ure.l!iX el .11.200'1). and am iodarone 
(1.1":I)II'l III el al, 2(1):2). LNCs can be considered as drug carriers 

for various routes of administration. including oral and local deliv
ery (lIuynh d al., 20(9). Recently. researchers have investigated 
pulmonaryadministration of LN Cs (Hureaux ct a\.. 20(9). Hurt'dux 
~I .11 (200 e)) examined the nebulization ofdrug-free and paclitaxel
loaded LNCs. That study focllsed on the selection of the nebulizer 
device and the properties of the resulting aerosol. HowevCl'. Ille 
influence of nanoparticle characteristics and concentr,ltion were 
not investigated. with only 50 nm LNCs tested at one concentra
tion. The characteristics of nanoparticles and liposomes including 
their composition have been shown to exert an important influ
ence on their stability and possible aggregation upon nebulization 
(Dailey et dl .. 2003: Kleern dnn eLl\.. 2(07). lndeed. the performance 
of liposomes during nebulization strongly depended on the compo
sition of the lipids and the drllg. with characteristics sllch as particle 
size and surface charge exhibiting signiiicant effects (Niven and 
Sch reier. 1CJ9(); N iven et dl .. 1991: Des;li et al .. 20(2). As the size and 
composition of LNCs can vary (Heurtault eld\.. 2002; Lltn[J!'ccill 
ct al .. 2002: Huynh et a[ .. 2009). it is important to examine the 
influence of these f.lCtOIS un the beh.lViou!' of n.lllOc.lI ril'l's dU!'III,'; 
nebulization. 

The objective of this study was to investigate the suitability 
of LNCs as carriers for fluticasone propionate and to determine 
which drug factors should be considered in the formulation design. 
Another important goal of this worl< was to examine the behaviollr 
of the different LNCs sllspended within aerosol droplets under the 
relatively aggressive conditions of nebulization. 

2. Materials and methods 

2.1. MaterÎa[s 

Labrafac® CC (caprylic/capric acid triglycerid es-CS/C 10-TG) was 
kindly provided by Gattefossé S.A. (France). Lipoid® S75-3 (hydro
genated lecithin) and Solutol® HS 15 (macrogol15 hydroxystearate. 
polyoxyl15 hyd roxystearate) were ki ndly provided by Li poid Gmbh 
(Germany) and BASF (Germany). respective[y. Fluticasane propio
nate was purchased from Kemprotec (UI<). Ali other chemicals and 
solvents were of analytical grade. Amicon Ultra-4 centrifugai filter 
devices were obtained from Millipore (USA). 

2.2. Salubility in ail and in waler 

ln a glass scintillation vial. 50 mg of FP and 10 ml of C8/CI 0
TG. water or a 0.5% (w/v) aqueous solution of polyoxyl 15 
hydroxystearate -were heated up to 95-100 "C for 5 min. Sam
pies were cooled down to room temperature and centrifuged 
(16.000 x g. 5 min) to remove undissolved FP. and the super
natant was diluted with acetonitrile (1 :20 and 1: 1 volume ratios 
for the CS/CIO-TG and aqueous solutions. respectively). The sol
ubility of FP was determined by measuring the absorbance at 
an operating wavelength of 250 nm in optically homogenous 
quartz cuvettes (Hellma) with a light path of 10mm. with mix
tures of CS/CI O-TG/acetonitrile. water/acetonitrile. and polyoxyl 
15 hydroxystearate solution/acetonitrile used as references. The 
absorbance measurements were performed using a UV-2600 spec
trophotometer (Shimadzu). 

2.3. Thermal stability of FP 

1 mg of FP dissolved in 10 ml of CS/CIO-TG was heated up to 
95-100'C and then cooled to 60"C: this cycle was repeated three 
times. and aftel' the final cycle the dis[Jersion w~s coolee! down 10 

room temperature. Then. 0.2 ml of the solution of FP in CS/CIO
TG was mixed with I.S ml of acetonitrile (1 :10 v/v dilution. 10 fLg 
of FP/ml). As a control, FP was dissolved in acetonitrile and mixed 
with CS/CIO-TG without heating. Due to the high absorbance of the 
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Table 1 
Composition of llpid nJnocarriers. 

LNC30 (%) LNCGO (%) LNC100 (%) 

[)olyoxyi 1:1 hvdroxYSI'2'M,HL' 1,7.76 t,3A 1 27 ]8
 
!-jvdIO.~l'I),llCd \çclrllll1 LriO Ho '124
 
cs;C 1(J- TC 29.G4 51.74 68]8
 

S<1mples ,lt Im'Ver w,lVelengths (190-250nm), it W,lS necessary to 
further dilute (1 :200, v/v dilution, 0.5 p.g of FP/ml) the samples in 
acetonitrile. 

Sam pies and the reference (acetonitrile) were placed in optically 
/lOmogenous qua rtz cuvettes (H ellma) with a 10 mm ligh t path. The 
UV spectra of the solutions were recorded at wavelengths between 
190 and 400 nm using a UV-2GOO spectrophotometer (Shimaclzu). 

2.4. Lipophilic/l1ydrorl1i/ic drllg fJropcrtics 

To examine the partition of FP between water and CS/C10-TG, 
FP WolS dissolved ln C8/C 10-TG olt 0.25 mg/ml and mixec1 with water 
at ,,1:1 (v/v) ratio. The mixture was magnetically stirred (900 rpm) 
and heated t095'Cand thencooled toGO 'C: thiscyclewas repeated 
tlHee times, "nd al'ter the final cycle the dispersion was cooled 
lO l'Dom temperature. The bottom phase (water) remained trans
jlal'ent, while the upper phase (CS/CIO-TG) became tLirbid. As a 
con tl'O 1, the mixture D f' water "nd CB/C 10-TG (1 : l, v/v ra tio) was a Iso 
exposed [0 the sa me l1eating/cooling cycles, and the upper oil phase 
also becdrne turbid in the control s"mple. Then, 1 ml of the bot
tom aqueuus phdsc W,IS dilutcel wlth 1 ml uf "ceLOnitrile ,lnel 0.2 ml 
of the upper phase (C8/C10-TG) was diluted with 1.8ml of ace
tonitJïle. After dilution with acetonitrile, the C8/Cl O-TG dispersion 
became transparent. The absol'bance olt an operating wavelength of 
250 nm was recorded as e1escribec1 in Section 2.2. 

