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Abstract 18 

The formation of trileucine-containing spray-dried microparticles intended for pulmonary delivery was 19 

studied in depth. A single-particle method was employed to study the shell formation characteristics of 20 

trileucine in the presence of trehalose as a glass former, and an empirical correlation was proposed to 21 

predict the instance of shell formation. A droplet chain instrument was used to produce and collect 22 

monodisperse particles to examine morphology and calculate particle density for different levels of 23 

trileucine. It was observed that the addition of only 0.5 mg/mL (10% w/w) trileucine to a trehalose system 24 

could lower dried particle densities by approximately 1 g/cm3. In addition, a laboratory-scale spray dryer 25 

was used to produce batches of trileucine/trehalose powders in the respirable range. Raman spectroscopy 26 

demonstrated that both components were completely amorphous. Scanning electron microscopy and time-27 

of-flight secondary ion mass spectrometry were used to study the particle morphologies and surface 28 

compositions. For all cases with trileucine, highly rugose particles with trileucine coverages of more than 29 

60% by mass were observed with trileucine feed fractions of as little as 2% w/w. Moreover, it was seen 30 

that at lower trileucine content, smaller and larger particles of a polydisperse powder had slightly different 31 

surface compositions. The surface activity of trileucine was also modeled via a modified form of the 32 

diffusion equation inside an evaporating droplet that took into account initial surface adsorption and 33 

eventual surface desorption due to droplet shrinkage. Finally, using the Flory-Huggins theory, it was 34 

estimated that at room temperature, liquid-liquid phase separation would start when the trileucine reached 35 

an aqueous concentration of about 18 mg/mL. Besides the surface activity of trileucine, this low 36 

concentration was assumed to explain the substantial effect of trileucine on the morphology of spray-dried 37 

particles due to early phase separation. The methodology proposed in this study can be used in the 38 

rational design of trileucine-containing microparticles. 39 

 40 
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 42 

1. Introduction 43 

Spray drying is a continuous process of producing fine powder with a controlled size distribution through 44 

the rapid evaporation of a feed solution, suspension, or emulsion after atomization into a hot drying gas 45 

[1]. This production method is particularly useful in the preparation of microparticles containing 46 

pharmaceutical actives or biologics because of its accurate control of the outlet conditions, particle 47 

morphology, and size distributions [2]. Effective pulmonary delivery of dry powder necessitates specific 48 

particle characteristics for maximum delivery efficiency and therapeutic efficacy: 1) an approximate 49 

range of 1 to 5 micrometers in aerodynamic diameter for delivery to the lungs [3,4], 2) acceptable 50 

physical and chemical stability for long-term shelf storage, and 3) low interparticle cohesion to allow for 51 

good dispersion and deagglomeration with minimal loss in the delivery device and the upper respiratory 52 

tract [5]. To achieve these properties, appropriate formulation excipients are used. For example, glass 53 

formers such as trehalose have been used both as bulking agents and as stabilizers of the biological 54 

components [6–8]. To improve the aerosolization characteristics of the powder, a specific class of 55 

excipients labeled as shell formers or dispersibility enhancers have been used; these include leucine [7,9–56 

11] and trileucine [12–14]. 57 

Trileucine is a tripeptide composed of three leucine residues and is used in the spray drying of 58 

pharmaceutical microparticles mostly as a dispersibility enhancer to produce low-density, non-cohesive 59 

and rugose particles [13,15,16]. It is a strongly surface-active material, typically does not crystallize 60 

during spray drying nor upon storage, and has a low aqueous solubility of about 6.8 mg/mL at neutral pH 61 

[12]. These characteristics have been reported to be responsible for considerable increase of surface 62 

roughness and efficient dispersibility enhancement of particles containing small quantities of trileucine in 63 

the formulation [13,14,17]. Furthermore, the high surface coverage of trileucine in spray-dried particles 64 

and its high glass transition temperature of ~104 °C are believed to responsible for its considerable 65 
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improvement in the stability of biologics and bacteriophages during production and upon storage [12,17]. 66 

Due to the high surface activity of trileucine, the molecules adsorbed on the droplet surface are believed 67 

to have their hydrophobic tails directed outwards, a feature that may explain the observed moisture 68 

protection features of trileucine [14]. 69 

Given its aforementioned properties, trileucine can be considered a dispersibility-enhancing excipient 70 

with far-reaching benefits. The disadvantage of using trileucine is its current high price compared to that 71 

of other less effective alternatives such as leucine. Hence, it is desirable to include as little trileucine as 72 

possible in the formulation while still meeting the design criteria. Also, the use of particle formation 73 

models becomes relevant here, as they allow reductions in the number of experimental iterations during 74 

the formulation development by predicting the sequence of surface accumulation and solidification of 75 

different excipient and actives [15,18]. The use of such models is less complicated for excipients and 76 

actives that are not surface-active and do not crystallize during spray drying [15], e.g. trehalose [19], 77 

pullulan [8], and budesonide [20]. These models have been extended to crystallizing components [21], but 78 

the incorporation of surface activity into such models has not been achieved. Further, observations that a 79 

non-surface-active dipeptide (L-tyrosyl-L-isoleucine) with low solubility, very close to the solubility of 80 

trileucine, can dry into low-density amorphous particles suggest that surface activity alone cannot be 81 

responsible for the shell formation properties of trileucine and that amorphous phase separation must also 82 

contribute [19,22]. The formation of particles containing trileucine is complex and cannot be described 83 

comprehensively by the current particle formation models. More information is required for the prediction 84 

of the instances of shell formation and surface coverage of trileucine in a successful rational design of the 85 

formulation. 86 

To address the aforementioned complexities, three different and complementary experimental methods 87 

are employed here to study the particle formation characteristics of trileucine in the presence of trehalose 88 

as a glass former. These tools were previously used together successfully in explaining the particle 89 

formation of leucine [11]. A Comparative-Kinetics Electrodynamic Balance (CK-EDB) was used to 90 
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measure the approximate time of shell formation from instantaneous sizing of single aerosol droplets 91 

trapped in a controlled environment [23,24]. A monodisperse droplet chain instrument was also used to 92 

collect the dried particles for electron microscopy and measurement of the particle densities [24–26]. 93 

Furthermore, a lab-scale spray dryer was used to produce powders with diameters in the respirable range 94 

and to produce enough material for further characterization techniques. The effect of surface activity of 95 

trileucine and its mechanism of phase separation are also predicted theoretically. 96 

 97 

2. Materials and Methods 98 

2.1. Materials 99 

The spray-dried solutions were prepared using HPLC grade water (Cat. No. W5-4, Fisher Scientific, 100 

Ottawa, ON, Canada) with total solids contents ranging from 1 to 50 mg/mL and the appropriate fractions 101 

of trehalose and trileucine. Crystalline D-(+)-trehalose dihydrate was bought directly from the vendor 102 

(Cat. No. BP2687-1, Fisher Scientific, Ottawa, ON, Canada), while spray-dried amorphous trileucine was 103 

used in solution preparation to avoid issues with low solubility. Raw crystalline trileucine (Cat. No. H-104 

3915, Bachem, Torrance, CA, USA) was used in the preparation of the amorphous batch. 105 

 106 

2.2. Experimental Methods 107 

2.2.1. Comparative-Kinetics Electrodynamic Balance (CK-EDB) 108 

A comparative-kinetics electrodynamic balance was used to estimate the shell formation behavior of 109 

trileucine-containing systems. The evaporation and solidification behavior of single solution droplets 110 

(𝑑𝑑0~50 μm) were analyzed in a comparative-kinetics electrodynamic balance [11,23,24]. For each 111 

experiment, a droplet-on-demand dispenser (MJ-ABP-01, MicroFab Technologies, Plano, Texas, USA) 112 

generated a single droplet, charged on generation by applying a DC voltage to an electrode near the tip. 113 
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The droplet was then trapped inside a controlled environment with the help of an AC potential difference 114 

applied via two sets of concentric cylindrical electrodes mounted vertically opposite one another. The 115 

drag force from a gas flow and the gravitational force on the droplet were counteracted by applying an 116 

additional DC voltage to the bottom electrodes that was dynamically controlled to account for the change 117 

in droplet mass during drying. A 532 nm green continuous-wave diode laser (Ventus, Laser Quantum, 118 

Stockport, UK) illuminated the particle, producing a scattered pattern and a phase-function both of which 119 

were captured on a CCD every ~10 ms at a forward scattering angle of 45° over a range of 24°. The 120 

instantaneous size of the droplet was measured within an accuracy of ±100 nm using the fringe spacing in 121 

the obtained phase-functions and the geometric-optics approximation to Mie theory [23]. The morphology 122 

of the particle during drying was also approximated by analyzing the irregularities in the phase-function 123 

