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Abstract 

This study proposes lipid nanocapsules (LNCs)-based Trojan particles made by entrapping 59±3 nm 

LNCs in carbohydrate-based microparticles via spray drying. This work focused on optimisation of 

maintenance of the nanocarrier colloidal properties, solid state properties and suitability of Trojan 

particles for pulmonary deposition. The properties of Trojan particles were evaluated as a function of 

the nature of carbohydrate, the feed concentration and LNC loading. The presence of nanocapsules 

had a significant impact on the size and morphology of microparticles and their solid state properties. 

Spray drying did not destroy the LNCs and their size after reconstitution varied between 78±1 and 

121±1 nm. The lactose, trehalose and raffinose-based Trojan particles were readily dispersed as 

aerosols with mass median aerodynamic diameters between 5.3±0.1 and 6.2 ±0.1 µm using a dry 

powder inhaler. In conclusion, LNC-Trojan particles were shown to successfully not only to 

encapsulate the lipid nanocapsules but also to release them.  

 

Keywords: Trojan particle, spray drying, microparticles, pulmonary nanoparticles, lipid nanoparticles, 

carbohydrate. 
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Introduction 

Pulmonary route has been considered for local and systemic delivery of numerous active 

pharmaceutical ingredients including biomolecules.  The advantages of local delivery to lungs include 

higher drug doses at the site of action and reduced systemic side effects. The benefits of using 

pulmonary route for systemic drug delivery include large surface area available for absorption 

(approximately 100 m2), the very thin pulmonary barrier (the distance between the air in the alveolar 

lumen and the capillary blood flow is less than 400 nm) and the elevated blood flow (5 L/min), 

relatively low metabolic activity and efflux transporter activity compared to oral route, avoidance of 

first pass effect [1-5]. Recently, there is an interest in the use of nanocarriers as drug delivery systems 

due to their small size and large surface area [6]. A lot of components of living cells, such as ribosomes, 

membrane transporters, receptors and cell signalling systems are constructed at the nano-level. The 

nanocarriers fall in the same size range as these biological entities, therefore they can readily interact 

with the molecules within the cell and on cell surface [2]. Nanoparticles (NPs) protect sensitive 

substances or bioactive molecules and may provide their controlled release [7-11]. Another important 

advantage of NPs is their ability to effectively deliver therapeutic agent over a long period of time 

without degradation occurring before it reaches the cellular target [6]. Hence, nanoencapsulation can 

increase the therapeutic efficacy of drugs, their specificity and targeting ability [12]. Moreover, 

nanoparticulate carriers have a greater chance to escape from the clearance mechanisms by the lung 

defence systems compared with microparticulate carriers [2]. NPs fabricated using natural 

biomolecules such as lipids are expected to be an appropriate choice for clinical applications [13]. 

Among them, lipid nanocapsules (LNCs) are biomimetic nanocarriers that offer numerous advantages 

such as feasibility at laboratory or large scale, manufacturability via an organic solvent-free, low 

energy method, good physical stability, biocompatibility, possibility of surface modification [14-18]. 

Although initially they were considered as carriers for lipophilic drugs [14,19], recent studies revealed 

their potential as carriers for water soluble molecules such as peptides [17,20]. 

Inhaled drug delivery devices include nebulizers, dry powder inhalers and pressurised metered-dose 

inhalers [3]. Previous studies were performed on nebulization of the LNCs [15, 19]. Nevertheless, 

nebulization has some inconveniences such as low efficiency, time-consuming administration, poor 

reproducibility and great variability [3]. On the other hand, dry powder inhalers are preferred because 

of their stability and processing (they are typically formulated as solid state blends of components). In 

contrast to metered-dose inhalers, dry powder inhalers do not contain propellants and thus are 

environmentally friendly [3]. 
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Despite the numerous advantages, the use of drug-loaded NPs themselves for pulmonary applications 

is limited because their mass median aerodynamic diameter (MMAD) is not suitable for inhalation 

purposes and they can be exhaled after inspiration. Considering the effects of aerodynamic size on 

regional lung deposition patterns, particles with MMAD between 1 and 5 µm are desirable to facilitate 

predominant deposition in the smaller airways [21]. The fine particle fraction (FPF) represents the 

mass percentage of drug particles with an aerodynamic diameter below 5 μm and is used for in vitro 

assessment of the aerodynamic properties of aerosols [22]. Current dry powder inhalers on the market 

have FPFs ranging between 10 and 70% [23]. Moreover, small size of NPs can lead to particle 

aggregation due to high surface energy thereby making handling of the NPs in dry powder form very 

difficult [2, 24, 25]. Therefore, the major challenge for pulmonary delivery of NPs is to find a proper 

carrier system with an MMAD suitable for pulmonary delivery [2, 26]. A potential solution to this 

problem is using a Trojan horse strategy, i.e. incorporation of nanoparticles into larger carriers with 

suitable aerodynamic properties. Spray drying is convenient because it enables transforming of 

aqueous dispersions of the nanocarriers into a dry powder with an aerodynamic diameter suitable for 

pulmonary deposition which can be stored for a very long period. Moreover, the conversion of 

aqueous dispersion of lipid nanocarriers to dry powder can improve their stability, lower storage and 

transport costs and facilitate their use [27, 28]. 

Carbohydrates such as lactose and mannitol are widely used as excipients for dry powder inhalers 

because they are approved by the FDA (Food and Drug Administration) and other regulatory bodies 

for pulmonary delivery. One of their advantages is the lack of toxicity [1]. Trehalose is widely used in 

pharmaceutical formulations as a lyoprotectant because it shows low tendency to crystallise and 

relatively high glass transition temperature (Tg) [11, 25, 29].  Moreover, non-reducing carbohydrates 

such as raffinose and trehalose have properties that make them promising excipients for the 

protection of biomolecules, such as peptides or proteins [30], that could potentially be loaded into 

the LNCs. Carbohydrates have the advantage of availability at low costs, low viscosity in concentrated 

solutions and ability to produce a good glass upon spray drying [31]. Trehalose, raffinose and sucrose 

are non-reducing carbohydrates and as such they have the advantage that they will not undergo the 

Maillard browning reaction [4]. 

Trojan particles differ from conventional spray dried particles in that the former comprise NPs that 

are entrapped in the microparticles. To date Trojan particles encapsulating PLGA, polystyrene, silica 

NPs, liposomes and NPs made of pure drug or nanoemulsions have been proposed [24, 32-38]. The 

nanocarriers were entrapped within the microparticles composed of hyaluronic acid and phospholipid 

(DPPC) [32], lactose and phospholipids (DPPC, DPME) [24], mannitol, lactose, or α-cyclodextrin [35] or 
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gum arabic, whey protein, polyvinyl alcohol, modified starches, maltodextrin, hydroxypropyl-β-

cyclodextrins and pregelatinized hydroxypropyl pea starch [34], maltodextrin combined with a surface 

active biopolymer or a small molecule surfactant [39]. The major problem concerning encapsulation 

of nanocarriers within the Trojan particles is the conservation of the nanocarriers structure and size 

distribution during spray drying process [34]. Spray drying of nanocarriers, particularly lipidic, is very 

challenging. There have been attempts to prepare the spray dried and spray freeze dried LNCs by Ali 

et al., [35], but they were unsuccessful. This group tried to prepare LNCs in the dry form using 

trehalose as a carrier. Spray drying proved to be unsuccessful because only a waxy mass was obtained 

as product. Spray freeze drying yielded microparticles with a very low fine particle fraction (2%) and 

an MMAD of 14.2±2.6 µm, hence this product is not suitable for pulmonary application [35]. 