2.5. Preparation of LNCs 

LNCs wel'e prepared following the procedure described by 
lkurl;\lI[t cl dl. (2002) olt a concentration of 177 mg/ml, with. the 
composition of eacll formulation presented in L1blc 1. The com
ponents of the LNCs (polyoxyl 15 hydroxystearate, hydrogenated 
lecithin, and C8/C1 0-TG) and NaCI (0.089 g) were weighed, mixed 
with 1.1 or 3.1 ml of water (LNOO and LNC60, LNC100, respec
tively) and heated to 95-100 oc. Optionally, 0.125, 0.25, or 0.5 ml 
of FP dissolved in acetone at 20 mg/ml was added. The samples 
wcre cooled to GO·c. The samples were treated with three heating
cooling cycles, and du ring the last cooling cycle, at 80-90 OC (the 
telnperatllre of the phase inversion) the system WolS di\uted with 
cold (~4 C) water up to a final volume of 10 ml. Formulations were 
left overnight to allow acetone to evaporate, and additional water 
WolS added ta return the final volume ta 10 ml if necessary, 

2.6. Selection of a wavelengtl1 for FP quantification and 
preparatio n of calibration curves 

Tile spectra of an FP solution (O.OG mg/ml) in acetonitrile or in 
a mixture of acetonitrile and water (1:1 and 5:1) were recorded 
at wavele ngths between 190 and 400 nm. To prepare calibra
tion curves, Fr was dissolved in acetonitrile or in the mixture 
of acetonitrile and water (1:1 and 5:1 ACN ta W volume ratios). 
The absorbances of FP solutions at concentrations between 1 and 
500 .....g/ml were measured using appropriate solvent mixtures as 
references. To prepare the calibration curves, the absorbance of Fr 
solutions dt concentrations between 0.1 and 500 .....g/ml in acetoni
trile or in water/acetonitrile mixtures were measured at 250 nm. 
The calibration curves obtained for different water/acetonitrile 

ratios were found to be linear for FP concentration~ bClwccn or, 
and 125 .....g/ml. 

2.7. Separation of FP from the nanocarriers and quantification of 
FP 

FP was separated l'rom the LNC suspension by centrifuga
tion (4500 x g, 10 min). The sediment (non-encapsulated FP) 
was washed twice with water, dried, and dissolved in acetoni
tri le. The supernatant containing FP-Ioaded LNCs anr1 dissolved 
non-encapsulated FP was subjected to a combined ultrafiltration
centrifugation technique using Amicon Ultra-4 centrifugai filter 
devices with a molecular weight cut off (MWCO) of 10 kDa. Then, 
2 ml ofdrug loaded LNCs (or unloaded control LNCs) were added to 
the filter device and centrifuged for 2 h (4500 x g). Then, deionized 
water was added ta the sample remaining in the nlter device (con
tainingencapsulated FP) ta a volume 01'2 ml.Ofthis volume, 0.4 ml 
was then transferred into a 2 ml Eppendorf tube and diluted with 
1.6 ml acetonitrile ta break up the particles and extract the encap
sulated FP, and then centrifuged (16,000 x g) for 30 min to rem ove 
aggregated particles. The absorbance of the supernatant was then 
measured olt 250 nm with a1:5 water:acetonitrile mixture "S.1 ref
erence. The filtrate containing non-encapsulated Fr. lollcueel l'rom 
the bottom of the centrifuge tube, was diluted with acetonitrile at a 
1:1 volume ratio, and its absorbance was measured at an operating 
wavelength of 250 nm as described in Section 2.2, lIsing al: 1 ace
tonitrile:water mixture as a reference. LNC formulations without FP 
were also subjected ta the same procedures. Their absorbance was 
treateel as a blank and was 5 ub tracted fro m the read ing of FP-Ioaded 
formulations. 

The encapsulation efficiency (EE) and drug loading (DL) were 
calculated using the following equations: 

EE = !!. .100% ( 1) 
A 

where A is the total amount (mass) of the FP, and Bis the ma 55 of 
the encapsulated FP: 

DL = ~ .100% (2) 

where C is the total weight of ail components of the LNCs. 

2.8. Cl1aracterization of '-NCs 

The intensity-averaged particle diameter and the polydispersity 
indexes of the LNCs were determined by Dynamic Light Scattering 
(DLS) with 173 ba ckscatter detection. The electrop ho retic mobil ity 
values measured by Laser Doppler Velocimetry (LDV) were con
verted to zeta potential Gy the Smoluchawski equation. Both DLS 
and LDV measurements were cal'ried out on a Zetasizer nana series 
Nano-ZS fitted with a G33 nm laser (Malvern Instruments, UI<). 
The measurements were pel'formed at an LNC concentration of 
3 mg/ml, obtained al'ter dilution with MilliQ water. Each analysis 
was carried out at 25 'C in triplicate. 

Ta obtain the size distribution by intensity, volume and num
ber. data were processed lISing the Zetasizer software (version 
7.02), and the multiple narrow modes (high resolution) model was 
applied. 

2.9. Nebulization of LNCs 

The e-Flow® rapid vibrating mesh nebulizer was used to neb
ulize 3 ml of LNC dispersions. LNCs without FP were nebulized at 
three concentrations: 177.177, anel 3.54 mg/ml. while rr-lo<1C1e(1 
formulations were nebulized only at tlle highest cuncentrdtwm 

-
• 
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Tdble 2 
Solubility of Fr in different solve ms. dpproximdte weight of salvent neceSSdrY ta dissolve 1 g of Fr (the density values used for cdlculation were: 1000g/L for wdter and 
.queoLis solution of polyaxyl 15 hydroxystedrate. dnd 945 g/L for CB/C 10-TG). 