[27]. The instance of solidification and shell formation was then determined from the instantaneous 124 

morphology data and deviation from a constant evaporation rate [11]. 125 

The studied formulations using the EDB instrument are presented in Table 1. For each case, three to four 126 

droplets were studied at a chamber temperature of 20 °C and relative humidity of ~35%. The formulations 127 

were selected so that the occurrence of solidification and shell formation would be at sufficiently large 128 

diameters for detection in the CK-EDB instrument and the trileucine concentrations would cover low to 129 

high initial saturations. The low drying temperature and high humidity level were chosen based on the 130 

instrument limitations and to result in high temporal resolution during the measurements. 131 

Table 1 The samples studied using the electrodynamic balance, accompanied by their compositions, trileucine initial saturation 132 

(based on a solubility of 6.8 mg/mL), and measured average initial droplet diameters. The drying temperature was set to 20 °C 133 

and the relative humidity was ~35% for all cases. The uncertainties of the initial droplet diameters are the standard deviation of 134 

multiple droplets studied for each case. 135 

Sample Name 

Total Solids 

Content 

(mg/mL) 

Trehalose 

Mass 

Fraction (%) 

Trileucine Mass 

Fraction (%) 

Trileucine 

Initial 

Saturation (-) 

d0 (µm) 
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EDB1TL100 1 0 100 0.15 53.8±0.0 

EDB2TL100 2 0 100 0.29 52.9±0.1 

EDB5TL100 5 0 100 0.73 53.0±0.2 

EDB5T100 5 100 0 0.00 53.6±0.2 

EDB5T90TL10 5 90 10 0.07 52.6±0.0 

EDB5T80TL20 5 80 20 0.15 52.6±0.3 

EDB5T70TL30 5 70 30 0.22 53.3±0.1 

EDB5T50TL50 5 50 50 0.37 53.7±0.0 

 136 

2.2.2. Monodisperse Droplet Chain Instrument 137 

A droplet chain instrument was used to produce and collect monodisperse microparticles [8,24,25,28]. A 138 

droplet-on-demand piezoelectric dispenser with an orifice diameter of 40 µm (MJ-AL-HT-40-8MX, 139 

MicroFab Technologies, Plano, Texas, USA) injected droplets into a glass tube with a frequency of 60 140 

Hz. Dry air passed through the flow tube from above with a flow rate of 10 to 15 L/min and a temperature 141 

of approximately 20 °C. Dried particles falling down the tube were then collected on a membrane filter 142 

with a pore size of 0.8 µm (Isopore Polycarbonate, Millipore, Darmstadt, Germany) attached on an SEM 143 

stub with a hole drilled in the center and connected to a vacuum source. An imaging system was used to 144 

measure the initial droplet diameters. Approximately two hundred images were taken at the start and near 145 

the end of each experiment; these were then analyzed using MATLAB [29] to calculate the average initial 146 

droplet diameter and the corresponding standard deviation of each case. The formulations studied using 147 

the monodisperse droplet chain instrument were chosen in such a way as to produce particles 148 

approximately resembling the final dried particles of the CK-EDB measurements and are presented in 149 

Table 2. 150 
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Table 2 The samples studied using the droplet chain instrument, accompanied by their compositions, trileucine initial saturation 151 

(based on a solubility of 6.8 mg/mL), and measured average initial droplet diameters. The drying temperature was approximately 152 

20 °C for all cases. The uncertainties of the initial droplet diameters are the standard deviations of two hundred droplets per case. 153 

Sample Name 

Total Solids 

Content 

(mg/mL) 

Trehalose 

Mass 

Fraction (%) 

Trileucine 

Mass 

Fraction (%) 

Trileucine Initial 

Saturation (-) 
d0 (µm) 

MDC1TL100 1 0 100 0.15 36.2±0.3 

MDC2TL100 2 0 100 0.29 34.5±0.6 

MDC5TL100 5 0 100 0.73 38.8±0.2 

MDC10T100 10 100 0 0 42.4±0.1 

MDC5T90TL10 5 90 10 0.07 34.9±0.3 

MDC5T80TL20 5 80 20 0.15 36.8±0.2 

MDC5T50TL50 5 50 50 0.37 35.9±0.2 

 154 

2.2.3. Spray Drying 155 

The spray-dried powders were manufactured using a modified laboratory-scale spray dryer (B-191, Büchi 156 

Labortechnik AG, Flawil, Switzerland) with a customized twin-fluid atomizer [8]. For all formulations, 157 

the inlet temperature was set to 75 °C, the atomizer had an air-to-liquid ratio of 10, the drying gas flow 158 

rate was set to 540 L/min, and the liquid feed flow rate was 2.5 mL/min. These process parameters 159 

resulted in an outlet temperature of about 49 °C and a predicted outlet relative humidity of about 7% [11]. 160 

For the specific twin-fluid atomizer used, the initial mass median diameter of the atomized droplets was 161 

estimated to be around 8 µm [30]. The powders collected in the cyclone were then stored in dry 162 

conditions (RH ~ 0%) at room temperature. The compositions of the spray-dried formulation are shown in 163 

Table 3. These compositions were chosen to cover a range from low to high trileucine initial saturations 164 

and to produce particles in the respirable range. 165 
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Table 3 The compositions of the spray-dried formulations. Inlet temperature was 75 °C for all cases and the estimated mass 166 

median diameter of the atomized droplets was ~8 µm. 167 

Sample 

Total Solids 

Content 

(mg/mL) 

Trehalose Mass 

Fraction (%) 

Trileucine Mass 

Fraction (%) 

Trileucine Initial 

Saturation (-) 

SD50T100 50 100 0 0 

SD50T98TL2 50 98 2 0.15 

SD50T95TL5 50 95 5 0.37 

SD50T90TL10 50 90 10 0.73 

 168 

2.3. Characterization Techniques 169 

2.3.1. Scanning Electron Microscopy 170 

A field emission scanning electron microscope (Sigma FESEM, Zeiss, Jena, Germany) was used to obtain 171 

the micrographs for this study. The accelerating voltage was 5 kV, and working distances ranged from 6.5 172 

to 8.5 mm. The samples were placed on aluminum SEM stubs and coated with a vacuum gold sputter 173 

(Desk II, Denton Vacuum LLC, Moorestown, NJ, USA). 174 

The monodisperse particles collected from the droplet chain instrument were sized from the SEM 175 

micrographs via manual calculation of the projected area of about 40 particles per sample using ImageJ 176 

software [31]. The resulting projected area diameter is theoretically equal to the volume equivalent-177 

diameter only if the particles are spherical. In the case of highly folded particles, this method provides an 178 

approximate diameter. 179 

 180 

2.3.2. Raman Spectroscopy 181 

The solid phases of the spray-dried powders were determined using a custom-built dispersive Raman 182 

spectrometer, the operation and design of which have been explained elsewhere [32]. Raw crystalline 183 
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materials were analyzed to provide the reference spectra for crystalline trehalose and trileucine, and 184 

spray-dried trehalose and trileucine powders were used as their amorphous reference spectra [13].  185 

 186 

2.3.3. Time-of-Flight Secondary Ion Mass Spectrometry 187 

A TOF-SIMS instrument (TOF.SIMS5, ION-TOF GmbH, Münster, Germany) with a Bi3
+ source 188 

operating at 30 keV energy was used to measure the surface compositions of the spray-dried particles to 189 

an average depth of 3-5 nm [33]. Each measurement was performed on a raster of 200 µm × 200 µm with 190 

a frame of 1024×1024 pixels. The data processing was performed on bins of 512×512 pixels of the 191 

original frames. The raw materials were also analyzed to give the reference spectrum of each component. 192 

The pixel compositions were then obtained by fitting the spectrum to a linear combination of the 193 

reference spectra. More details on the post-processing of the TOF-SIMS data can be found elsewhere 194 

[34]. 195 

The processed data were then converted to 8-bit RGB images with the pixel strength of each component 196 

giving the respective color intensity (0-255). The resulting images were analyzed to find the average 197 

surface compositions of the whole powder, as well as small (𝑑𝑑p < 1 μm), medium (1 < 𝑑𝑑p < 3 μm), and 198 

large (𝑑𝑑p > 3 μm) particle fractions. More details about the methodology with which the particles were 199 

sized and binned are given elsewhere [11]. 200 

 201 

2.4. Theoretical Aspects of Particle Formation 202 

2.4.1. Particle Formation Theory for a Surface-Active Component 203 

Trileucine is a surface-active material with a strong tendency to adsorb on the air-water interface and 204 

form a molecular monolayer. The approach used to predict the rate of surface adsorption of a surface-205 

active material on the interface of an evaporating microdroplet is described below. 206 
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The Equilibrium Surface Excess of Trileucine 207 