Therefore, in the current study we attempted to modify formulation parameters such as the choice of 

carbohydrate material (raffinose, trehalose, sucrose, lactose or mannitol), feed concentration and LNC 

loading to decrease the MMAD and increase the FPF. Three important parameters were considered: 

satisfactory maintenance of the nanocarrier colloidal properties, solid state properties and finally in 

vitro suitability of Trojan particles for pulmonary deposition.  

2. Materials and methods 

2.1 Materials 

Labrafac® WL1349 (caprylic/capric acid triglycerides-C8/C10-TG) was kindly provided by Gattefossé 

S.A. (France). Lipoid® S75-3 (hydrogenated lecithin) and Kolliphor® HS 15 (Solutol® HS15, macrogol 15 

hydroxystearate, polyoxyl 15 hydroxystearate; molecular weight 963.24 g/mol) were kindly supplied 

by Lipoid Gmbh (Germany) and BASF (Germany), respectively. Sunset yellow, D-mannitol, sucrose, 

lactose (as monohydrate), trehalose (as dihydrate) and raffinose (as pentahydrate) were obtained 

from Sigma Aldrich (Ireland). All other chemicals and solvents were of analytical grade. 

2.2 Preparation of LNCs 

LNCs composed of polyoxyl 15 hydroxystearate (MHS) (43.41%), hydrogenated lecithin (3.85%) and 

caprylic/capric acid triglycerides (TGs) (52.74%) were prepared at a concentration of 177 mg/ml using 

the phase inversion process described elsewhere [19]. Briefly, the above-mentioned LNC components 

(768 mg, 68 mg, and 933 mg, respectively) and NaCl (89 mg) were weighed and mixed with 3 ml of 

water. The sample was then heated to 95 °C and cooled to 60 °C. The sample was treated with three 

heating-cooling cycles and during the last cooling, at 82°C (phase inversion temperature) the system 

was diluted with cold (~4°C) water to a final volume of 10 ml.  

2.3 Preparation of LNCs-carbohydrate aqueous mixtures 



5 

Carbohydrate (mannitol, sucrose, lactose monohydrate, trehalose dihydrate, raffinose pentahydrate) 

was dissolved in water. This aqueous solution was then mixed with the LNC dispersion to obtain the 

desired carbohydrate/LNCs mass mixing ratio (MMR). The samples were diluted with water to achieve 

a final carbohydrate concentration of 0.5%, 1%, 5%, and 10% (w/v). 

2.4 Spray drying of LNCs-carbohydrate mixtures to prepare Trojan microparticles 

Trojan microparticles were prepared by spray-drying of carbohydrate-LNCs aqueous mixtures using a 

Büchi Mini Spray Dryer B-290 (Büchi, Switzerland) operating in the open cycle mode configuration as 

described elsewhere [40] with a two-fluid nozzle. The carbohydrate concentrations used were 0.5%, 

1%, 5% and 10% (w/v) and the carbohydrate/LNCs MMR was 25. In the case of 1% (w/v) raffinose the 

following MMRs were tested: 0.4, 0.8, 1.6, 3.1, 6.3, 12.5, 25, 50 and 100. The inlet temperature was 

set at 140 °C, and the feeding pump rate was adjusted to 15% (flow of 5.4 ml/min). Nitrogen was used 

as the drying gas (flow of 504 L/min, aspirator rate of 80%). These settings yielded the outlet 

temperature of approximately 66 °C. A high-efficiency cyclone separator was employed for collection 

of the spray dried product.  

2.5 Characterisation of size and size distribution of LNCs 

Sample viscosity was measured using a low-frequency vibration viscometer (SV-10 Vibro Viscometer, 

A&D Company, Ltd.). The z-average particle diameter and the polydispersity indexes of the LNCs were 

determined by Dynamic Light Scattering (DLS). LNCs were diluted with water to obtain a concentration 

of 3 mg/ml. Spray-dried LNCs were redispersed in water to obtain an LNC concentration of 3 mg/ml. 

DLS measurements were carried out on a Zetasizer nano series Nano-ZS fitted with a 633 nm laser 

(Malvern Instruments, UK) and with the scatter angle fixed at 173°. Each analysis was carried out at 

25 °C in triplicate. The results obtained were corrected for sample viscosity. 

2.6 Characterization of size and size distribution of Trojan microparticles 

The size and size distribution of Trojan microparticles was determined using a Mastersizer 2000 laser 

diffraction instrument (Malvern Instruments, UK). Dry powders were dispersed using Scirocco 2000 

feeder attachment. The pressure was set at 2 bar and a vibration feed rate of 50% was used in order 

to achieve an obscuration within the limits of 0.5% - 6%. Samples were run in triplicate. Mastersizer 

2000 software was used for data evaluation [4,30]. Standard percentile reading d(0.5), d(0.1) and 

d(0.9) were obtained from the analysis. D(0.5), the median particle diameter or the median of the 

volume distribution, is the size in micrometres at which 50% of the sample is smaller and 50% is larger. 

D(0.1) is the size of particle below which 10% of the sample lies, whereas d(0.9) is the size of particle 
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below which 90% of the sample lies. The span, i.e. the measurement of the width of distribution, was 

calculated as: 

𝑆𝑝𝑎𝑛 =
(𝑑(0.9)−𝑑(0.1))

𝑑(0.5)
          (Eqn.1) 

2.7 Morphology of Trojan microparticles 

A Zeiss Supra variable Pressure Field Emission Scanning Electron Microscope (Germany) equipped with 

a secondary electron detector and an accelerating voltage of 5 kV was used for the morphological 

examination of Trojan particles. Powders were placed on carbon tabs fitted on aluminium stubs. They 

were sputter coated with gold/palladium under vacuum before analysis as described by Mugheirbi et 

al., [40]. 

2.8 Differential Scanning Calorimetry 

DSC experiments were performed using a Mettler Toledo DSC 821e with a refrigerated cooling system 

LabPlant RP-100. Nitrogen was used as the purge gas. Aluminium sample holders were sealed with a 

lid and pierced to provide three vent holes. Accurately weighed samples (7–9 mg) were placed in 

aluminium pans. Measurements were carried out at a heating rate of 10 °C/min applying the 

temperature range 25-250 °C. The unit was calibrated with indium and zinc standards. The DSC system 

was controlled by Mettler Toledo STARe software (version 6.10) [7, 40]. 