SolvC'nt Solubility of FP Approximate weight of solvent (g) Descrip(ion or soll1bility è1ccording ro 

_______.---c- Il_e_c'_~s.:..sJ..::...ry [0 di'i'\olvc 1g of Fil Il::'·J1~·.~,\rl \'1'1,1111;.'( ,,:1, :.1 III ~:\!' 

es:r ICi-TC. 420 51lgh,ly,0lul,le 
t) ')',;.:, w/\/ J'lll(,DU'i 'iolution of polyoxyl 16.129 PrJctic<llly ihsoluble 

. ') h Y'c1ro>:'Y'ilt'.H.lIC 

V\'!,l 1t'I" 0.7 1. 0.3 fig!g 1.428.571 Pranic.llly in,oluble 

(1 ï7 alll! 17.7I1lg/ml). fOlïl1l1latiuns were dillited with O.95~ (\j./v) 
NaCI aCllleolis solution. 

The volume of the sample remaining in the nebulizer after 
neblilization was l1leaslired each time and was found ta be approxi
mately 1 ml. Tile nebulization time was .1150 measured. Ta calculate 
the nebulizer output. the nebulization time was d:vided by the 
,111l0unt of the formula tian nebulized (• .[IlI). 

fP was extracted from LNCs and C1uantified (see Section 2.7) 
before and after nebulization. 

2.10. Sta tistica 1analysis 

The statistical significance of the Differences between samples 
was determined using one-way analysis of variance (ANOVA). Dif
ferences were considered significant at p < 0.05. 

3. Results and discussion 

3.1 Selection of a wavelengtl1 for FP quantification 

Ta investigate the possibility of interference from other for
mulation components. the spectra of FP and the LNCs without FP 
were recorded. The results show that the spectra of FP in mix
tures of water (W) and acetonitrile (ACN) at Different volume 
ratios are similar (Fig. 1). The highest absorbance of UV radiation 
by FP was observed at approximately 240 nm. and the maximum 
was slightly shifted towards higher wavelengths as the W/ACN 
(water/acetonitrile) ratio increased (a bathochromic shift). How-· 
ever. the spectra ofsupernatants·from disrupted LNCs demonstrate 
that other components of the formulation also exhibited a signifi
ca nt absorbance at 240 nm. Therefore. 250 nm was selected as the 
wavelength for FP quantification. 

3.2. Drugfactors to be considered in formulation design 

Each dosage form requires careful study of the physical and 
chemical properties of active ingredients ta achieve a stable. effi
cacious product. Previous studies of LNCs (ileurtiluil ct ,\1 .. 200~: 

25 

0.5 

240 290 340 390 

Wavelength [nm) 

Fig. 1. UV speetra ofFP solutions in acetonitrile (violet). wdter/dcetonitrile 115 (v/v) 
(green). water/acetonittile 111 (v/v) (red) .nd the supernatant from the LNC100 
prepaCdtion in dcetonitrile 1/5 (v/v) (blue). (For interpretdtion of the references ta 
color in this figure legend. the re.der is teferred ta the web version ofthis article.) 

11uynh ct al .. 2009; f1irsjdrvi Cl dl., 20]:Z) suggest that the following 
properties may be important: drug solubility. partition coefficient. 
and thermal.stability. 

Thesolubilities ofFP in water. an aqueous solution ofpolyoxyl15 
hydroxystearate and CS/C10-TG are reported in'r able 2. FP is practi
cally insoluble in water, in go ad agreement with its pharmacopeial 
monograph. While the addition of polyoxyl15 hyd roxystearate led 
ta a 90-fold increase in the solubility of FP 90, according to the 
pharmacopeial Definition FP remained practically insoluble. 

Solutol® HS 15 (polyoxyl 15 hydroxystearate) consists of 
polyglycol mono- and di-esters of 12-hydroxystearic acid and 
approximately 30% free polyethylene glycol. Solutol® is a non
ionic solubilizer and an o/w emulsifying agent with an HLB 
value between 14 and 16. Solutol is soluble in water. but its 
solubility decreases with increasing temperature (manufacturer's 
data). Polyoxyethylene-type non-ionic su['faetants hecome morc' 
lipophilic as tempe rature increased due ta the dehydration of poly, 
oxyethylene chains resulting from the breakdown of hydrogen 
bonds with water molecules (HUVllh CI. ,11.. 200')). Solubility studies 
(Section 2.2) demonstrated that the cloud point (the temperature 
at which the surfactant is no longer completely soluble) ofpolyoxyl 
15 hydroxystearate was approximately 63'C. 

FP was slightly soluble in CS/Cl O-TG. This is in agreement with 
the data obtained by DoklMov5 et .11. (20101 that the solubility of 
FP in a wide array ofsolid and liCluid lipids was below 0.3% despite 
the high lipophilicity of FP Poorly water-soluble drugs do not nec, 
essarily display high lipid solubility. When strong intermolecular 
binding forces resulting in a high crystallattice energy are present, 
drug substances usually have a high melting point and are·often 
not very soluble in either water or oil. Indeed. drugs successfully 
formulated in emulsions are often characterized by a rather low 
melting temperature (BUlljCS. 2010). The high melting point of FP 
(272-273' C) may explain its relatively low solubility in CS/Cl 0-TG. 

Apart from its solubility in oil. partitioning of the drug between 
the oil and aqueous phases has to be considered during LNC for
mulation design. The log P value defines the ratio at which a drug 
will dissolve in each phase of an oil-water system. and thus rep
resents a measure of the hydrophob[cily of the drllg. Afler IllIX[[lg 

CS/C10-TG with water. the upper oil-rich phase became turbid in 
bath the FP sample and the control (CS/CIO-TG and water with
out FP). In the FP sam pie. 97.7 ± 2.3% was detected in the ail phase 
and only 0.6 ± 0.25% was present in the aqueous phase (Table 3). 
This distribution of FP between the aqueous and oil phases is in 
agreement with the solubility data. The concentration of Fr in the 
ail phase is approximately 163 times higher than that in water, and 
the logarithm of the ratio orthe concentrations in thesolvents,log l', 
is 2.2. 