The surface adsorption of a surface-active material can be obtained from the equilibrium surface tension 208 

data at a specific temperature via the simplified Gibbs adsorption equation as follows [35] 209 

 Γeq = −
1
𝑛𝑛R𝑇𝑇

⋅
d𝜎𝜎

d(ln𝐶𝐶)  , (1) 

where Γeq is the equilibrium surface excess in mol/m2, 𝑛𝑛 = 1 for non-ionic or zwitterionic solutes and 210 

𝑛𝑛 = 2 for one-by-one ionic solutes in the absence of any extra electrolyte [36], R is the universal gas 211 

constant, T is the solution temperature in K, 𝜎𝜎 is the surface tension in N/m, and C is the solute bulk 212 

concentration in mg/mL. For trileucine at pH levels close to the neutral value, the majority of the solute 213 

will be in zwitterionic form [12]; hence 𝑛𝑛 is here assumed to be equal to 1. 214 

The experimental tensiometry data are fitted using different empirical isotherms such as the Szyszkowski 215 

surface equation of state, defined as [36] 216 

 σ = σ0 − 𝑛𝑛R𝑇𝑇Γmax ln(1 + 𝐾𝐾L𝐶𝐶) , (2) 

where 𝜎𝜎0 is the surface tension of the neat solvent (~72 mN/m at 25 °C for water) and 𝐾𝐾L is the Langmuir 217 

equilibrium adsorption constant. The combination of equations (1) and (2) results in the Langmuir 218 

isotherm, which gives the equilibrium surface excess values at different bulk concentrations as follows: 219 

 Γeq = Γmax �
𝐾𝐾L𝐶𝐶

1 + 𝐾𝐾L𝐶𝐶
� . (3) 

The degree of surface activity of trileucine can be identified from the equilibrium surface tension data in 220 

Figure 1 [12]. The concentration dependence of the surface tension of aqueous trileucine solutions is 221 

shown for two temperatures of 25 °C and 45 °C, which represent typical droplet wet-bulb temperatures 222 

encountered in spray drying.  Non-linear fits to equation (2) are shown in Figure 1 with Γmax =223 

2.8 × 10−6 mol/m2 (or 0.99 mg/m2) and 𝐾𝐾L = 13.3 mL/mg at 25 °C; and Γmax = 2.4 × 10−6 mol/m2 (or 224 

0.87 mg/m2) and 𝐾𝐾L = 15.5 mL/mg at 45 °C. The amount of trileucine that can be adsorbed onto the air-225 

water interface at different bulk concentrations can be estimated using equation 3. For a trileucine initial 226 
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bulk concentration of 0.5 mg/mL, the minimum value encountered in this study, the equilibrium surface 227 

excess is estimated to be around 0.9 of the maximum surface excess, Γmax. Hence, a maximum surface 228 

excess of 0.99 mg/m2 at 25 °C will be used as a simplification in the subsequent calculations. 229 

Adsorption Kinetics of a Surface-Active Compound on an Evaporating Droplet 230 

The adsorption of the surface-active molecules is composed of three stages: diffusion of the molecules 231 

towards a domain immediately below the interface; adsorption of these molecules from this subsurface 232 

domain onto the interface; and, finally, reconfiguration of the molecules on the interface according to 233 

their hydrophobic/hydrophilic orientation [37,38]. For trileucine, a simple tripeptide, it can be assumed 234 

that surface adsorption kinetics are solely controlled by the diffusion of the molecules from the bulk to the 235 

surface. This is a reasonable assumption as the incorporation of such a small molecule into the adsorbed 236 

monolayer and the consequent reorientation is rapid [37]. In such a case, the minimum theoretical time to 237 

reach a specific surface excess, 𝑡𝑡Γ, can be approximated from the Ward and Tordai equation  [39,40]: 238 

 𝑡𝑡Γ =
𝜋𝜋Γ2

4𝐶𝐶b
2𝐷𝐷

. (4) 

Here, 𝐷𝐷 is the diffusion coefficient of the surface-active solute in the solution. Note that this equation was 239 

derived for a semi-infinite solution volume with a constant bulk concentration of 𝐶𝐶b. This is not the case 240 

in a droplet during spray drying because the bulk concentration increases as the droplet shrinks. If the 241 

initial concentration of trileucine is used in conjunction with the maximum surface excess calculated 242 

previously, the time to reach surface saturation can be obtained as an approximate threshold. The values 243 

obtained from equation 4 are expected to be reasonable for large droplets but underestimate the actual 244 

timescale obtained from the solution of the diffusion equations inside a microdroplet. This may be 245 

explained by the fact that the amount of material needed to cover the surface relative to the available 246 

material inside the droplet increases as the initial droplet diameter decreases. Hence, for small atomized 247 

droplets, surface adsorption can deplete the surface-active material and cause the bulk concentration to 248 

decrease considerably, making the use of equation 4 questionable [41]. 249 
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An accurate prediction of adsorption of a surface-active component during spray drying requires the 250 

solution of the internal diffusion equation with appropriate boundary conditions. The adsorption of the 251 

surfactant molecules from the subsurface domain to the interface causes a drop in the solute concentration 252 

near the surface. This drop in local concentration induces a diffusional flux from the inside of the 253 

evaporating droplet towards the surface as opposed to the diffusion from the surface to the center of the 254 

droplet for non-surface-active solutes due to the evaporation and surface enrichment [18]. The adsorption 255 

continues until the surface excess concentration reaches the maximum value, Γmax. Upon reaching this 256 

maximum surface concentration, further shrinkage of the droplet surface due to evaporation causes 257 

desorption of the molecules from the interface into the solution in order to maintain equilibrium, i.e. Γ =258 

Γmax [36].  259 

The radial distribution due to the diffusion of a component, i, inside of an evaporating droplet can be 260 

obtained via the solution of the following equation for conservation of mass [24] 261 

 
𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝑡𝑡

=
4𝐷𝐷𝑖𝑖
𝑑𝑑2 �

𝜕𝜕2𝐶𝐶𝑖𝑖
𝜕𝜕𝑅𝑅2

+
2
𝑅𝑅
𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝑅𝑅�

−
𝜅𝜅𝑅𝑅
2𝑑𝑑2

𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝑅𝑅

, (5) 

where 𝐶𝐶𝑖𝑖 is the instantaneous concentration of this component at different radial coordinates, 𝑑𝑑 is the 262 

instantaneous droplet diameter, 𝑅𝑅 = 2𝑟𝑟/𝑑𝑑 is the dimensionless radial coordinate, and 𝜅𝜅 = −d𝑑𝑑2 d𝑡𝑡⁄  is 263 

the evaporation rate. The values of the evaporation rate for different drying temperatures can be found in 264 

previous studies [11]. Equation 5 can be solved with the appropriate boundary conditions, 𝜕𝜕𝐶𝐶𝑖𝑖 𝜕𝜕𝑅𝑅⁄ = 1 at 265 

𝑅𝑅 = 0 (droplet center) and 𝜕𝜕𝐶𝐶𝑖𝑖 𝜕𝜕𝑅𝑅⁄ − Pe𝑖𝑖𝐶𝐶𝑖𝑖 = 0 at 𝑅𝑅 = 1 (surface) for non-surface-active components 266 

[19,24]. Here, Pe𝑖𝑖 = 𝜅𝜅 8𝐷𝐷𝑖𝑖⁄  is the Péclet number of the ith component. The discretized physical domain 267 

of a droplet, including the subsurface control volume and the adsorbed monolayer on the surface, is 268 

shown schematically in Figure 2. For a surface-active material, the surface boundary condition needs to 269 

be modified to account for the adsorption of the molecules onto the interface before reaching surface 270 

saturation (Γ < Γmax) as well as for desorption after reaching saturation (Γ = Γmax). Here, some 271 

assumptions are made to simplify the problem. First, before surface saturation, any material that reaches 272 
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the subsurface (the control volume at 𝑅𝑅 = 1) is instantaneously adsorbed onto the interface, irrespective 273 

of the number of molecules already adsorbed. Second, after saturation, the surface excess, Γ, will always 274 

remain equal to the maximum surface excess, Γmax, and further reduction of the droplet surface area due 275 

to evaporation will cause instantaneous desorption of the molecules back into the subsurface. In other 276 

words, while Γ < Γmax, the surface acts as an ideal sink and when Γ = Γmax, it acts as an ideal source. 277 

Furthermore, as mentioned before, it is assumed that the equilibrium surface excess, Γeq, is always equal 278 

to the maximum surface excess, Γmax. Consequently, the modified boundary conditions on the surface 279 