2.8 Powder X-ray diffraction (PXRD) 

PXRD measurements were performed using a Rigaku Miniflex II, desktop X-ray diffractometer (Japan) 

equipped with a Cu Kα radiation X-ray source with a Haskris cooling unit. The tube output voltage used 

was 30 kV and tube output current was 15 mA. A Cu-tube with Ni-filter suppressing Kβ radiation was 

used. Measurements were taken from 5 to 40 on the 2 theta scale at a step size of 0.05 ° per second 

[7]. 

2.9 In vitro aerosol deposition studies using Next Generation Impactor (NGI) 

Samples were spray dried with the addition of sunset yellow dye (5 mg of dye/g of powder). A total of 

20±2 mg of powder was loaded into a hard gelatin capsule (size 3). A dry powder inhalation device 

(Cyclohaler®, N.V. Medicopharma, Zaandam, Netherlands) [41] was connected to the mouthpiece of 

a Next Generation Impactor (Copley Scientific Limited, UK). The capsule containing the inhaled powder 

was placed in the holder of the inhaler device, punctured, and a vacuum pump was used to produce 

the air stream of 60 L/min for 4s [42]. The powder that remained in the capsule and the powder that 

was deposited in the device, mouthpiece, in stages (S) 1-7 (corresponding to the following cut off 
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diameters: S1: 8.06 µm, S2: 4.46 µm, S3: 2.82 µm, S4: 1.66 µm, S5: 0.94 µm, S6: 0.55 µm, S7: 0.36 µm), 

and filter was collected and dissolved in water. The content of sunset yellow was then quantified by 

measuring the absorbance at 480 nm using a UV-1700 PharmaSpec UV visible spectrophotometer 

(Shimadzu, Japan). Standard solutions of sunset yellow were prepared by dissolving accurately 

weighed spray dried powders in deionized water. The method showed good linearity (R2=0.999). The 

quantification and detection limits were 0.2 µg and 0.1 µg of sunset yellow per ml, respectively. Each 

test was repeated three times. The fine particle fraction (FPF) (i.e. the total amount of particles with 

aerodynamic diameters smaller than 5.0 μm) was calculated by interpolation from the inverse of the 

standard normal cumulative mass distribution less than stated size cut-off against the natural 

logarithm of the cut-off diameter of the respective stages. The FPF, considered as the respirable 

fraction, was expressed as a percentage of the total recovered dose. The mass median aerodynamic 

diameter (MMAD) of the particles and the geometric standard deviation (GSD) were determined using 

a web-based application, MMAD calculator (http://www.mmadcalculator.com/). 

2.10 Statistical analysis 

Results are shown as mean± standard deviation from three independent experiments. The statistical 

significance of the differences between samples was determined using either one-way analysis of 

variance (ANOVA) or two-way ANOVA. Differences were considered significant at p < 0.05. 

3. Results 

3.1 Preparation and characterisation of LNCs 

The size of the LNCs is in the low nanometric scale, typically between 20-100 nm. Among the LNCs, 

the nanocarriers with a size 50-60 nm have been the most widely studied thus far [10, 15, 16], hence 

they were selected for this work. In this work, LNCs composed of MHS (43.41%), hydrogenated lecithin 

(3.85%) and TGs (52.74%) were successfully prepared with a diameter of 59±3 nm and polydispersity 

index of 0.041±0.015, consistent with previous reports [10, 15, 18, 19]. These LNCs have a complex 

core-shell structure that upon any further processing must be retained. The core, composed of 

medium chain triglycerides, is surrounded by the shell containing a PEGylated surfactant and, 

optionally, other cosurfactants such as lecithin [10, 18]. Although the LNCs show a slightly negative 

zeta potential, they remain stable when stored as an aqueous dispersion because of steric stabilization 

due to the presence of PEG moieties (MHS) on the surface of the nanocarriers [18].  

We made attempts to obtain the LNCs on their own in the powder form using spray drying, but it was 

impossible to recover LNCs in the collection vessel because the semi-solid product was deposited on 

the walls of the drying cylinder and the cyclone. Therefore, a small sample of LNC dispersion was dried 
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in a vacuum oven for 48 h at room temperature and analysed by DSC and PXRD. The DSC analysis of 

LNCs revealed four melting endotherms (Figure 1a). The first melting endotherm with an onset at -

14.6 °C (ΔH=37.55 J/g) can be ascribed to TGs [43], the component of the oil core of the LNCs. The 

next two endotherms (onset at 2.6 °C, ΔH=21.05 J/g and onset at 27.3 °C, ΔH=4.0 J/g) can be ascribed 

to MHS [43]. The presence of two MHS melting endotherms may be explained by the fact that this 

surfactant is composed of polyglycol mono- and di-esters of 12-hydroxystearic acid (approximately 

70%) and free polyethylene glycol (approximately 30%) [18, 19]. The last melting endotherm with an 

onset at 71.2 °C, (ΔH=0.7 J/g) can be ascribed to hydrogenated lecithin [43]. One amorphous halo, 

centred at around 20° 2θ, was visible in PXRD diffractogram of LNCs (Figure 1b), thereby indicating 

that the LNCs were PXRD amorphous. The Bragg peak at 31.8° 2θ can be ascribed to sodium chloride 

[7] as the LNCs were dispersed in aqueous NaCl solution. 

3.2 Mannitol-based Trojan particles  

Both, mannitol feed concentration and the presence of LNCs exerted a significant effect on the median 

diameter of Trojan particles (p=0.0195 and p<0.0001, respectively) and the interaction between these 

parameters was significant (p<0.0001) (Figure 2a). The width of size distribution (Span) was affected 

by the LNC presence (p=0.0004), but not by mannitol concentration in feed (p>0.05). Spray drying of 

an aqueous solution of mannitol yielded small particles, with the median particle size varying between 

2.975±0.01 µm (mannitol feed concentration 0.5% w/v) and 5.69±0.34 µm (mannitol feed 

concentration 10% w/v). Scanning electron micrographs of spray dried mannitol displayed hollow 

spherical particles with rough surfaces containing mannitol crystals (Figure 3a). Another important 

characteristic of these particles was the presence of holes, cracks and an orifice in the mannitol 

particle shells, probably due to evaporation of the vapour that escaped from the inner of the droplets 

through the solid crust already formed in the course of the drying process on the surface of the droplet 

[44].  

Interestingly, the incorporation of the LNCs resulted in a drastic increase in particle size (median 

particle sizes varied between 11.09±0.14 µm and 12.57±1.145 µm) and the presence of aggregates 

(Figure 2a). The LNC-mannitol Trojan particles fused and formed aggregates and they did not show 

spherical shapes. The presence of crystalline-like formations was also observed (Figure 3b). The 

formation of crystalline mannitol after spray drying in both, mannitol and mannitol/LNCs, samples was 

confirmed by DSC and PXRD (Figure 2b and c). The DSC curves of mannitol spray dried without LNCs 

showed only one sharp melting peak with an onset at 165 °C, similar to the starting material (Figure 

2b). Mannitol is a polymorphic pharmaceutical excipient, which commonly exists in three forms: alpha 

(melting point of 165.3 °C/166 °C), beta (melting point of 166.7 °C/166.5 °C) and delta (meting point 
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incongruent, either 146.8-156.2 °C or 150-158 °C) [45, 46]. Thus, DSC indicated the presence of either 

the form alpha or beta, but they are not distinguishable by this technique due to the similarity of their 

melting points. The PXRD data revealed that the starting material was the beta polymorph of mannitol 

(Figure 2c). Spray drying of mannitol without the presence of LNCs yielded the beta form as well. DSC 

of the spray dried mixture of mannitol/LNCs showed that the melting point of this sample was 164-

165°C. PXRD showed that spray drying of mannitol/LNCs mixtures yielded the alpha polymorph of 

mannitol (Figure 2c). A polymorphic transition of mannitol was observed when co-processing with 

itraconazole NPs [36]. Possible consequences of such a transformation could be altered storage shelf-

life, flowability and aerodynamic properties. 