One of the most important aspects of LNC formulations is the 
chemical stability of the drug. During formulation in LNCs. the drug 

Tdble 3
 
Partitianing of FP between wdter dnd ail (CB/C 1. O-TG).
 

Phase FP cone 1fig/mil '~ of the [otal "mou nt of FP 
-_. -----_._....._..._--_..__..._---._--------- 

ail 2'14 ± 6 97.7 ± 2.3 
Wate, 1.5 ± 06 0.6 ± 0.25 
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Physical properries and FP encapsulation in LNCs (EE, encapsulation efficiency: DL. drug loadiag: PS. panicle size: POl. polydispersity index: ZP. zeta potential). 

EE DL Final cone. of FP l'S POl ZI' 

I.NC30 0 0 0 30.23.1.5 0.081 .L 0.026 -4.98.L 1.57 
LNC30FI'2 SO 38.6ci5.0 0.055 ci 0.007 0.097 ci 0.0 13 28.4 .L 0.3 O.OGO J. 0.014 -4.1O.c 0.29 

•
-.1 I.NC30FP500 20.8 ci 2.0 0.059 j 0.006 0.104.L0.DIO 28.2 j 0.2 0.070 .1 o.on -147 L 0.58 

INC3DFP1000 11.1 ± 2.3 0.06H.0.013 0.111 ciO.023 28.9 ci 0.8 0.076 ci 0.014 -4.35 ± 0.76 
I.NCGO 0 0 0 "B. J t 0.1 0.018 .1. O.OOg -B 61 i :?: S 1 
LNC60FP250 72.6±7.4 0.103 ± 0.011 0.182 ± 0.019 58.5 ± 2.1 0.03 5 ± 0.009 -7.32 ± 1.02 
LNC60FI'500 36.4 ± 4.6 0.103± 0.014 0.182±0.023 58.2 ± 1.1 0.045 ± 0.0 Il -6.78 ± 1.20 
LNCGOFP 1000 17.8±2.7 0.101 ±0.015 0.178 ± 0.027 58.4±1.0 0.045 ± 0.011 -9.07±2.10 
LNCIOO 0 0 0 99.G ± 2.2 0.047 ± 0.013 -10.62 ± 1.90 
LNCIOOFP250 97.1±2.4 0.138 ±0.003 0243 ± O.OOG 102.5 ± 1.5 0.050 ± 0.014 -8.50 ± 0.93 
LNC 100FP500 50.5 ± 4.6 0.142 ± 0013 0252 ± 0.023 103.2 ± 0.7 O.OGO ± 0.014 -8.38 ± 0.92 
I.Ne] OOFPl 000 2Uci6.8 0.1343.0039 0238 .L 0.068 10253.3.4 0.054 .L 0.026 -8.91 j 1.75 

may be exposed to high temperatures up to 100"C As FP daes flot 
dissolve ifl wate:' or in a water·-oil mi.xture ,lml it is mainly [Jresent 

'in tlle ail phase. the stability srudies l'lere performed ln CS/C10-TG. 
The UV spectra of FP dissolved in C8/ClO-TG before and after heat
ing l'lere superim[Josable (not shawn). indicating that the chemical 
integnry of FP l'las fll~int~ined. As the conditions ofLNC preparation 
do not induce degradation or strtlctmal changes ill Fr fllolecules. 
tllis drug can !Je s~fely encapsulated within LNCs. 

3] Ellcflpsll/mion off/lIticasone propionute in LNCs 

Sm,lll. 11Ofllogenously dispersed LNCs (PDI <0.01) l'lere suc
cessfully obtained (Tablt' 4). The particle diameter l'las strongly 
dependent on the proportions of the LNC components as previ
ously reported (H~Ulldult ct al.. 2002. Huynh ct al.. 2llD9: HirsJ<1I'vi 
,'1 al., 2U 12). The aflloullt of the hydrophilic surfactant (polyoxyl 
15 hydroxystearate) in the lNCs l'las the main factor inOuenclllg 

. ( ..the partiele slze Heurtault et al .. 20(2). Varying'the mass ratio of 
the LNC components (polyoxyl15 hydroxystearate and CS/Cl a-TG) 
yielded partieles with sizes ranging between 30 and 100 nm. For
mulations with diameters of30. 60, and 100 nm are named LNC30, 
LNe60, and LNC 100, respectively, and the POl values of these 
formulations did not differ significantly. Ali formulations l'lere 
characterized by slightly negative zeta potential values between 
-3.5 and -10.6 mV. lNC1 00 exhibited a more negative zeta poten
tial than LNC30 (p = 0,0166). The negative zeta potential values may 
be attributed to hydrogenated lecithin, as soy lecithin dispersions 
in N~CI solutions have been shown to bear negative zeta potentials 
(\.1.H1CO,1i l'l cl 1.. 20(3). 

The incorporation ofFP in LNCs did not ch~nge the LNC charac
teristics. The particle size. polydispersity index and zeta potential 
of the Fl'-Ioaded LNCs l'lere the same as those of drug-free LNCs 
with the same composition. This may indicate that the drug is 
uniformly distributed within the core of the lNCs and thal there 
is no significant drug adsorption on the partiele surface. The laek 
of an innuence of drug encapsulation on the LNC properties might 
also be due to the refatively 101'1 drug content in the partieles 
(0.05-0.2%). Similar results l'lere obtained by l.ampreciH and 
I1l'lloil (200li) for etoposide-Ioaded LNCs, where the incorporation 
of the API did not change either the particle size or the zeta poten
tial of the LNCs (the drug loading for these lNCs l'las between 
0.06% and 0.09%). Comparably, the encapsulation ofnile red in lipiLl 
nanoparticles (drug loading 0.01-0.1%) did not significanrly affect 
either the surface charge or the size of the carriers (Delmas et al., 
2(12). In contrast, the encapsulation of ibuprofen significantly 
affected bath the size and zeta potential of the lNCs, leading to 
a decrease in p~rticle size and an increase in zeta potential. The 
ibuprofen content in the oil phase l'las markedly high in these LNCs 
(20,100 or 200 mg l'lere dissolved in 993, 913 or 813 mg ofC8/CI 0
TC, respectively) (Lamprechr el al.. 2004). The encapsulatiofl of 
amiodarone in LNCs did not change either the diameter or the size 