(𝑅𝑅 = 1) are as follows: 280 

�
𝐶𝐶𝑖𝑖 = 0,                                                   for Γ < Γmax
𝜕𝜕𝐶𝐶𝑖𝑖
𝜕𝜕𝑅𝑅

− Pe𝑖𝑖𝐶𝐶𝑖𝑖 −
4PeΓmax 

𝑑𝑑
= 0.           for Γ = Γmax

 281 

The first condition is the Dirichlet boundary condition for an infinite source near the surface, and the 282 

second condition accounts for the mass flux of the surface-active component’s release into the subsurface 283 

due to the evaporation. 284 

After the solution of equation 5 at each timestep, the instantaneous mass of the component on the surface 285 

needs to be updated accordingly. The numerical time advancement of equation 5 allows estimation of the 286 

time required for monolayer formation and instantaneous radial concentration of trileucine inside the 287 

droplet. Comparing this time scale to similar scales of solidification or shell formation of other excipients 288 

and actives, it is possible to approximate the extent of surface coverage and morphology of the particles. 289 

The use of such a predictive tool during the formulation design of inhalable particles is discussed in the 290 

next section. 291 
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 292 

Figure 1 The equilibrium surface tension of aqueous trileucine solutions [12] accompanied by the non-linear fit based on the 293 

Szyszkowski surface equation of state. 294 

 295 

Figure 2 A schematic showing the discretized domains in a spherically symmetric coordinate system. The subsurface control 296 
volume is at 𝑟𝑟 = 𝑑𝑑 2⁄  with a finite thickness that depends on the instantaneous droplet diameter and the number of radial nodes 297 

considered. The adsorbed monolayer has a negligible thickness equal to the molecular size of the adsorbed molecules. These 298 
adsorbed molecules do not take part in the diffusion in the bulk unless they are desorbed back into the subsurface. 299 

 300 
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2.4.2. Phase Separation Considerations 301 

One of the key properties behind the dispersibility enhancing abilities of trileucine has been hypothesized 302 

to be its surface activity [12,14,15], similar to that of other surface-active materials, such as bovine serum 303 

albumin (BSA), hydroxypropyl methylcellulose (HPMC) and poloxamer [37,42], but without much 304 

consideration given to the phase separation mechanisms involved. It was previously demonstrated that 305 

spray-dried BSA, HPMC, and poloxamer at low concentrations had high surface coverage due to 306 

monolayer surface adsorption [42]. The much larger BSA molecules (~66 kDa) had lower surface 307 

coverages compared to the smaller Poloxamer (~8-10 kDa) and HPMC molecules (~10 kDa), confirming 308 

that surface coverage was mostly controlled by surface adsorption of the surface-active molecules 309 

(discussed in the previous subsection) and not early solidification. It was also indicated that BSA and 310 

HPMC induced rugose morphologies, while poloxamer did not change the smooth morphology of the 311 

control system [42]. The lower dilatational modulus of the poloxamer solutions was reported to be the 312 

possible cause of the production of smooth particles. Among other possible explanations, the rather 313 

different aqueous solubilities of BSA (~40 mg/mL) and HPMC (~ 10 mg/mL) compared to the much 314 

higher solubility of poloxamer (very soluble) might be another cause of the difference in particle 315 

morphologies due to the earlier shell formation of the former components. The solubility of trileucine was 316 

previously altered through changes to the solution pH, resulting in different morphologies for the spray-317 

dried particles [12]. This is difficult to explain if surface activity is the only mechanism for particle 318 

formation, because surface activity is not a strong function of pH [12]. Moreover, the low solubility of 319 

surface-active compounds was previously stated to cause early liquid-liquid phase separation [43]. 320 

Consequently, to explain the rugose morphologies observed in the formulations containing trileucine, a 321 

detailed analysis of the phase separation mechanism is also required. 322 

Phase Diagram of Aqueous Trileucine Solutions 323 

For crystalline shell formers, the surface concentrations are usually compared to a threshold, such as the 324 

solubility limit or a critical supersaturation at which nucleation can commence [11,18]. For a material that 325 
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does not crystallize during spray drying, the surface concentrations at which solidification occurs have 326 

been compared to the true density of the material [15]. However, such explanations cannot account for the 327 

early shell formation of trileucine, since an adsorbed monolayer on the surface does not increase the 328 

surface concentration to values close to the density of trileucine (more than 1000 mg/mL) and hence 329 

cannot have enough rigidity to form a solid shell without further solidification and phase separation. It is 330 

therefore hypothesized that the mechanism of shell formation and phase separation for trileucine is 331 

spinodal decomposition in the unstable regime in the free energy diagram of the aqueous solution. 332 

At any given temperature, one can find the instability regime of a mixture from the free energy diagram. 333 

The instability starts at compositions at which the second derivative of the free energy with respect to 334 

concentration becomes negative. These points are usually called the spinodal points and are the 335 

boundaries of the spinodal region at which, in contrast to the metastable region, the system is unstable and 336 

readily phase separates without the presence of any kind of energy barrier or nucleation barrier [44]. In 337 

the spinodal region, the system is assumed to undergo a liquid-liquid phase separation into water-rich and 338 

water-lean states [45]. The phase diagram of aqueous trileucine solutions was estimated as explained 339 

below using the Flory-Huggins theory to help understand the actual mechanisms of phase separation. 340 

Flory-Huggins theory, an extension of the regular solution theory, was originally derived for polymer 341 

solutions to account for the different molecular volumes of the solute and the solvent [46]. Taking into 342 

account the large difference in molar volumes of trileucine (~341 cm3/mol) and water (~18 cm3/mol), the 343 

Flory-Huggins theory was used to estimate the phase diagram of trileucine-water systems. A ternary 344 

Flory-Huggins procedure would be required for an optimal estimation of a water-trehalose-trileucine 345 

system. Here, the presence of trehalose in the system was neglected for simplicity. 346 

Based on the Flory-Huggins theory, the free energy of mixing of a binary system, ∆𝐺𝐺mix, at a temperature, 347 

𝑇𝑇, can be expressed as the combination of enthalpic and entropic terms as follows [46] 348 

 ∆𝐺𝐺mix = 𝑛𝑛R𝑇𝑇�𝑥𝑥1 ln𝜙𝜙1 + 𝑥𝑥2 ln𝜙𝜙2 + 𝑥𝑥1𝜙𝜙2𝜒𝜒1,2�, (6) 
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where 𝑛𝑛 is the total number of moles in the system, R is the universal gas constant and 𝑥𝑥𝑖𝑖 is the mole 349 

fraction of a component. 𝜙𝜙1 = 𝑥𝑥1 (𝑥𝑥1 + 𝑁𝑁𝑥𝑥2)⁄  and 𝜙𝜙2 = 𝑁𝑁𝑥𝑥2 (𝑥𝑥1 + 𝑁𝑁𝑥𝑥2)⁄  are the volume fractions of 350 

the solvent and the solute, respectively, while 𝑁𝑁 is the ratio of the molar volumes of the solute and the 351 

solvent. Based on this notation, subscripts 1 and 2 refer to the solvent and solute molecules, respectively, 352 

and are not interchangeable. The interaction parameter, 𝜒𝜒1,2, accounts for the differences in 353 

intermolecular forces between the solvent and solute molecules and, for solutions containing polar and 354 

hydrogen bonds, can be obtained from the Hansen solubility parameters as [47,48] 355 

 𝜒𝜒1,2 =
𝑉𝑉1
R𝑇𝑇 ��

𝛿𝛿1,d − 𝛿𝛿2,d�
2 + 0.25�𝛿𝛿1,p − 𝛿𝛿2,p�

2 + 0.25�𝛿𝛿1,hb − 𝛿𝛿2,hb�
2� , (7) 

in which, 𝑉𝑉1 is the molar volume of the solvent. The Hansen solubility parameters 𝛿𝛿𝑖𝑖,d, 𝛿𝛿𝑖𝑖,p and 𝛿𝛿𝑖𝑖,hb 356 

account for the dispersion forces, polar forces, and hydrogen bonding interactions, respectively. The 357 

Hansen solubility parameters of trileucine were calculated using two different group contribution methods 358 

of Hoy and Van Krevelen [49]. The average value of the solubility parameters obtained from these two 359 

methods was used in this study. The obtained values were 𝛿𝛿tl, d = 15.8 MPa1/2, 𝛿𝛿tl, p = 7.8 MPa1/2 and 360 

𝛿𝛿tl, hb = 9.6 MPa1/2. For water, the available Hansen solubility parameters, 𝛿𝛿w, d = 15.5 MPa1/2, 𝛿𝛿w, p =361 