Due to the presence of agglomerates and particle morphology deviating from the spherical shape, 

aerodynamic diameter measurements were not performed for mannitol/LNCs mixtures, as the main 

criteria for selecting favourable systems for NGI studies were small geometric sizes of Trojan particles, 

adequate LNC reconstitution and generally spherical shapes of the spray dried particles. Despite the 

Trojan particle aggregation, LNCs were successfully reconstituted from the spray dried powders, 

without the formation of macroscopic aggregates visible to the naked eye. The diameter of 

redispersed LNCs, varying from 103±1 nm (mannitol 10%, LNCs 0.4%, MMR=25) to 106±1 nm 

(mannitol 0.5%, LNCs 0.02%, MMR=25) was significantly affected by processing with the carbohydrate 

(p<0.0001), so was the polydispersity index (Figure 2d). However, neither the size nor the 

polydispersity index of the reconstituted nanocapsules was influenced by the feed concentration 

(p>0.05). 

3.3 Sucrose-based Trojan particles  

Sucrose starting material was crystalline as shown by DSC and PXRD (Figure 4a and b). It exhibited a 

melting point with an onset at 182.6 °C (Figure 4a). Sucrose is believed to exist in the monoclinic 

hemihedral form, which melts and decomposes around 185 °C to 190 °C [40]. Another endothermic 

event with an onset at 150.3 °C could be attributed to the presence of a low melting metastable 

polymorph in which the inter-residue intramolecular hydrogen bonds between the hydroxyl groups 

and the glucopyranose ring oxygen were misaligned [47]. Spray drying of sucrose from its aqueous 

solution was not successful because the yield was approximately 5% and most of the product 

remained in the drying chamber or in the cyclone. This behaviour may be explained by the fact that 

the Tg of sucrose (46-74 °C) [48] was close to the outlet temperature. No particle size analysis of this 

residue was possible, but SE micrographs revealed the presence of fused mass with smooth surfaces 

(Figure 3c). Spray dried sucrose was PXRD amorphous (Figure 4b). In the DSC scan, a Tg with the 

midpoint at 47.6 °C was followed by an exothermic event, most likely crystallisation, with a peak at 
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85.9 °C and two endothermic events with peaks located at 152.5 °C and 186.5 °C, similar to those 

observed for starting material.  

Interestingly, when sucrose was spray-dried with the LNCs (MMR=25) the yield was markedly 

increased. The median diameter of the sucrose-LNC Trojan particles was significantly affected by the 

feed concentration (p<0.0001), similarly to Span (p=0.0096) (Figure 4c). The smallest particles 

(d(0.5)=9.62±0.04 µm) were obtained at the lowest carbohydrate concentration (sucrose 0.5%, LNCs 

0.02%). The largest particles (d(0.5)=23.29±1.48 µm) were formed when spray dried at a concentration 

of 1% of sucrose (LNCs 0.04%), and the d(0.5) value decreased again to 16.35±0.49 µm and 14.42±0.06 

µm when spray-dried at a sucrose concentration of 5% and 10% (sucrose/LNC MMR=25), respectively. 

The SE micrographs (Figure 3d) revealed that the microparticles were hollow, with shells containing 

large orifices and small crystals stuck together with small holes between the individual crystals. The 

particles were spherical, however deformations and formation of particle assemblies/clusters were 

also observed. Processing sucrose with the LNCs yielded Trojan particles that contained crystalline 

carbohydrate, as evidenced by a sharp melting point with an onset of 185-186 °C in the thermograms; 

this peak was sharper when compared with that of sucrose spray dried without LNCs. Interestingly, 

another endothermic event with an onset of approximately 172-173 °C and peak at 175 °C was 

observed in spray dried sucrose/LNCs mixtures, which can be attributed to the presence of metastable 

form of sucrose [47]. PXRD confirmed the presence of crystalline carbohydrate in sucrose/LNCs 

mixtures (Figure 4b). The crystallisation of sucrose induced by the presence of the LNCs is probably 

responsible for the increased, satisfactory yield of the spray dried products.  

The LNCs spray dried with sucrose were redispersible without the formation of macroscopic 

aggregates. The size of redispersed nanocarriers (106±3 nm-121±1 nm) doubled when compared with 

that before spray drying (p<0.0001) (Figure 4d). The polydispersity index (0.172±0.018-0.241±0.030) 

was also increased after spray drying (p<0.0001). Both, the size and size distribution of redispersed 

LNCs were significantly affected by the feed concentration (p=0.0002 and 0.013 for size and 

polydispersity index, respectively). Figure 5a shows that sucrose/LNCs microparticles were deposited 

mainly in the throat and stage 1 (41±2% and 30±0.5%, respectively). Only a small quantity remained 

in the capsule and device (less than 10%) resulting in a remarkably high total emitted dose (TED) of 

91±0%. Due to the small fraction of inhalable particles it was impossible to calculate the MMAD and 

GSD and the FPF was 15.9±1.4%. Therefore, the sucrose/LNCs Trojan microparticles are not suitable 

for pulmonary delivery. However, they can be considered for other routes of administration such as 

nasal.  

3.3 Lactose-based Trojan particles  



11 

Spray drying of either aqueous solutions of lactose or lactose/LNC mixture yielded microparticles, the 

size and the width of distribution of which was significantly affected by both, lactose feed 

concentration (p<0.0001) and presence of the LNCs (p<0.0001), with a significant interaction between 

those parameters (p<0.0001) (Figure 6a). D(0.5) of lactose particles varied from 2.87±0.01 µm (lactose 

feed concentration of 0.5%) to 6.54±0.17 µm (lactose feed concentration of 10%), whereas the d(0.5) 

parameter of lactose-based Trojan microparticles containing LNCs at MMR=25 ranged between 

3.71±0.06 µm (lactose feed concentration of 0.5%) and 7.85±0.24 µm (lactose feed concentration of 

10%). Lactose can be found in a crystalline state, an amorphous state or a mixture of both. The DSC 

curve (Figure 6b) of lactose starting material (alpha lactose monohydrate) showed an endothermic 

peak at 147.5 °C, which corresponds to the loss of water of crystallisation followed by a small 

exothermic peak at 171.7 °C corresponding to crystallisation of amorphous lactose and the melting 

endotherm with an onset at 212.8 °C corresponding to melting of anhydrous alpha [49]. PXRD 

diffractogram (Figure 6c) matched that of alpha lactose monohydrate, which well-defined and sharp 

peaks observed at 12.5, 16.4, 19.5 and 20.5° 2θ [50]. Spray dried lactose was PXRD amorphous (Figure 

6c). In the DSC scan, it showed a broad endothermic event with an onset at 50.6 °C (adsorbed moisture 

evaporation), an exothermic event with an onset at 176.8 °C (crystallisation) and a melting endotherm 

with an onset at 208.2 °C (melting of anhydrous alpha lactose). The Tg, which normally occurs at 

approximately 101 °C [51], was not observed possibly due to the interference with the broad 

dehydration peak. The crystallisation event and the lack of the peak at 144 °C characteristic for the 

monohydrate indicate the presence of amorphous lactose, supported by the PXRD results. SE 

micrographs of spray dried lactose display spherical particles with smooth surfaces, however the 

samples were hygroscopic and absorbed water very quickly resulting in fusion of the particles and the 

formation of a liquid-like mass (Figure 3e).  