rable 4 

distribution of the LNCs, although a change in zeta potential l'las 
observed (20 mg of amiodarone l'lere dissolved in 0.85-1.23 g of 
C8/e10-TG) (Larnprechl Cl al .. 2002). II:1dizcl1-Fré(l1l et dl. (20101 
examined the encapsulation of tripentone in lNCs containing 
the solubility enhancer with the commercial name La!Jrasol®. At 
drug-Ioading levels below 0.5%, the tripentone-Ioaded lNCs l'lere 
similJl' in size to empty LNCs, and drug IO,ldlllg Icvch bClwcl'!l 
0.5% and 6.5% significanlly increased the partlcle Slze, Wlth a hnear 
relationship observed between drug loading and partiele size. 

The FP-loaded LN Cs are the smallest FP carriers described thus 
far. The nanoparticles produced by [)oktorov:I et ;11. (2ü 10) l'lere sig
nificantly I~rger, with sizes between 316 and 408 nm. Niralc et ,11. 

(200~)) described 700-800 nm liposomes with a PDI of 0.1-0.3 as 
carriers for FP. These liposomes also exhibited higher polydisper
sity index values (0.45-0.9). Y,lIl,\ l.'l ,11. (20Di): used a l'let milling 
method with glass beads to formulate nanosu:>pensions of llutica
sone and budesonide with a particle size (090) of 0.4 f-lm. Chidllg 
et al. (2009,2010) produced a nanosuspension ofOuticasone using 
a bench scale l'let milling (micronization) de vi ce with glass beads: 
the size of the bulk material l'las reduced from a D50 of 35 to 
0.24f-lm. 

As a satisfactory mass balance l'las obtained between the encap
sulated and non-encapsulated fractions in ail cases (IOO± 10%), 
only the encapsulated % of FP is presented in Table 4. The non
encapsulated fraction constitutes the remainder. The concentration 
of FP dissolved in the aqueous phase ranged between 1% and 4% 
of the total am ou nt of FP. The remaining non-encapsulated FP, 
which comprises most of the non-cncapsulatE'd fr,lction. [Jrrri[Ji· 
tated and l'las separated from the LNCs by sedimentation. Al1lOl1g 

FP-Ioaded formulations, sediment l'las observed in ail cases with 
the exception oflNC100FP250.ln contrast to polyelectrolyte COITl
plex nanoparticles described previously (Ul1ler,ka cl dl., 2014d,h. 
2(15), the excessive amount of the API did not lead to destabiliza
tiOfl or change the properties of the LNCs. 

The encapsulation efficiency depended on the composition of 
the nanocarriers and the initial FP concentration. The formulation 
process l'las optimized to obtain LNCs Wilh high encapsulation 
efficiency values up ta 97%. High entrapment efficiency (96-97% 
and 95-98%)"was also achieved for nanostructured lipid carriers 
and liposomes by Doklorov:t cl al. [2(10) and Nirale ct al. (2009), 
respectively. The final FP concentration and the drug loading mainly 
depended on the composition of the formulation. In contrast to 
encapsulation efficiency, the drug loading did not de pend on thè 
initial amount of FP used. The FP concentrations in the LNC30, 
lNC6D, and lNC100 formulations l'lere approximately 0.1, 0.18, 
and 0.24 mg/ml. The <:oncentration of FP in the LNCIOO formula
tion l'las similar to the concentration in the manufactured product, 
Flixatide Nebules (0.5 mg/2 ml), indicating that this level of API 
encapsulation in the LNCs can be considered satisfactory despite 
101'1 drug loading. LNC30, t.NC60. and l.NC100 formulations r()!l
tain differeflt quantities of C8/CIO-TG, indicating that each LNC 



10l'llllli,llion is capable or encapsulaling a certain quantity or Fr 
cpC'neii g on tile q 1,lntily or ail in the rOrmUI,llion. Thererore, tile 

1i'\C 100 rormulation has ,1 belter encapsulation ef(îciency than the 
LNCGO ,Incl LNC30 rormulations Sam pies witll highel' initial Fr con
cel1lrdlions 11<1(1 lower EEs. Fr was slightly soluble in C8/C10-TG 
,Incl pl'aerically insoluble in olhel' components or the rormulation. 
Thel fOie, when the<lmo~1111 orFP exceeclecl the maximum alTIount 
lh,]( coulcl be dissolved in CS/CIO-TC, the ex cess fP precipitated, 
Mt"" FP encapsulation. the FP concentr~tion in tlle CS/Cl0-TC in 
tle ail ph,lse orthe formulations was close to 0.2% (i.e .. 2 mg or FP/g 
oroil). ill gooô agreement with the solubill y clata. Titis loacling is 
liigher lh,ln th,11 in the nanostl'llcturecl lipicl carriers clesCl'ibed by 
rll'k'i't'H,; <'l .11 ')010), who obtainecl 0,1% loacling of FP in the 
lipic! ri ase, The saturation concentration of many drug molecules 
(i cluding for hydrophobic clrugs) in lipicls is known tO be relatively 
IJW (hclow 1%) an!' is rUrlher l'eclucecl in cly~',;lline lipicls ((ipoll<; 
L'l,II. ln! : J. For inslan e. Ilile recl was rouncl to C1'ystallize at con
centrations above 01% in alllesteclJipicll~ixtures, and its maximal 
loadill:'; in lipirl nanopanicles W,lS round to be approximately 01% 
([)('IITI.l' ë[ ,li :tOP, Lipiel nanopal·ticles anel other lipophilic CaJ'
riers aJ'e g nerally characterized by lower drug loaclillg (0.5-5%) 
comparecl with Ilyelropllilic calTiers intended for the encapsulation 
or hydropllilic conlpouncls, where clrug loaeling values up ta 50% 
C,ll be acllieved wirll optimized formulation processes (UIllCfsl<d 
(', ,-1.. :!O 14,~.b). 