16.0 MPa1/2 and 𝛿𝛿w, hb = 42.3 MPa1/2 were used [48]. The interaction parameter of the trileucine-water 362 

system was then calculated to be 615.3 𝑇𝑇⁄ , with the temperature in Kelvin. The Gibbs free energy of 363 

mixing was obtained for this binary system at any given temperature and composition. The solution of 364 

𝜕𝜕2∆𝐺𝐺mix 𝜕𝜕𝑥𝑥12⁄ = 0 resulted in the determination of the spinodal points.  365 

The spinodal curves for this binary system versus trileucine concentration are shown in Figure 3 between 366 

5 °C and 100 °C. At a solution temperature of 25 °C, the trileucine mole fraction at the left spinodal point 367 

was calculated to be about 0.09%, corresponding to a concentration of 𝐶𝐶sp,Leu3 = 18 mg/mL. Based on 368 

this simplified model, it can be assumed that upon reaching this concentration, trileucine undergoes 369 

spontaneous liquid-liquid separation into water-rich and trileucine-rich phases. During spray drying, the 370 

phase separation would most likely start near the droplet surface due to the higher local concentration (in 371 
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the subsurface domain due to the surface recession) and the presence of the adsorbed monolayer at the 372 

interface. This kind of liquid-liquid phase separation was previously put forward as an explanation for the 373 

core-shell structure of atmospheric aerosols containing surface-active organic compounds with low 374 

aqueous solubility [43,50]. 375 

Prediction of the Onset of Phase Separation 376 

As the liquid-liquid phase separation and spinodal decomposition are a bulk process with a higher 377 

probability of separation near the droplet surface, to predict the onset of phase separation the subsurface 378 

concentration can be compared to the spinodal concentration, 𝐶𝐶sp,Leu3 = 18 mg/mL. The subsurface 379 

concentration can either be calculated from the solution of equation 5 or obtained by using a simplified 380 

method as follows. After reaching a saturated surface monolayer, Γ(𝑡𝑡) = Γmax, and assuming the number 381 

of adsorbed molecules into the monolayer is small relative to the molecules in the bulk, the subsurface 382 

concentration of the ith component can be obtained from the steady-state surface enrichment value based 383 

on what is known as the “VFL” model [18,19], 384 

 𝐸𝐸s,𝑖𝑖 =
𝐶𝐶s,𝑖𝑖

𝐶𝐶m,𝑖𝑖
≈ 1 +

𝑃𝑃𝑒𝑒𝑖𝑖
5

+
𝑃𝑃𝑒𝑒𝑖𝑖2

100
−
𝑃𝑃𝑒𝑒𝑖𝑖3

4000
            for 𝑃𝑃𝑒𝑒𝑖𝑖 =

𝜅𝜅
8𝐷𝐷𝑖𝑖

< 20, (8) 

where 𝐶𝐶s,𝑖𝑖 and 𝐶𝐶m,𝑖𝑖 are the instantaneous subsurface and mean concentrations, respectively, excluding the 385 

number of adsorbed molecules in the monolayer. The mean concentration of component 𝑖𝑖 can be obtained 386 

from 387 

 𝐶𝐶m,𝑖𝑖 = 𝐶𝐶0,𝑖𝑖(1 − 𝜏𝜏)−3 2⁄ −
6Γmax

𝑑𝑑0
(1 − 𝜏𝜏)−1 2⁄ , (9) 

where 𝐶𝐶0,𝑖𝑖 is the initial feed concentration of this component and 𝜏𝜏 = 𝑡𝑡 𝑡𝑡d⁄  is the dimensionless time, 388 

while 𝑡𝑡d = 𝑑𝑑02 𝜅𝜅⁄  is the drying time of the droplet and 𝑑𝑑0 is the initial droplet diameter. In equation 9, the 389 

second term on the right was added to account for the amount of material adsorbed onto the interface and 390 

is negligible for non-surface-active molecules. It is important to note that equations 8 and 9 give 391 

reasonable results only after some time has passed, since the monolayer has been saturated. Assuming the 392 
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6Γmax
𝑑𝑑0

 term is negligible, the dimensionless time at which spinodal decomposition commences for the ith 393 

component can be obtained from the combination of equations 8 and 9 as 394 

 𝜏𝜏sp,𝑖𝑖 = 𝑡𝑡sp,𝑖𝑖 𝑡𝑡d⁄ = 1 − �
𝐶𝐶0,𝑖𝑖𝐸𝐸s,𝑖𝑖

𝐶𝐶sp,𝑖𝑖
�

2
3

. (10) 

Where the assumption in arriving at equation 10 does not hold, for example, in cases of small initial 395 

droplets or droplets with low initial solute concentrations, equation 5 should be solved numerically to find 396 

the respective time for the initiation of phase separation. During formulation design, equation 10 can be 397 

compared to similar timescales such as time to reach saturation for crystallizing components or time to 398 

reach true density for highly soluble amorphous components in order to better predict the particle 399 

formation processes, if relevant, for other competing components present in the system [15]. 400 

 401 

Figure 3 The Spinodal curve of the trileucine-water system obtained from the Flory-Huggins theory. A transition into the 402 

spinodal region will induce spontaneous liquid-liquid separation into water-rich and water-lean phases. 403 

 404 
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3. Results and Discussions 405 

3.1. Single-Particle Measurements Using the CK-EDB Instrument 406 

The time of shell formation and solidification, as well as the instantaneous morphology of the droplets 407 

containing trileucine and trehalose, was estimated using the CK-EDB instrument. The evaporation 408 

histories of one sample droplet for each case are shown in Figure 4. The approximate instantaneous 409 

particle morphologies are also color-coded, with blue representing optically spherical and homogenous, 410 

black representing spherical but with internal inclusions, red representing a core-shell morphology, and 411 

purple representing non-spherical. The measurement of the diameter is reliable as long as the particle 412 

maintains optical homogeneity (blue); the size estimated when the particle is non-spherical and optically 413 

inhomogeneous should not be considered accurate. For both the aqueous-trileucine and aqueous-414 

trileucine-trehalose solution droplets, the linear portion of the 𝑑𝑑2 vs time plots (the constant evaporation 415 

rate period) decreases with an increase in trileucine content, pointing to earlier shell formation that occurs 416 

at larger particle diameters. For all cases, the droplets were initially spherical during the constant-rate 417 

evaporation period, with a transition to non-spherical particles. For lower trileucine concentrations, this 418 

transition regime was rather sharp and sudden; with an increase of trileucine content, the transition was 419 

more gradual, with the appearance of a mixture of core-shell and spherical-with-inclusion morphologies 420 

before the final phase change. In such cases, the phase-separated domains were likely large enough to be 421 

discernible by light scattering and detected by the algorithm used for morphology detection. The core-422 

shell morphology points to the preferential phase-separation on the droplet surface, while the appearance 423 

of individual domains (inclusions) inside the droplets might be due to additional spinodal decomposition 424 

inside the evaporating droplet. 425 

The quantification of the data obtained from the single-particle experiments was achieved by the 426 

determination of the time and diameter at which the evaporation rates were no longer constant and a 427 

deviation from the d2-law was observed [18]. Henceforth, this instance will be called the critical point of 428 

shell formation or solidification, denoted by the subscript c and corresponding to the approximate time at 429 
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which a sufficiently viscous shell forms to hinder the evaporation of the remaining water in the droplets. 430 

The normalized critical diameters, 𝑑𝑑c 𝑑𝑑0⁄ , and critical times, 𝜏𝜏c = 𝑡𝑡c 𝑡𝑡d⁄ , of the trileucine and 431 

trileucine/trehalose particles are shown in Figure 5. These data are shown versus both the initial trileucine 432 

concentration, 𝐶𝐶0,Leu3, and the respective initial trileucine saturation, 𝑆𝑆0,Leu3, multiplied by the steady-433 

state surface enrichment of trileucine, 𝐸𝐸s. The steady-state surface enrichment, which is a function of the 434 

Péclet number, accounts for the amount of material accumulating on the droplet surface due to the 435 

recession of the droplet surface alone [15,18]. The advantage of such representation of the trileucine 436 

content will be explained later. For both the trileucine and the trileucine/trehalose cases, the critical 437 

diameter increased and the critical time decreased with an increase to trileucine content, resulting in 438 

particles with lower densities. This observation supports the hypothesis that the precipitation and the 439 

subsequent shell formation of trileucine are initiated upon achieving a certain critical concentration that 440 

leads to spinodal decomposition. It is also evident that the neat trileucine systems reached the critical shell 441 

formation state at a slightly later stage and at smaller diameters compared to the trileucine/trehalose 442 

systems, perhaps because of the higher total concentration and viscosity in the latter systems. The minor 443 

difference between the trileucine and the trileucine/trehalose systems means that trehalose does not 444 

interfere considerably with the phase separation and shell formation of trileucine. This justifies the use of 445 

a binary phase diagram for water and trileucine in the presence of trehalose. A non-linear fit to the 446 

normalized time of shell formation of trileucine gives 447 

 𝜏𝜏c,Leu3 = 𝑡𝑡c,Leu3 𝑡𝑡d⁄ = 1 − 0.24�𝐸𝐸s𝑆𝑆0,Leu3�
2 3⁄  , (11) 

where, as stated before, 𝐸𝐸s is the steady-state surface enrichment obtained from equation 8 and 𝑆𝑆0,Leu3 is 448 

the initial trileucine saturation. This equation resembles the relationships obtained from the mass balance 449 

consideration inside the droplet for other thresholds, such as the time to reach saturation and the time to 450 

reach the true density of a component [15], and can be used to predict the approximate time of shell 451 

formation of trileucine. The data used in arriving at equation 11 were obtained for relatively large droplets 452 