The Trojan-LNCs microparticles were spherical in shape with rough surfaces (Figure 3f). The particles 

were hollow, they had holes and cracks. The shell was composed of plate-like elements. Interestingly, 

particles spray-dried at the lowest lactose concentration of 0.5% had less spherical shape and did not 

form so spheres as at higher carbohydrate concentrations. The lactose/LNCs mixture spray dried at 

the lowest lactose feed concentration (0.5%) showed an endothermic event with an onset at 89.4 °C 

(dehydration) and a sharp melting endotherm with an onset at 213.1 °C with no visible crystallisation 

exotherm, thereby indicating crystallinity of this sample (Figure 6b). The samples spray dried at higher 

feed concentrations (1-10%) showed broad dehydration peaks at low temperatures (onset at 31-48 

°C) with no visible Tg, probably because of the interference of the dehydration peak. The broad 

dehydration event was followed by crystallisation (an exothermic event with an onset at 

approximately 146-154 °C) and a melting endotherm with an onset at approximately 212-213 °C, 
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which can be attributed to melting of dehydrated alpha lactose. PXRD showed generally amorphous 

character of the spray dried lactose/LNCs mixtures (Figure 6c), however traces of crystalline lactose 

were observed at approximately 19 2θ degrees in samples containing lactose processed from 0.5% 

and 5% feeds.  

The nanocarriers after spray-drying were successfully reconstituted, but their size and polydispersity 

index increased compared with those before spray drying (p<0.0001) (Figure 6d). The feed 

concentration had a significant effect on both, the particle diameter (p<0.0001) and the polydispersity 

index (p=0.007). When spray dried from 10% lactose, the nanocarriers doubled their size (124±4 nm) 

after spray drying. When spray dried from 0.5%, 1% or 5% of lactose, the size of redispersed 

nanocarriers was smaller, varying from 92±1 to 100±1 nm for lactose feed concentration of 0.5% and 

1%, respectively. Both, lactose and lactose/LNCs microparticles showed a significant deposition in the 

capsule, throat and device with a TED of 72±2 and 76±2%, respectively (Figure 5b). The presence of 

LNCs significantly increased the MMAD of Trojan particles compared with lactose microparticles 

(5.4±0.1 µm and 4.6±0.1 µm, respectively). There was no difference in the FPF (p=0.25), which may be 

attributed to a decrease in the amount of particles deposited in the device due to the presence of the 

LNCs. 

3.4 Trehalose-based Trojan particles 

Both, the trehalose feed concentration and the presence of LNCs exerted a significant influence on 

d(0.5) of trehalose microparticles (p<0.0001 in both cases) or Span (p=0.02 and 0.002, respectively) 

with a significant interaction between those parameters (p<0.0001 and p=0.01 for s(0.5) and Span, 

respectively)) (Figure 7a). Spray drying of aqueous solution of trehalose yielded microparticles with 

d(0.5) between 3.18±0.11 µm and 5.965±0.02 µm for trehalose feed concentrations 0.5% and 10%, 

respectively. The presence of LNCs (trehalose/LNC MMR=25) produced larger trehalose/LNC Trojan 

microparticles with d(0.5) between 6.11±0.03 µm and 8.34±0.00 µm.  

In the DSC thermogram (Figure 7b) unprocessed trehalose dihydrate starting material showed an 

endothermic event with an onset at 94.7 °C ascribed to loss of crystalline water and another 

endotherm with an onset at 210.2 °C ascribed to melting of anhydrous trehalose, consistent with the 

temperatures reported previously [25, 52]. Spray dried trehalose was amorphous as evidenced by a 

Tg with the midpoint at 123.3 °C and the lack of either endotherm characteristic of loss of crystalline 

water or a melting endotherm. A broad dehydration peak was observed at lower temperatures (onset 

at 42.2 °C). PXRD data confirmed the crystalline character of the starting material and the amorphous 

character of spray dried trehalose (Figure 7c). Similarly to lactose, trehalose microparticles were round 

and showed smooth surfaces (Figure 3g). However, the spray dried powders of trehalose with the 
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LNCs were mixtures of trehalose dihydrate, as evidenced by the crystalline water peak at 

approximately 87-92 °C, and amorphous trehalose, as some samples showed a Tg with the midpoint 

at 122.1 °C (Figure 7b). A crystallisation exotherm with an onset at 150-152 °C was visible, followed by 

an endothermic event with an onset at 210-211 °C attributed to melting of anhydrous trehalose. In 

the samples with higher trehalose feed concentration (5% and 10%) this peak was preceded by a small 

endotherm with an onset at 195-196 °C. Despite the clear indication of the semi-crystalline nature of 

the trehalose-based Trojan particles, the powders exhibited amorphous X-ray “halos” (Figure 7c). 

PXRD is not sensitive enough to detect low levels of crystalline material, the detection limits for PXRD 

are typically on the order of a few percent crystallinity by mass [53]. SE micrographs revealed that the 

microparticles had small dimples and that, again, the surfaces were rough with cracks (Figure 3h).  

LNCs spray dried with trehalose were successfully redispersed, although their sizes (82±1 nm-86±1 

nm) were larger than that before spray drying (Figure 7d). Both, the size and size distribution were 

significantly affected by spray drying (p<0.0001). A substantial dose of both, trehalose and 

trehalose/LNCs microparticles was deposited in the capsule, device and throat (Figure 5c). The 

quantity of trehalose/LNCs microparticles that remained in the capsule was markedly higher than that 

of trehalose microparticles, resulting in a significant decrease in the TED from 73±3% to 55±5%. The 

presence of LNCs significantly increased the MMAD from 4.0±0.3 µm to 6.1±0.3 µm (p=0.001). 

Approximately 17% of the trehalose/LNCs microparticles was deposited in stage S1 and the quantities 

deposited in lower stages decreased, whereas in the case of trehalose microparticles a considerable 

amount was deposited in S1-S4, with the highest quantity deposited in S2 (approximately 16%). The 

FPF of trehalose microparticles (33.0±3.9%) was significantly higher than that of trehalose/LNCs Trojan 

microparticles (16.7±2.8%) (p=0.0042).  