i..llill!l('(h Cc ,il (200~1 examined rhe innuence of panicle size 
(and consequently the composition) on the encapsulation of amio
clarone in LNCs. The encapsularion efficiency values obtained were 
l1ighly similar across I.NCs in this study, ranging rrom 92.1 ± 1.3% to 
930 ± 2.5%. Tilis may be due to the dirrerentexperimental design ill 
this 5 ~Idy, in whicll amiodarone was dissolved prior ro the formu
lation oftlle LN Cs, witll the r~sult that amiodarone was sufficiently 
soluble in the oil phase ancl rlle limiring dose was not achievecl, The 
big!: CE values were attributeel to the 'nearly negligible' solubility 
uf ,ll1lioclaJ'one in Willer, Similarly. high encapsulation effîciencies 
in LNCs were obtaincd foribuprofen (1 ,\lllp!'pcIH el JI .. :'OO'l)due to 
ItS low solubilily in lile external ,lqueous phase. Tripenlone-Ioacled 
LN Cs were .1lso chardcrerizeel by a high EE (1\·1.1!7Crt Ff{~;)11 cl ,lI., 
21; Il)). Higll encapSlllation elficiencies (between 8640'6 allcl 934%) 
were also ot)served in etoposid -Ioaded LNCs (I.,;I\lp-('1111 ,li,;! 

Fknoll. J.OOlj), wirll 25 nm LNCs chal'acterizeel by a lower EE tllall 
J 00 nm LNCs (86.4 ± 3.<:~ and 93.4 ± 2.5% for 25 Ilm anel 100 nm 
LNCs, :espectively). Tllc clrug loading in tllis study (005S-0,091?6) 
was comparable to OUI' results. In conclusion, tlle encapsulation 
of lipopllilic compouncls in LNCs depenels on the solubility or 
the drug in the oil pllase, A higll encapsulation efficiency cali 
be obtained if this solubility is not exceeded, with the solubil
ity or the drug in vvJler and the lipid/water partition coerficient 
also exerting effects, If the quantity of the lipophilic drug in the 
LNCs is higher than the sollibility of the clrug in the oil pllase, 
Ile drug precipitates and phJse separation can be obsel'ved, The 

pre ipiratecl drug does not innllence the properties of the car
riel' anel can be separared by sedimentation, If the solubility of 
the drllg in oil is limited, then formulations cOlltaining higher 
oilislirfact,lllt mass mixillg ratios al'e preferrecl as they 11aVE' bet
tel' loading capacities. Moreover, examilling the solubility of the 
clrug in oil and water as weil as the oil/water partition coeffi
cient is USdld in assessing tlle drug ellcapsulation in the LNC 
rOIITlUI,ltion, 

3.4. t,,lebllIIZQf/al1 aJ rlle LNC 

Till' vibratillg mesh nebulizer orrel'ed important adv,lIltages 
over ai l'-jet alld lllrrtlsonic nebulizers ror the nebulization or lipo
somal formulations or iloprost, including high output, protecting 
the stability of Ilebulized liposomes, and the production of small 
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Fig, 2. The properllcs of LNCs before nellullz,ltlOn (whlre l.rs) and "l'ter l1ebuliza
lion al 177l11g/ml (1Igh! grcy b,ns), 17.701 ln 1(dark gr~y IJJr~J and 3,54 mgl 11 
(black bars); (d) l'Jilicle size and (b) polydispersily index 'p <O,O'j,"p <0.01, ,ln~ 

'''p '0.001 ver~ul drug·frc~ LNCs (while 'loIrsl. 

aerosol droplets (1<Iecm<1I111 el .11" 20(7). The vibl',lting mesh neb
ulizer was seJected for the nebulization studies Ilere, as it Il.1S 
previously been shown to perrorm berrer than jet or ult1'asullic 
nebuJizers (HUITdI!X è't ,li. :WOLJ). 

Neither phase separation nor macroscopic aggregation was 
absel'ved arter tlle nebulizatioll or the LNC formulations. The zeta 
potential of the LNCs was the same before ancl after nebtiliza
tian (not shawn). DLS measu!'ements revealecl rh,l[ the particle 
size and polydispersity index increased significantly arter llebuliZ,1
tion (Fig n. Surprisingly, tlle increase in particle size w~s grE'arer 
in less concentrated formulations for ail LNC compositions testeel 
here. LNC30 were.more markeclly arfected by the nebulization than 
the other LN Cs. The particle size of this rormulation increasecl 
fourfoJd artel' nebulization at a concentration of 3,5 mg/ml. allel 
lhe size doubled after nebulization at 17.7 mg/ml (Fil;' 2a), LNC60 
doubled in size "fter Ilebulization at concentratiolls of 17.7 alld 
177mg/ml, and illcreased tlHeerold in size after nebulization at 
3.5 mg/ml. The physico-cllemical characteristics of LNCIOO were 
best preserved, inueasing 40%. 20%, alld 60% after ncbuliza
tion at cOllcentrations of 177, 17.7, and 3.5 mg/ml, l' sp ctively. 
signific<lnlly smaller llidn liJe incre,lscs olJserved ror Ihe 0111"1 

rormulations. 
Similarly ta particle size, the largest increase in polydispersity 

index was observed for the LNC30 fOl'mulations (fi~. :.'b), The POl 
values increased rrom Jess than 0.1 ta 0.32-0.51 depending on 
tlle concenu'ation. TllererOl'e, artel' nebulization this rormulation 
can no longer be consiclered homogenously dispersed, The poly
dispcl'sily illclex or LNC60 aiso increased after nebulization from 
less than 0.1 100,20-0.27 when Ilebulized at concentl'<llions or 
) 7.7 or 177 mg/ml, 01' to 0.41 when nebulized al a concentralioll 
of 3.5 mg/ml. The POl or nebulized LNCIOO also increasecl rrom 
less than 0,\ to 012-0,14, 0,16-017, and 0.27 when nebulizecl 