(𝑑𝑑0 ≅ 50 𝜇𝜇𝜇𝜇), and their accuracy for smaller atomized droplets, such as those encountered in spray 453 
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drying of inhalable particles, cannot be verified directly. Nevertheless, the size dependency of the time for 454 

shell formation is expected to be more considerable for crystallizing systems that need to overcome an 455 

energy barrier and undergo nucleation and crystal growth [11]. Spinodal decomposition is expected to be 456 

faster and hence the use of equation 11 for smaller droplet sizes appears reasonable. 457 

The normalized time for trileucine to reach a concentration of 𝐶𝐶sp,Leu3 = 18 mg/mL at the subsurface 458 

domain was predicted using equation 10 and is shown as the grey line in Figure 5. Similar results were 459 

obtained via the numerical solution of equation 5 because for the large droplets encountered in the EDB 460 

experiments, the monolayer formation happened much earlier relative to the droplet lifetime (this will be 461 

discussed later). As expected, the subsurface concentration reached the predicted spinodal point earlier 462 

than the critical shell formation time measured via the single-particle measurements. Upon reaching the 463 

spinodal point, the trileucine molecules in the bulk separate into a water-rich phase and a water-lean 464 

phase quickly, most likely near the surface. The water-lean domains accumulated near the surface are 465 

expected to undergo further water loss due to the continuing evaporation, until the viscosity of the glassy 466 

phase is large enough for a shell to form and fold upon further shrinkage and evaporation. 467 

After a while, the instrument detected a drop in evaporation rates and different morphologies. This time 468 

delay between 𝜏𝜏sp,Leu3 and 𝜏𝜏c is shown as the area between the measured and predicted curves in Figure 469 

5. The delay increased with an increase in initial trileucine content, likely because phase separation 470 

happened at a larger droplet diameter at higher trileucine contents, and it takes more time to make a 471 

viscous shell that can arrest droplet shrinkage on the larger droplets. 472 

To also investigate the precipitation behavior of the system, the bulk concentration of trileucine at the 473 

critical shell formation, 𝐶𝐶c,Leu3, obtained from a simple mass balance equation and the measured 𝑑𝑑c [11], 474 

versus the initial trileucine concentration, 𝐶𝐶0,Leu3, is shown in Figure 6. In all cases, the bulk critical 475 

concentration was measured to be larger than the previously calculated spinodal point of trileucine in 476 
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water (~18 mg/mL). This also agrees with our assumption of spinodal decomposition of trileucine during 477 

drying and the ensuing delay time as discussed above. 478 

For the neat trileucine systems, 𝐶𝐶c,Leu3 is slightly lower at higher trileucine concentrations. This agrees 479 

with the previous observations because for the cases of neat trileucine a higher 𝐶𝐶0,Leu3 means reaching the 480 

spinodal point earlier and at a larger droplet diameter and hence at a smaller bulk concentration. This 481 

behavior is reversed for the trileucine/trehalose systems, whose critical bulk concentrations are always 482 

lower at similar neat trileucine feed concentrations. This difference could be explained by the possible 483 

coprecipitation of trileucine and trehalose. For a leucine/trehalose system, such a trend was not observed 484 

due to the independent crystallization and shell formation of leucine [11]. To further assess the validity of 485 

this hypothesis of coprecipitation of trileucine and trehalose, the surface concentration of trehalose at the 486 

time that trileucine reached its spinodal point was estimated using the VFL method. This showed a 487 

decrease from around 160 mg/mL to 20 mg/mL when the trileucine fraction was increased from 10% to 488 

50% while the total feed concentration was kept constant at 5 mg/mL. These values were larger than the 489 

spinodal concentration of trileucine (~18 mg/mL). Hence, it could be expected that both of the phase-490 

separated domains had some trehalose content, with the water-rich phases possibly having a higher 491 

trehalose content than the trileucine-rich phases. The ability of trileucine to coprecipitate with other 492 

components, along with its high glass transition temperature, ~104 °C [12], might be contributing to its 493 

superior performance in stabilizing biologics [16,17]. 494 

The critical bulk concentration of trehalose, 𝐶𝐶c,treh, obtained from neat trehalose droplets was previously 495 

measured and was also confirmed from the data in Figure 4 to be around 830 ± 15 mg/mL [11]. This 496 

result indicates that trehalose by itself is expected to undergo a rapid rise in viscosity and glass formation 497 

upon reaching this bulk concentration. 498 

 499 
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 500 

Figure 4 Sample evaporation histories of the formulations studied with the CK-EDB instrument. The drying temperature was 20 501 
°C for all cases. The data points are color-coded with the approximated morphologies as explained at the bottom right. The 502 

measured sizes are reliable only for optically spherical particles (blue). 503 
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 504 

Figure 5 The normalized critical diameters (bottom curves) and times of shell formation and solidification (top curves) for the 505 
trileucine and trileucine/trehalose systems obtained from the deviation from the d2-law in the CK-EDB measurements versus the 506 
initial trileucine concentration at the bottom and the initial trileucine saturation multiplied by the steady-state surface enrichment 507 
at the top. The error bars represent one standard deviation of the multiple droplets studied per case. The drying temperature was 508 

20 °C for all cases. The initial droplet diameters were approximately 50 µm. The grey line is the predicted time for spinodal 509 
decomposition to commence obtained from equation 10. 510 

 511 
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 512 

Figure 6 The apparent bulk concentration of trileucine at the critical time of shell formation obtained from the CK-EDB 513 
measurements. The drying temperature was 20 °C for all cases. The initial droplet diameters were approximately 50 µm. Here, 514 

the bulk concentration is obtained from the total amount of trileucine in the droplet divided by the droplet diameter at shell 515 
formation; hence it includes the amount of material adsorbed onto the surface too. The error bars correspond to the standard 516 

deviation of three measurements per case. 517 

 518 

3.2. Monodisperse Particles from the Droplet Chain Instrument 519 

The SEM micrographs of monodisperse particles generated using the droplet chain instrument are shown 520 

in Figure 7. As mentioned earlier, the formulations studied using the droplet chain instrument (seen in 521 

Table 2) were chosen to represent the systems measured via the CK-EDB instrument for which the final 522 

dried particles cannot be collected. Two different magnifications are provided for each sample to study 523 

both the micro- and nano-scale morphologies of the particles. In agreement with the observations from the 524 

CK-EDB, the particles were bigger and less dense at higher trileucine feed concentrations for both the 525 

trileucine and the trileucine/trehalose systems. A folded shell can be observed for all particles that contain 526 

trileucine, which is evidence of the presence of a pliable skin that can wrinkle and fold and eventually dry 527 

into a shell. The nanostructure at the surfaces of the trileucine particles was smooth, possibly due to the 528 

monolayer formation at the droplet interface and the absence of any crystals. It can also be observed that 529 
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the inside of the particles is visible due to the presence of a hole for all three trileucine cases and the last 530 

case of the trileucine/trehalose systems with the highest trileucine fraction. These holes are possibly 531 

caused by the rupture of the thin-shelled particles during drying. As seen in the ultra-magnified 532 

micrographs, the morphology of the interior of these particles is completely different from the surface 533 

morphology. 534 

The measured normalized particle diameters, 𝑑𝑑p 𝑑𝑑0⁄ , are shown in Figure 8. At similar compositions, the 535 

normalized diameters of the dried particles are slightly smaller than the normalized critical diameters of 536 

shell formation obtained from the CK-EDB instrument (refer to Figure 5). This is because after shell 537 

formation the particles can still lose their water content and shrink, but at a slower rate. The gradual 538 

increase of the particle diameters with an increase in trileucine content is also visible. The particle 539 

densities, 𝜌𝜌p, also shown in Figure 8, were obtained from the equation for the mass balance of the 540 

involatile components as [15]: 541 

 𝜌𝜌p = 𝐶𝐶0,t�𝑑𝑑0 𝑑𝑑p⁄ �3, (12) 

where 𝐶𝐶0,t is the total feed concentration. The particle density obtained from this equation gives an 542 

envelope density for which the internal and external voids are also considered in the volume. The 543 

inclusion of only 10% trileucine (0.5 mg/mL) decreased the particle density to about 500 mg/mL, while 544 

the density of neat trehalose particles is measured to be larger than 1500 mg/mL from the MDC10T100 545 

system. The particle densities decreased further with an increase to the trileucine content. Moreover, the 546 

particle densities of trileucine/trehalose systems were larger than those of neat trileucine cases at the same 547 

conditions. An increasing amount of void space is opened up as the trileucine content is increased, 548 

creating the potential to produce particles with very low density. Elsewhere, it has been shown that at 549 

very small concentrations, trileucine does not change the morphology of trehalose-containing particles, 550 

while the particles’ dispersibility already increases due to the adsorbed surface monolayer [13]. These 551 

observations show that this system is suitable for both high- and low-density particle design targets with 552 

superior aerosol performance. 553 
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 554 