3.5 Raffinose-based Trojan particles 

The median diameter d(0.5) and width of size distribution of raffinose particles depended on both, 

raffinose feed concentration (p=0.0195 and p=0.0001 for d(0.5) and Span, respectively) and presence 

of the LNCs (p<0.0001), and the interaction between those parameters was significant (p<0.0001 and 

p=0.0027 for d(0.5) and Span, respectively) (Figure 8a). D(0.5) of raffinose microparticles increased 

from 2.87±0.015 µm to 6.60±0.295 µm corresponding to an increase in raffinose feed concentration 

from 0.5% to 10%. The presence of the LNCs increased the size of raffinose-LNC Trojan microparticles. 

When spray dried at 5 or 10% of raffinose (raffinose/LNC MMR=25), larger particles with a d(0.5) 

parameter of approximately 8.5 µm were produced, and a decrease in concentration to 0.5 or 1% 

resulted in the formation of smaller particles with d(0.5) of approximately 5 µm.  
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Raffinose pentahydrate starting material was crystalline, as shown by DSC (Figure 8b) and PXRD 

(Figure 8c), and had an endothermic peak at 85.8 °C attributed to the loss of crystalline water. Spray 

dried raffinose was amorphous as confirmed by DSC and PXRD. There was a Tg with the midpoint at 

119.5 °C and no dehydration endotherm. The broad endothermic event observed in DSC curve of spray 

dried raffinose (onset at 38.7 °C) can be attributed to the loss of adsorbed moisture. Both, 

unprocessed raffinose and spray dried raffinose thermally decomposed at approximately 220 °C. Spray 

drying of raffinose resulted in the formation of spherical particles with smooth surfaces (Figure 9a). 

Raffinose/LNC Trojan microparticles (MMR=25) were amorphous, as evidenced by both, PXRD and 

DSC (Figure 8b and c). In the DSC thermograms, the broad endothermic event observed at low 

temperatures (onset at approximately 30 °C) can be attributed to the loss of moisture. The Tg was 

observed at slightly lower temperatures than that of pure amorphous raffinose. The midpoint (117.5-

118.8 °C) increased slightly corresponding to an increasing feed concentration. Raffinose/LNCs 

MMR=25 Trojan microparticles were spherical with dimpled surfaces (Figure 9b). Spray drying had a 

significant influence on the diameter and polydispersity of redispersed LNCs (p<0.0001) (Figure 8d). 

Raffinose feed concentration affected the size (p=0.0455), but not the size distribution (p=0.9177) of 

the LNCs. The nanocapsules spray dried from 1% raffinose were smaller (88±1 nm) than those spray 

dried from 0.5%, 5% or 10% raffinose (94-96 nm). 

The influence of LNC loading (raffinose/LNC MMR) on the properties of raffinose-based LNC-Trojan 

microparticles was also examined. At the highest raffinose/LNC MMR tested (0.4) no powder was 

collected after spray drying in the collection vessel, and the drying chamber was covered with 

semisolid material, similarly to that observed in the case of LNCs spray dried without a carbohydrate. 

An increase in the LNC quantity (a decrease in the raffinose/LNC MMR) led to a significant (p<0.0001) 

increase in the size of the Trojan carriers obtained and affected their distribution width (Figure 10a). 

The median particle diameter d(0.5) increased from 4.17±0.06 µm to 6.54±0.40 µm after decreasing 

the raffinose/LNCs MMR from 100 to 1.6. A further decrease in the MMR to 0.8 led to a drastic 

increase in d(0.5) to 11.66±1.54 µm. DSC scans (Figure 10b) and X-ray diffractograms (Figure 10c) show 

that all spray dried raffinose/LNCs mixtures were amorphous. At the highest LNC concentration 

(raffinose/LNC MMR=0.8) a small endothermic event with an onset at 28 °C was observed in the DSC 

scan corresponding to melting of MHS. Broad endothermic peaks with an onset at approximately 34-

40 °C that were observed in all DSC thermograms can be attributed to moisture loss. The LNC loading 

affected the Tg of samples and its position moved gradually towards lower temperatures 

corresponding to an increase in the LNC loading. The midpoint shifted from 119.2 °C to 112.9 °C for 

the raffinose/LNC MMR 100 to 0.8, respectively. Thermal decomposition was observed at 210-220 °C. 

The morphology and shape of raffinose/LNC Trojan particles was affected by the LNC loading (Figure 
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9c and d). LNCs spray dried with raffinose at 1% at MMR=100 yielded spherical isolated particles with 

dimpled outer surfaces, however when spray dried from a 1% raffinose at high LNC concentration 

(raffinose/LNC MMR=1.6) the particle surfaces had some visible holes and the shape was not spherical. 

LNCs spray dried with raffinose were successfully reconstituted, with the particle size of the 

redispersed nanocarriers smaller than 100 nm, with the exception of LNCs spray dried from 1% 

raffinose at MMR=100 (109±1 nm) (Figure 10d). Both, the size and size distribution were dependent 

on the LNC loading (p<0.0001). Interestingly, the LNCs spray dried from 1% raffinose at MMR=100 

(109 nm) were markedly larger than those spray dried at MMRs 1.6-50 (86-93 nm). Also, the LNCs 

spray dried at the highest MMR=0.8 were the smallest reconstituted nanocapsules with diameters of 

78±1 nm.  

Raffinose microparticles with no LNC showed an MMAD of 4.1±0.1 µm (Figure 5d). Incorporation of 

LNCs exerted a significant effect (p<0.0001) on the MMAD increasing it to 5.3±0.1 µm and to 6.2±0.1 

µm for raffinose/LNC MMRs of 25 and 1.6, respectively. However, the LNCs did not affect the GSD of 

raffinose-based microparticles (p=0.2963). The presence of LNCs significantly affected the TED 

(p=0.0017). The TED of raffinose microparticles was 73±2%. It increased to 64±1% after incorporation 

of the LNCs (MMR=25), but a further increase in the quantity of LNCs (MMR=1.6) led to an increase in 

the TED to 75±3%. The latter raffinose/LNC Trojan microparticles were deposited mainly in the device, 

throat and stages 1 and 2. The presence of LNCs significantly influenced the FPF (p<0.0001), leading 

to a decrease in the FPF corresponding to an increase in the LNC quantity. Nonetheless, the worse 

aerodynamic performance (i.e. higher MMAD and FPF) of raffinose/LNC MMR=1.6 particles may be 

compensated by an increased LNC loading (the LNC concentration was 16 times higher than in the 

raffinose/LNC MMR=25 particles) and higher TED, thereby increasing the quantity of the LNCs that 

could reach the deep lungs. However, larger quantities of LNCs would also be deposited in the throat 

and upper respiratory tract in the case of raffinose/LNC MMR=1.6 particles. Hence, a compromise 

must be made between the aerodynamic performance of Trojan particles and the dose of LNCs 

delivered to deep lungs, so both factors need to be considered in optimisation of the LNC-Trojan 

microparticle formulation.  