lNCGO lNOOO 
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Fig. 3. SlZe dJS[ribution by Intensity and nllmber ofdrug-free LNC formulations before nebulizarion (black), and af:er nebulization at 177 mg/ml (blue), 17.7 mg/ml (green), 
and 1.5 mg/ml (red). Data were processed using Zetasizer software, and the multiple narrow modes (high resolution) model was applied (a) LNC100 size distribution by 
inrenslty, (b) LNCGO me dlstributioa by intensity, (c) Lr\C30 size distribution by iateasity, (d) LNC30 SIle distribution by volume. (e) LNC30 size distribution by number. (For 
l!1terpretiHlon of the references ta (Dior in this figure legend. the reader;s referrE",~ to the web version of this article.) 

at concentrations of 177, 17.7, and 3.5 mg/ml, respectively. These particle population. Fig. Jc shows the number distribution of tlle 
increases were markedly smaller compared with those observed entire particle population for LNC30, the properties of which were 
101' l.NC30 and LNC60, The results obtained for the LNC60 formula more affected by nebulization compared with the LNC60 and 
tions afe in good agreement with the data presented by Hlireaux lNCIOO formulations. The intensity of the scattered light (1) is 
I~t ,1! :-~()O~)). proportional to the diameter of the particle to the power 6 (d6 ) 

As tlle largest increase in partic\e sile was observed at the low according to the Rayleigh approximation. This d6 factor means 
est concentration tested, FP-loaded LNCs were only nebulized at that the total Iight scattered by small partieles is relatively small 
concenrratlons of 17.7 and 177 mg/m 1. The incorporation of FP did compared to the amOl/nt of light scattered by larger particles. 
not have any important effeet on the properties of nebulized LNCs A small number of larger aggregates may be responsible for the 
(not shown). larger particle diameter peaks in the intensity distribution. Indeed, 

The intensity distribution curves of the nebulized LNCs most the volume and number size distribution graphs show that the 
often exhiblted a bimodal size distribution, implying that parti size of the majority of the panicles did not inrrr,l\(' Similar 
cie aggregation occurred during the nebulization process (Fig. 3). phenomena were observed by D,lilcy ,:1 .d, .2lien; far paly(l,lClidc
Elther 2 or 3 peaks wefe observed in the size distribution by inten co-glycolide) nanoparticles and confirmed by microscopic images. 
si[y curves for LNC30 (Fig. Ja) and LNC60 (not shown). The size PLGA nanoparticles were also prone to aggregation, although the 
distribution was bimodal.after nebulization ofLNCl 00 at 3.5 mg/m 1, amount of particle aggreg<ltion remained generally low (Dailcy 
but when LNC100 were nebulized at higher concentrations (17.7 el ai., 2003), The aggregation was attributed to the possible increase 
and 177 mg/ml) only one peak was observed, indlcating that in fluid concentration during jet nebulization due to solvent evap
despite an Jncrease in the PDI value, the homogenous size distri oration, the shear forces involved in the generation of the aerosol, 
bution was maintained (Fig. :lb). Therefore the intensity-averaged and the specifie design of the jet nebulizer system, ail of which 
particle size calculated by the instrument for samples with bimodal contribute to the higher freC]uency of particle contact. The ten
01' multimodal size distribution is not representative for the dency towards aggregation was particularly great for particles with 
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relatively hydrophobic surfaces, with less aggregation observed for 
nanop<lrticles with hydrophilic surfaces. Factors increasing the fre
quency ofparticle contact may also play a role in the increase in the 
LNC particle size after nebulization, although the greater increase 
in pal'tiele size when nebulization occurs at lower concentrations 
implies that other issues need to be considered as weil. 

ln many ways, colloidal particles act in like surfactant molecules 
in various types ofdispersions (Binlcs, 2(02). LNCs have been shown 
to adso rb at the a ir/wate r in terface, fo rming a mono layer (Heu rtaull 
Cl al .. 200]: Minkov ct JI.. 21J(15). At the air/water interface, sorne 
of the polyoxyl 15 hydroxystearate molecules are thought to be 
released from the particle surface, followed by the reorganization 
of the LNC structure. The spread ing of polyoxyl 15 hydraxystearate 
molecules at air/water interface is slower than that oftriglycerides 
(Heurt aull CLll., 200]: Minkov et al" 20(5). During the nebulization 
process, the bulk liquid is transformed into an aerosol. which has a 
far greater air/water interface area compared with bulk liquid. The 
LNCs adsorb at the increased air/watefinterface until the surface is 
fully covered by the partieles. As the polyoxyl 15 hydroxystearate 
molecules are released. the LNCs may fllSe and aggregate. This phe
nomenon could be more pranounced at lower LNC concentrations, 
where the ratio of the amount of LNCs adsorbed at the air/water 
interface to tlle am ou nt of LNCs remaining in the bulk of the liquid 
01' in the water draplet is larger than at Iligher LNC concentrations. 
increasing the percentage of LNCs affected by aggregation. Lecitllin 
stabilized the LNC structure, and nanocapsules with grea ter lecithin 
content were found to be more stable at the interface compared 
with the LNCs with lower lecithin quantities (Minkov el al .. 2005). 
This is in agreement with our results on the stability after nebu
lization of LNCl 00> LNC60 >LNC30. corresponding to a decreasing 
quantity of lecithin in the formulation. As the amount of lecithin 
is markedly smaller than polyoxyl 15 hydraxystearate or CS/Cl 0
TG, it is likely that two populations of the LNCs exist, one without 
lecitllin molecules and another one with tightly packed lecithin 
monolayer around the triglyceride core (lVlinkov ct ,11" 2005). It 
was previously established (Minkov Cl al" 20(5) that the LNCs 
without phospholipid molecules lose their mechanical stability and 
undergo disaggregation at air/water interface leading to the forma