Figure 7 The micrographs of the monodisperse particles collected from the droplet chain instrument at two different 555 
magnifications. The drying temperature was 20 °C for all cases. Each scale bar applies to its respective row. The initial droplet 556 

diameters were approximately 40 µm. 557 
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 558 

Figure 8 The normalized particle diameters (shown in black) and the particle densities (shown in blue) obtained from the 559 
monodisperse droplet chain instrument. The error bars represent one standard deviation. The drying temperature was 20 °C for all 560 

cases and the initial droplet diameters were approximately 40 µm. 561 

 562 

3.3. Spray-Dried Powders 563 

The spray-dried powders were also studied in order to broaden the scope of analysis to include conditions 564 

representative of actual industrial settings, in particular the spatially varying parameters inside the spray 565 

plume, such as temperature, relative humidity, and the smaller initial sizes of the polydisperse atomized 566 

droplets. It was especially of interest to determine whether the findings obtained from the larger droplets 567 

at lower drying temperatures could be generalized to practical industrial conditions. 568 

The micrographs of the spray-dried trileucine/trehalose particles are shown in Figure 9. As with the 569 

monodisperse particles, increasing the trileucine content caused the particles to become larger and less 570 

dense and to develop rugose surfaces. Compared to the trehalose particles, the addition of only 2% 571 

trileucine (1 mg/mL) caused considerable morphological differences due to early liquid-liquid phase 572 

separation. Compared to the spray-dried leucine/trehalose particles, which had a variety of different 573 

particle morphologies for different particle sizes (or different initial droplet sizes) of the same batch [11], 574 

the trileucine/trehalose particles have similar general morphologies irrespective of their sizes. This 575 
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difference in behavior is further evidence for the different phase separation behaviors of leucine 576 

(nucleation and crystal growth with an energy barrier) and trileucine (spinodal decomposition near the 577 

surface) during spray drying. 578 

Raman spectroscopy measurements (not shown) confirmed that both the trehalose and trileucine 579 

components were completely amorphous in all of the spray-dried batches [16,17], refuting the possibility 580 

of early nucleation and crystal growth as the origins of trileucine shell formation. 581 

The surface compositions of the spray-dried particles are shown in Figure 10. In these 8-bit RGB images 582 

obtained from the TOF-SIMS instrument, the blue and red channels were reserved for the signal strengths 583 

of trehalose and trileucine, respectively. The pixel-average surface compositions of the powders as a 584 

whole, small (𝑑𝑑 < 1 μm), medium (1 < 𝑑𝑑 < 3 μm), and large particles (𝑑𝑑 > 3 μm) are shown in Figure 585 

11. It is seen that the powders exhibit more trileucine on the surface at higher trileucine feed fractions. 586 

The surface coverage of trileucine increased from ~70% w/w to ~92% w/w through an increase to its feed 587 

fraction from 2% w/w to 10% w/w. It is observed that nearly complete surface enrichment of trileucine 588 

(nearly 40-fold compared to the bulk) is achieved by the addition of small quantities of this shell former. 589 

It is interesting to note that previous TOF-SIMS measurements of leucine/trehalose particles showed that 590 

the addition of different mass fractions of leucine ranging from 10 to 40% resulted in less than 3-fold 591 

surface enrichment compared to the bulk fractions [11]. Considering the probe depth of the TOF-SIMS 592 

instrument (~3-5 nm), the extremely high surface coverage of trileucine is likely due to the presence of 593 

the saturated monolayer (the diameter of a trileucine molecule is about 0.9 nm) as well as the liquid-liquid 594 

phase separation due to spinodal decomposition with low trehalose content in the trileucine-rich phase. 595 

Compared to leucine/trehalose particles [11], the trileucine/trehalose particles are similar across different 596 

particle sizes, pointing yet again to the different shell formation mechanisms of leucine and trileucine. It 597 

was observed that the particles with the smallest trileucine content (SD50T98TL2) had slightly different 598 

surface compositions for different particle sizes, with smaller particles having less trileucine on the 599 

surface than the larger particles. This behavior was not as discernible at higher trileucine fractions. The 600 
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monolayer surface adsorption due to the trileucine surface activity is likely responsible for this difference 601 

in surface compositions as the thickness of the monolayer, ~1 nm, comprises more than 20% of the probe 602 

depth of the TOF-SIMS instrument. This in turn means that a non-saturated monolayer (Γ < Γmax) on the 603 

smaller particles would affect the measured surface coverage slightly. 604 

 605 

Figure 9 The micrographs of the spray-dried trileucine/trehalose particles at two different magnifications. The drying temperature 606 
was 75 °C for all cases. Each scale bar applies to its respective row. 607 

 608 

Figure 10 The TOF-SIMS 8-bit RGB images of the spray-dried trileucine/trehalose particles. The red and blue channels represent 609 
the trileucine and trehalose surface compositions, respectively. The drying temperature was 75 °C for all cases. 610 
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 611 

Figure 11 The pixel-average surface compositions of the whole powder, small, medium, and large spray-dried particles. The 612 
drying temperature was 75 °C for all cases. The error bars represent the standard deviation. 613 

 614 

3.4. Implications for Formulation and Process Design via Particle Engineering for 615 

Surface-Active Materials 616 

As discussed above, the surface adsorption of trileucine plays an important role in its higher surface 617 

enrichment in spray-dried particles. Hence, the kinetics of the monolayer formation should be studied in 618 

more depth for a successful particle design of systems containing at least one surface-active component. 619 

The adsorption of surface-active materials on the droplet interface was previously approximated using 620 

equation 4 [38], which was originally obtained for the adsorption of surfactants on the interface of a semi-621 

infinite medium [40]. The use of this relationship does not account for the depletion of the solute 622 

molecules in small atomized droplets (due to the large surface-to-volume ratio of a small sphere), nor 623 

does it account for the effect of the receding droplet surface due to evaporation. To explain these effects, 624 

equation 5 was solved in conjunction with the appropriate boundary conditions for trileucine at different 625 

initial droplet diameters, feed concentrations, and drying temperatures. The bulk concentration, 626 
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subsurface concentration, and adsorbed surface excess of a sample case versus time are shown in Figure 627 

12 (a). The initial droplet diameter was 8 µm, trileucine feed concentration was 1 mg/mL and the drying 628 

temperature was 75 °C, imitating the conditions of the SD50T98TL2 spray-dried case. Until a certain 629 

point in time, 𝑡𝑡Γ, at which the maximum surface excess of 0.99 mg/m2 was reached, the subsurface 630 

concentration was zero, while the bulk concentration decreased due to the surface adsorption. Upon 631 

reaching the maximum surface excess at 𝑡𝑡Γ, the enforced boundary conditions were switched, and 632 

desorption from the interface into the subsurface commenced due to the decreasing surface area and the 633 

fact that the surface excess cannot be increased past the maximum value, Γmax. Eventually, the subsurface 634 

concentration increased similarly to the ordinary particle formation predictions explained elsewhere 635 

[19,24]. These behaviors can also be seen from the internal radial concentration distributions of the same 636 

droplet at different time points during the evaporation period shown in Figure 12 (b). 637 

The time to reach the maximum surface excess, 𝑡𝑡Γ, for different trileucine feed concentrations as a 638 

function of the initial droplet diameter obtained from the numerical simulations is shown in Figure 13 for 639 

drying temperatures of 20 °C and 75 °C. The times required to reach surface saturation obtained from 640 

equation 4 (semi-infinite volume case) are also shown as the horizontal lines for each respective feed 641 

concentration; surprisingly, these are not identical for the same concentration at different temperatures. 642 