General discussion 

Aerodynamic performance is a very important factor for inhaled formulations because it is correlated 

with lung deposition [29]. There are three principal mechanisms leading to deposition of inhaled 

materials in the lungs: inertial impaction, gravitational sedimentation and Brownian diffusion [2]. A 

successful deposition into deep lung requires that the inhaled particles are small enough to pass 

through the lower airways avoiding deposition by inertial impaction in the upper airways, but large 
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enough to avoid exhalation [2]. Particles with the MMAD that ranges from 1 to 5 µm are likely to be 

subjected to sedimentation by gravitational force in smaller airways and respiratory [2]. Neither 

mannitol-LNC nor sucrose-LNC Trojan particles can be considered for pulmonary application. The 

presence of the LNCs considerably increased both, the median particle diameter and MMAD. 

Trehalose-LNC Trojan particles were characterised by a considerably higher MMAD (6.1±0.3 µm) that 

either lactose-LNC (5.4±0.1 µm) or raffinose-LNC (5.3±0.1 µm) Trojan microparticles. High average 

GSD values (2.3-3.0 µm) suggest variations in aerodynamic diameter. The FPF and TED decreased in 

the following order: lactose-LNC>raffinose-LNC>trehalose-LNC Trojan particles. An important quantity 

of the microparticles either remained in the capsule or was deposited in the device. Such phenomenon 

is typically caused by van der Waals, capillary and electrostatic forces [29]. Interestingly, the quantity 

of particles in the capsule and throat was considerably low for sucrose-LNC Trojan microparticles (less 

than 10%). Hence, carbohydrate blends could be considered as a suitable material for the fabrication 

of LNC-Trojan particles. The spray dried particles were non-porous with the aerodynamic diameters 

very close to geometric diameters. The differences between the MMAD and median particle diameter 

d(0.5) were relatively small for carbohydrate/LNCs microparticles (0.2-0.3 µm), whereas in the case of 

some carbohydrates without the LNCs (raffinose and lactose) these differences were larger (0.8 and 

1.2 µm, respectively). Hence, determination of geometric diameter should prove useful for 

formulation screening of LNC-Trojan particles. 

An increase in the microparticle size of Trojan particles containing LNCs compared with blank 

carbohydrate microparticles may be attributed to changes in solid state properties induced by the 

LNCs. LNCs induced crystallisation of sucrose and increased the yield of the particles. Similarly, when 

spray dried in the presence of LNCs, the lactose-LNC and trehalose-LNCs systems were not fully 

amorphous (Figures 6 and 7), in contrast with blank carbohydrate microparticles. The increased 

crystallinity of carbohydrates containing LNCs may be attributed to the fact that MHS is an ether of 

PEG, and it also contains approximately 30% of free PEG. Crystallisation of carbohydrates in the 

presence of PEG molecules has previously been reported. Chidavaenzi et al., [54] found that lactose 

when spray dried on its own was amorphous, but spray drying in the presence of PEG4000 yielded 

products that were crystalline and contained lactose crystals. It has been postulated that the 

solidification rates of lactose in the presence of PEG were slower than those of lactose alone [54]. It is 

likely that lactose crystallises in the presence of PEG because of the high affinity with which PEG 

hydrogen bonds water, which can slow the drying process [54]. Similarly, the presence of PEG2000 in 

a spray drying feed caused crystallisation of trehalose to form trehalose dihydrate [25]. It has been 

suggested that PEGs and trehalose do not molecularly mix because there was no change in the Tg of 

trehalose in the presence of PEG2000 [25]. In the current study, the Tg of trehalose was not markedly 
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modified in the presence of LNCs. Interestingly, the LNCs did not induce crystallisation of raffinose and 

they depressed the Tg of raffinose, hence the LNCs mix easier, at the molecular level, with raffinose 

than with trehalose. 

Inadequate reconstitution of the nanocarriers in aqueous media represents a major obstacle in any 

drying process because it may lead to the formation of large particle aggregates and the loss of 

beneficial colloidal properties of the nanosystem. The encapsulation within Trojan particles requires 

that once entrapped in the dried microparticles the nanocarriers should conserve their size and 

individual nature. This can be examined by redispersion of the dried powder in water [34]. The 

powders were instantaneously dissolved in water and the LNCs were successfully reconstituted from 

all tested carbohydrate/LNC Trojan microparticles. Generally the sucrose-LNC and lactose-LNC spray 

dried from 10% lactose yielded the largest nanocarriers with the sizes of 106-124 nm. Mannitol-LNC 

produced the nanocapsules with the sizes above 100 nm as well. Lactose (0.5-5%), raffinose and 

trehalose generally yielded the nanocapsules with the sizes below 100 nm. Trehalose seemed to be 

the most effective carbohydrate to achieve the preservation of the nanocapsule properties, with the 

LNCs between 82-86 nm. Trehalose is synthesized by certain living organisms such as plants, seeds, 

invertebrates under low humidity conditions and permits these organisms to be dried at high 

temperatures and confers their cells the ability to survive under extreme conditions of dehydration. 

The solutions of trehalose and other carbohydrates are known to easily form glasses. It has been 

suggested that trehalose, which has a high Tg, controls the mobility of water during the glassy state 

formation [55]. The role of the disaccharides in stabilisation of lipidic nanocarriers is to form a vitrified 

matrix around the lipids and to replace the water in dry state around the hydrophilic head groups [11]. 

The increase in size has been observed by other authors for other NPs incorporated within Trojan 

particles. For instance, microemulsions showed a significant increase in the size after spray drying, and 

the size was generally doubled compared with that before spray drying. This was attributed to slight 

droplet coalescence due to turbulence and heat during the spray drying process [34]. Thermal stress 

during droplet drying, high shear stress in the nozzle seem to be factors responsible for the increased 

size of the LNCs after spray drying. This kind of stress should be more pronounced at higher LNC 

concentrations. Interestingly, the smallest LNCs, with a diameter of 78±1 nm were obtained after 

spray drying of raffinose/LNC system with the highest LNC loading. It has been demonstrated that the 

LNCs behave like surfactant molecules in the sense that they adsorb at the air/water interface and 

decrease surface tension [18]. It is believed that at the air/water interface some of the MHS molecules 

are released from the LNC structure. Consequently, the LNCs located at the surface may have their 

structure reorganized, fuse and aggregate [18, 19]. It has been demonstrated that during nebulization 

the LNCs increase their size, and this phenomenon is more pronounced at lower LNC concentration 
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[19]. Similarly to the nebulization process, during spray drying the bulk liquid is transformed into an 

aerosol, which has a far greater air/water interface area compared with bulk liquid. Hence, the 

phenomenon of LNC adsorption on the surface becomes more important. The effect of surface 

adsorption on the increase in LNC size is more pronounced at lower LNC concentrations, because the 

relative percentage of LNCs which are adsorbed and have their structure reorganised is higher. Hence, 

LNCs adsorption on greatly expanded liquid/air interface of the sprayed solution may be responsible 

for the aggregation of the LNCs as well. However, during the spray drying process the exposure of 

LNCs to temperature may be more pronounced than during nebulization. Also, as a result of water 

evaporation, the LNC concentration rapidly increases. The LNCs are obtained by the phase inversion 

temperature method, however the outlet temperature (66 °C) is below the phase inversion 

temperature of tested formulation (82 °C), so the aqueous phase should remain the continuous phase 

of the system. Nonetheless, the phase inversion process can be affected by various molecules, hence 

it cannot be excluded that the carbohydrates affect the phase inversion process, thereby affecting the 

properties of the obtained product.  