°tion of a true monolayer composed of triglycerides from the core 
of LNCs. ln the case of FP-Ioaded LNCs, the film at the air/water 
interface of microdroplets may contain sorne FP molecules. The 
importance of such eff~ct could depend mainly on the percentage 
of the LNCs withoul lecithin in the formulation. The mechanisms 
of formation and composition of interfaciallayer containing intact 
LNCs and eventually triglyceride and FP molecules de pend on the 
degrE'e of surface saturation. Minkov ct al. (200S) pE'I'formed their 
experiments on the nat surface of a bulk liquid. and it must be 
mentioned that the size and the curvature of the surface of aque
ous aerosol droplets could affect significantly the diffusion nux of 
LN Cs towards the surface and the amount and composition of the 
spread mate rial. . 

ln contrast to the conventional microparticle suspensions for 
nebulization, the nanoparticles in aqueous colloidal dispersions can 
be more easily incorporated into the respirable fraction of aerosol 
droplets (Mc Callio[l Cl al.. 1996). Using the nano-sized dispersion 
increases the probability that the drug distribution in the draplets is 
homogenous. üstrd1lLÜ'I' cl al. r19991 demonstrated that 12.5 drug 
crystals of 200 nm in diameter wou Id be contained in eacll 2 fJ.m 
droplet and only 1.25 drug crystals of 2 fJ.m woul.d be contained 
in each 100 droplets. The mass median aerodynamic diameter of 
the nebulized LNCaqueous dispersion was 2.7 ± 0.1 fJ.m (Hllreallx 
et ,lI.. 20()l)), therefore the FP within 30-100 nm LN Cs is likely to be 
hOlllogenously distributed among the droplets. 

The encapsulation efficiency after nebulization was the same 
as before nebulization, indicating that the FP remained associated 
with the LNCs during the nebulization process. Similarly, no change 

Table 5
 
Nebulization rime (in minutes) of LNC formularions nebulized at differenr concen

trations. The nebulizer ourput can be calculated dividing the nebulization rime by
 
the amount of the formulation nebulized (2 ml).
 

LNC concentration 177 mg/ml 17.7 mg/ml 3.54 mg/ml 

LNC30 9··10 4-5 3.5 4 ..1 
LNC30FP250 9 .. 10 4-5 
LNC30FP500 9-10 4-5 
LNC30FP1000 9-10 4-5 
LNCfiO 9-10 4-5 3.5-4.5 
LNCfiOFP250 9-10 4-5 
LNCfiOFP500 9-10 4-5 
LNCfiOFP1000 9-10 4-5 
LNC 100 8-9 4-5 3.5-4.5 
LNC10OFP250 8-9 4-5 
LNC 100FP500 8-9 4-5 
LNCIOOFP1000 8-9 4-5 

in the drug encapsulation in paclitaxel-Ioaded LNCs was obsel'ved 
after nebulization (HurColUX et JI .. 2009),ln contrast. the disruption 
of liposomes and leakage of the encapsulated ci[Jronoxacin W,lS 
observed (Finlay and Wang. 1998). In another study by I<lcclllann 
et al. (;Z007). leakage of iloprost was observed from nebulized 
liposomes (20-70% drug encapsulation post-nebulization), which 
was accompanied by a decrease in partiele size. On the other 
hand. H,lius cl cll. (2008) did not observe the release of vasoac
tive intestinal peptide (VIP) from nebulized liposomes. The VIP 
molecules were efficiently associated with the liposomal form'u
lation. exhibiting a strong negative surface charge, resulting in 
electrostatic interactions (HeljOS et ~I .. 2(08). Therefore. the drug 
release from the nanocarriers during nebulization may depend 
on the partition of the drugs between the nanocarriers and the 
medium. If the drug is lipophilic or if strong interactions occur 
between the drug and the carrier, the drug remains associated 
with the carrier. On the other hand, if the drug is encapsulated 
inside the nanocarrier. as in the case of liposomes, disruption of 
the carrier structure may induce drug release. 

Apart from partiele characteristics, stability du ring nebuliza
tion and aerosol characteristics, other important factors such as 
the output rate should also-be considered. Nebulized medications 
and excipients can change the aerosol output and the nebuliza
tion time due to changes in the physico-chemical propenies of the 
solution or suspension, e.g., surface tension, viscosity, and den
sity (Arzhavitina and Steckei, 20] 0). The study by Hureaux el al. 
(;Z009) showed that 3 ml of the 50 nm LNCs were nebulized by the 
eFlow nebulizer in less than 9 min. This study demonstrated that 
the nebuliz.;ltion time was not affected by either drug concentra
tion or particle size ('rable 5). The nebulization time and the output 
rate were mainly dependent on the LNC concentration. LNCs at 
177mg/ml were nebulized within S-10min, andl0-rold dilution 
decreased the nebulization time by approximately halL 

4. Conclusions 

FP was successfully loaded into LNCs, with the encapsulation 
efficiency found to depend on the quantity of FP added to the for
mulation and on the composition of the formulation, especially the 
quantity of the oil (CS/Cl0-TG). Small. homogenously dispersed 
nanocapsules were obtained, and the size could be conveniently 
modulated by modifying the composition of the sample. The infor
mation about the solubility of the drug in oil and water as weil as 
the oil/water partition coefficient can be useful lOols to assess the 
encapsulation of the drug in the LNC forillulation. 

Although the particle size and size distribution of nebullzed 
LN Cs were observed to increase significantly compared with con
trol LNCs before nebulization. nebulization did notlead to the 
leakage of FP from the formulation. Additionally, despite the 

• 
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Illcrease in panicle size, no phase separation was observed, and 
most nebulized LNCs were characterized by a small size below 
150 nm. A small fraction of larger aggregates was responsible for 
the increase in the intensity-averaged panicle diameter. LNC100 
(,111 IJe consideree! superior ta LNC30 and LNC60, as these pani
cles exhibit a bettel- FP-Ioading capacity and betler stability during 
neblilization. 
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