The reason is the lower aqueous viscosity at the higher wet-bulb temperature and hence the higher 643 

trileucine diffusion coefficient for the drying temperature of 75 °C compared to 20 °C.  644 

Also shown in Figure 13 as grey dashed lines are the drying times, 𝑡𝑡d, of the droplets with different 645 

diameters. The numerical results converge to those obtained from equation 4 at larger initial droplet 646 

diameters, but the results deviate for smaller diameters and feed concentrations due to the shorter drying 647 

times of the small droplets. Considering only the horizontal lines obtained from equation 4, any case that 648 

has an initial droplet diameter to the left of the intersection of the respective line and the 𝑡𝑡d line would not 649 

have enough time to form a monolayer on the droplet surface. For example, the drying time of a droplet 650 

with an initial diameter of 2 µm and a trileucine concentration of 0.5 mg/mL dried at 75 °C is less than 651 
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the time required to reach the maximum surface excess obtained from equation 4. However, as seen from 652 

the full numerical results, the reality is different. Even though the droplet’s lifetime is less than the time 653 

required for surface saturation obtained from the simple equation, there will still be a fully adsorbed 654 

monolayer near the end of the drying process due to droplet shrinkage. It is for this reason that in Figure 655 

13 the numerical results are tangent to the 𝑡𝑡d curves for smaller initial droplet diameters and for the cases 656 

with low trileucine concentrations. 657 

It is also observed that at the lower drying temperature of 20 °C, the curves for the trileucine feed 658 

concentrations of 0.1, 0.5, and 1 mg/mL have local maxima above their respective horizontal lines. The 659 

longer times required for monolayer formation for these low-concentration cases are due to the depletion 660 

of the solute molecules in the bulk at smaller initial droplet diameters (higher surface-to-volume ratio). At 661 

these conditions, the droplet shrinkage due to evaporation is not fast enough to maintain the bulk 662 

concentration while the solute material is being adsorbed onto the interface. At larger initial droplet 663 

diameters and smaller surface-to-volume ratios, the curves eventually converge with the horizontal lines. 664 

This behavior was not observed for the droplets evaporating at 75 °C, and the curves converged with the 665 

horizontal lines monotonically due to the fast evaporation of the droplets. Importantly, it can be 666 

concluded that for droplets typically encountered in industrial spray dryers (i.e. d > 7 µm) and typical 667 

drying gas conditions (the 75 °C plot), the time to form a saturated monolayer is very fast compared to the 668 

droplet lifetime, except in cases of very low initial trileucine concentrations. 669 

In the presence of other excipients or actives another condition needs to be considered for particle design: 670 

for a saturated trileucine monolayer to form, the calculated 𝑡𝑡Γ needs to be shorter than the shortest time of 671 

solidification of other components. Also, it can now be concluded that the shell formation and 672 

solidification of trileucine is a sequential process with monolayer formation being the first stage (at 𝜏𝜏Γ 673 

from Figure 13), followed by spinodal decomposition (at 𝜏𝜏sp,Leu3 from equation 10), and then the final 674 

period of the formation of a rigid shell on the surface of the droplet (at 𝜏𝜏c,Leu3 from equation 11). The 675 

critical solidification times of other components and active ingredients can now be compared to these 676 
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values during formulation design. For the trileucine/trehalose platform studied in this article, the critical 677 

time of solidification for trehalose, 𝜏𝜏c,Treh, is assumed to be the time at which it reaches a bulk 678 

concentration of 830 mg/mL and is obtained from 679 

 𝜏𝜏𝑐𝑐,Treh = 1 − �
𝐶𝐶0,Treh

830 mg/mL
�
2 3⁄

, (13) 

in which 𝐶𝐶0,Treh is the initial feed concentration of trehalose in mg/mL. For trehalose, the bulk 680 

concentration can be used as a threshold in particle formation, as its Péclet number is small enough to 681 

give a surface enrichment of close to 1 at these drying temperatures [11]. As an example, the time points 682 

of interest for three different trileucine/trehalose systems analogous to the spray-dried formulations were 683 

calculated and are reported in Figure 14. It is observed that for all cases 𝜏𝜏Γ was much smaller than the 684 

solidification time of trehalose, 𝜏𝜏𝑐𝑐,Treh. But for the first system with 2% w/w trileucine, 𝜏𝜏Γ was relatively 685 

close in magnitude to 𝜏𝜏𝑐𝑐,Treh for small initial droplet diameters. This difference increased for greater 686 

trileucine fractions. This fact is assumed to be one of the reasons for the relatively dissimilar surface 687 

compositions among different particle sizes of the SD50T98TL2 system as shown in Figure 10. In the 688 

first case with 2% w/w trileucine, 𝜏𝜏sp,Leu3 was close to 𝜏𝜏𝑐𝑐,Treh explaining possible solidification of 689 

trileucine and trehalose at similar times. In the systems with higher trileucine fractions in Figure 14, it is 690 

predicted that the spinodal decomposition of trileucine starts long before the solidification of trehalose. 691 

Note that in the simplified discussion here, the liquid-liquid phase separation of the ternary system of 692 

trileucine and trehalose with water is not considered. Based on the plots shown in Figure 14, trileucine is 693 

expected to act as a strong dispersibility enhancer for all three systems, because a saturated monolayer 694 

could be formed on the droplet surface before other components could interfere with the surface 695 

adsorption. The presence of this monolayer is responsible for reducing the surface energy of the dried 696 

particles and in turn increasing the dispersion properties of the resulting powders. The increase of 697 

trileucine fractions from 2% w/w to 10% w/w is expected to cause a thicker trileucine shell on the surface 698 
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that might not be necessary to maintain the dispersibility enhancement but that can greatly decrease the 699 

particle density if the goal of the design process is producing low-density particles. 700 

Using a similar methodology, a formulator can design a system composed of many excipients and active 701 

ingredients. It should be noted here that multiple surface-active components in the same system are 702 

expected to interfere with each other’s surface adsorption. In that case, the methodology proposed for the 703 

prediction of surface adsorption of the components in such systems would need to be modified. 704 
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 705 

(a) 706 

 707 

(b) 708 

Figure 12 (a) The bulk and subsurface concentrations as well as the instantaneous surface excess of a water droplet containing 1 709 
mg/mL trileucine, drying at 75 °C with an initial diameter of 8 µm. For this specific droplet, the drying time was calculated to be 710 

0.014 s. (b) The internal concentration distribution at different times for the same droplet of (a) versus the normalized radial 711 
coordinate. 712 
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 713 

Figure 13 The calculated time required for trileucine monolayer formation for different trileucine feed concentrations and initial 714 
droplet diameters at two different drying temperatures. The curves were obtained from the solution of the diffusion equations 715 

inside an evaporating droplet. The horizontal asymptotic lines were obtained from equation 4 and 𝑡𝑡d = 𝑑𝑑02 𝜅𝜅⁄  is the droplet 716 
lifetime.  717 
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 718 

Figure 14 The different dimensionless timescales of three trileucine/trehalose systems with a total feed concentration of 50 719 
mg/mL and varying fractions of trileucine. 𝜏𝜏𝛤𝛤 = 𝑡𝑡𝛤𝛤 𝑡𝑡𝑑𝑑⁄  is the time required for the formation of a saturated trileucine monolayer 720 
on the surface of the droplets. 𝜏𝜏𝑠𝑠𝑠𝑠,𝐿𝐿𝐿𝐿𝐿𝐿3 is the approximate time when spinodal decomposition of trileucine is predicted to start. 721 
𝜏𝜏c,Leu3 is the predicted time for trileucine to make a rigid shell on the surface and 𝜏𝜏𝑐𝑐,𝑇𝑇𝑇𝑇𝐿𝐿ℎ is the approximate time at which 722 

trehalose is expected to solidify. The drying temperature was 75 °C for all cases. 723 

 724 
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 725 

4. Conclusion 726 

A methodology was proposed to implement the effect of surface activity into available particle formation 727 

models for the first time. Furthermore, the particle formation of trileucine, a surface-active molecule that 728 

does not crystallize during spray drying and has low aqueous solubility, was explained as a combination 729 

of the formation of an adsorbed monolayer on the droplet surface and liquid-liquid phase separation due 730 

to spinodal decomposition. 731 

The formation of a fully saturated monolayer of trileucine on the droplet surface contributes to the 732 

significant improvement of aerosol properties. The highly wrinkled morphologies and low densities 733 

observed for systems containing trileucine as a dispersibility enhancer were also explained as having been 734 

caused by the early phase separation. 735 

By following the methodology explained in this study and combining the information obtained from 736 

experimentation and theoretical discussions, a formulator can design a system with minimal experimental 737 

iterations with trileucine as a dispersibility enhancer in systems containing other excipients and active 738 

pharmaceutical ingredients. 739 
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