The data obtained indicate that raffinose is the preferred choice for spray drying of LNCs. It shows 

satisfactory preservation of the colloidal properties, such as size of the incorporated nanocarriers, 

similarly to trehalose or lactose. The disadvantage of lactose is that, due to its carbohydrate-

associated reducing function, it may interact with functional groups of drugs or peptides and proteins 

[3].  Another disadvantage of either lactose or trehalose microparticles are changes in solid state 

properties such as induction of crystallisation by the presence of the LNCs. Raffinose/LNC particles 

show better aerodynamic properties (lower MMAD) than trehalose/LNC microparticles.  

Conclusions 

In this study we successfully produced spray dried carbohydrate-based microparticles containing LNCs 

called LNC-Trojan microparticles. Generally, the presence of LNCs had a significant impact on the size 

and morphology of the spray dried particles. Introduction of the LNCs also changed the solid state 

properties of the processed carbohydrates. However, the spray drying process did not destroy the 

LNCs, which can be easily redispersed after adding water to the powders with satisfactory 

preservation of their properties such as size. Our data indicate that raffinose is the preferred choice 

in order to maintain good LNC redispersibility, satisfactory aerodynamic properties of Trojan particles 

and reasonable solid state properties (amorphous carbohydrate). They appear to be robust delivery 

systems that may be useful for pulmonary delivery of a wide variety of drugs, thereby combining the 

advantages of LNCs with delivery conveniences of the carbohydrate Trojan particles. However, further 

studies are necessary that require the incorporation of a drug and exploration of the use of other 
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additives together with raffinose, either a carbohydrate blend or an excipient with surface active 

properties to displace LNCs from the Trojan particle surface. 
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Figure captions 

Figure 1 Differential scanning thermogram (a) and powder X-ray diffractogram (b) of dry LNCs.  

Figure 2 Properties of mannitol microparticles and mannitol-based LNC-Trojan particles. (a) median 

particle diameter (bars) and Span (filled squares), (b) DSC thermograms, (c) powder X-ray 

diffractograms, (d) hydrodynamic diameter (bars) and polydispersity index (filled squares) of LNCs 

reconstituted from spray dried mannitol/LNC Trojan particles with carbohydrate/LNC mass mixing 

ratio MMR=25. Results in (a) and (d) are expressed as mean values (n=3) ± standard deviation and 

compared using two-way ANOVA.  

Figure 3 SE micrographs of (a) mannitol particles spray dried from 1% solution (b) mannitol-based 

particles (mannitol/LNC MMR=25, mannitol concentration: 1%), (c) sucrose spray dried from 5% 

solution (d) sucrose-based particles (sucrose/LNC MMR=25, sucrose concentration: 5%), (e) lactose 

particles spray dried from 1% solution (f) lactose-based particles (lactose/LNC MMR=25, lactose 

concentration: 5%), (g) trehalose particles spray dried from 1% solution (h) trehalose-based particles 

(trehalose/LNC MMR=25, trehalose concentration: 1%). 

Figure 4 Properties of sucrose microparticles and sucrose-based LNC-Trojan particles. (a) DSC 

thermograms, (b) powder X-ray diffractograms, (c) median particle diameter (bars) and Span (filled 

squares), (d) hydrodynamic diameter (bars) and polydispersity index (filled squares) of LNCs 

reconstituted from spray dried sucrose-based LNC-Trojan particles with carbohydrate/LNC mass 

mixing ratio MMR=25. Results in (c) and (d) are expressed as mean values (n=3) ± standard deviation 

and compared using two-way ANOVA.  

Figure 5 In vitro aerosol deposition profile of (a) sucrose/LNC Trojan particles, (b) lactose/LNC Trojan 

particles, (c) trehalose/LNC Trojan particles and (d) raffinose/LNC Trojan particles by using a next 

generation impactor (NGI). MMAD: mass median aerodynamic diameter, GSD: geometric standard 

deviation, TED: total emitted dose, FPF: fine particle fraction, MMR: mass mixing ratio, CFC: 

carbohydrate feed concentration.  

Figure 6 Properties of lactose microparticles and lactose-based LNC-Trojan particles. (a) median 

particle diameter (bars) and Span (filled squares), (b) DSC thermograms, (c) powder X-ray 

diffractograms, (d) hydrodynamic diameter (bars) and polydispersity index (filled squares) of LNCs 

reconstituted from spray dried lactose-based LNC-Trojan particles with carbohydrate/LNC mass 

mixing ratio MMR=25. Results in (a) and (d) are expressed as mean values (n=3) ± standard deviation 

and compared using two-way ANOVA.  
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Figure 7 Properties of trehalose microparticles and trehalose-based LNC-Trojan particles. (a) median 

particle diameter (bars) and Span (filled squares), (b) DSC thermograms, (c) powder X-ray 

diffractograms, (d) hydrodynamic diameter (bars) and polydispersity index (filled squares) of LNCs 

reconstituted from spray dried trehalose-based LNC-Trojan particles with carbohydrate/LNC mass 

mixing ratio MMR=25. Results in (a) and (d) are expressed as mean values (n=3) ± standard deviation 

and compared using two-way ANOVA. The median particle and LNC diameters are presented as bars, 

while Span and polydispersity index are shown as filled squares.  

Figure 8 Properties of raffinose microparticles and raffinose-based LNC-Trojan particles. (a) median 

particle diameter (bars) and Span (filled squares), (b) DSC thermograms, (c) powder X-ray 

diffractograms, (d) hydrodynamic diameter (bars) and polydispersity index (filled squares) of LNCs 

reconstituted from spray dried raffinose-based LNC-Trojan particles with carbohydrate/LNC mass 

mixing ratio MMR=25. Results in (a) and (d) are expressed as mean values (n=3) ± standard deviation 

and compared using two-way ANOVA.  

Figure 9 SE micrographs of (a) raffinose particles spray dried from 1% solution, (b), (c) and (d) raffinose-

based particles (raffinose concentration: 1%, raffinose/LNC MMRs of 25, 100 and 1.6, respectively).  

Figure 10 Properties of raffinose microparticles and raffinose-based LNC-Trojan particles as a function 

of LNC loading. (a) median particle diameter (bars) and Span (filled squares), (b) DSC thermograms, (c) 

powder X-ray diffractograms, (d) hydrodynamic diameter (bars) and polydispersity index (filled 

squares) of LNCs reconstituted from spray dried raffinose-based LNC-Trojan particles with varying 

raffinose/LNC mass mixing ratio MMR. Results in (a) and (d) are expressed as mean values (n=3) ± 

standard deviation and compared using one-way ANOVA.  

 


