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Abstract

In this thesis, several fundamental studies were conducted to tackle some of the

unanswered questions in the design and engineering of inhalable microparticles

produced via spray drying. Different experimental and theoretical methods

were applied to understand the mechanisms that control particle formation of

formulations containing solvents and excipients of the most interest.

Chapter 1 contains a brief introduction to drug delivery to the lungs in

general and the appropriate tools and devices used. Next, the spray drying

process is introduced and explained as one of the industrial processes employed

in the production of pulmonary microparticles. The most pressing problems

and questions faced by a formulator are discussed next, both with respect to

overcoming the issue of emerging low-water-soluble drugs and with respect to

choosing the necessary excipients to meet the physicochemical targets in the

final product.

Chapter 2 focuses on the evaporation of multi-solvent microdroplets and

the ensuing particle formation pertaining to the spray drying of inhalable pow-

ders containing hydrophobic active ingredients. The evaporation of such multi-

solvent droplets and their internal solute transfers are theoretically modeled

and compared to the measurements performed using a single-particle electro-

dynamic balance and a droplet chain instrument. The results show that the

two parameters controlling the general morphology of the dried particles the

most - namely the level of saturation and the Péclet number - change with

time in a multi-solvent droplet during evaporation. This temporal variation
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of the parameters introduces complexities during the formulation design but

vanishes at an iso-compositional state similar to the azeotrope of non-ideal

mixtures.

In Chapter 3, the particle formation of L-leucine, a dispersibility-enhancing

amino acid is studied extensively. Three complementary experimental meth-

ods are used: an electrodynamic balance, a monodisperse droplet chain, and

a conventional lab-scale spray dryer. The shell formation kinetics of leucine

in the presence of trehalose is measured using the electrodynamic balance, the

particle morphologies and densities are studied using the droplet chain instru-

ment, and spray drying is used to produce powders representative of actual

industrial applications and to allow for further characterization and analytical

measurements. A modified particle formation method appropriate for crys-

tallizing components is developed to interpret the experimental measurements

and observations. It is confirmed that other components can interfere with

the free crystallization of the shell former. Moreover, it is observed that the

surface coverage of a crystallizing shell former such as leucine shows a rather

large variation for different particle sizes in the same batch of powder, which

points to the mechanisms of nucleation and crystal growth in such systems.

The modified particle formation theory is hence shown to be a valuable tool

in the formulation design of systems containing a number of excipients and

active ingredients.

In Chapter 4, the formation of trileucine-containing microdroplets is stud-

ied experimentally, and the results are explained theoretically. The kinetics

of shell formation is measured using an electrodynamic balance and a droplet

chain is used to measure the particle densities and examine the morphologies.

Spray drying is used to produce enough powder for spectroscopy analysis. A

comparison of the results to theoretical models reveals that the dispersibility

enhancement of trileucine is due to two consecutive stages: the adsorption of a
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mono-molecular layer on the droplet surface owing to its surface activity and

the early amorphous phase separation as a result of its low aqueous solubil-

ity. Based on this information, a process is proposed so that a formulator can

design an excipient system to make low- or high-density particles to meet the

design targets while maintaining good aerosol performance.

Chapter 5 summarizes the main conclusions of the thesis and presents some

suggestions for future work.
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Chapter 1

Introduction

1.1 Pulmonary Drug Delivery

Among the different drug administration paths, the inhalation route is inter-

esting because of its non-invasive nature, convenience, and fast onset of action.

This route is especially advantageous for local treatment of lung diseases with

minimal side effects and required doses [1]. The main applications of inhaled

aerosols are the treatment and maintenance therapy of asthma, chronic ob-

structive pulmonary disease (COPD), cystic fibrosis, and pulmonary arterial

hypertension through the use of bronchodilators, corticosteroids, antibiotics,

and vasodilators [2, 3]. The pulmonary route also holds some potential for

systemic delivery due to the significantly large surface area available in the

alveolar regions of the lung and is employed in some commercial products for

pain relief and diabetes treatment [2, 4].

While pulmonary drug delivery carries many advantages, there are some

inherent complexities to this practice mostly due to the physiological function

and defense mechanisms of the respiratory tract. These defense mechanisms

include mechanical, chemical, and immunological barriers [2]. Mechanical bar-

riers include the filtration of large particles due to inertial impaction in the

upper airways [1, 5], and mucociliary clearance, caused by the constant beat-

ing of hair-like extrusions called cilia, which move the material deposited on

the mucus layer surrounding the conducting airways up the trachea to the

oropharynx [6]. Based on the solubility of their components, deposited par-

ticles that are not cleared by the mucociliary mechanism can dissolve in the
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lung fluid and either be adsorbed or go through enzymatic degradation [7].

Ultimately, phagocytosis by alveolar macrophages is the last line of defense

against inhaled material [8]. These natural defense mechanisms of the respi-

ratory system complicate the whole process of pulmonary drug delivery.

Drugs are delivered to the lungs through the inhalation of aerosols. The in-

haled particles need to have specific aerodynamic properties for efficient deliv-

ery to the targeted sites [1]. If not designed properly, drug-containing aerosols

will settle and deposit in unintended areas of the respiratory tract, such as the

mouth and throat, decreasing the lung dose and potentially causing adverse

reactions in these locations [9]. Particles need to have aerodynamic diameters

between 1-5 µm to maximize delivery to the lungs [1, 10]. The aerodynamic

diameter of a particle is defined as the diameter of a sphere having a density

of 1 g/cm3 (that of water) and the same settling velocity as the initial parti-

cle [11]. The aerodynamic diameter, da, of a nearly spherical particle with a

geometric diameter of dp can be calculated from [11]

da = dp

(

Cc (dp) ρp
Cc (da) ρ0

)1/2

, (1.1)

where Cc (d) is the slip correction factor, which corrects the settling velocity

for the partial slip boundary condition in the Stokes’ law, and ρp and ρ0 are

the densities of the particle and water, respectively.

Consequently, the physical dimension of the particles is one of the most

important factors in the design and production of powders intended for lung

delivery. The large-scale production of small solid particles with a narrow

enough polydispersity to place them in the respirable range is one of the chal-

lenges facing the pharmaceutical industry. If the drug is to be delivered as

a dry powder, different particle manufacturing and processing techniques are

used commercially for the production of micron-sized particles, namely, milling

[12, 13], spray drying [14–16], and supercritical solvent manufacturing [17, 18].

Among these methods, spray drying, which is the main focus of this work, is

of interest in the large-scale production of microparticles because it is a fast

continuous process by nature and can be easily scaled up [15]. Moreover, a

formulator can control with ease some of the physical properties of the spray-
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dried powders, such as the size distribution, density, and radial distribution of

different components of the dried particles [14].

1.1.1 Devices

There are several devices and methods commercially used for pulmonary drug

delivery, including pressurized metered-dose inhalers (pMDIs), dry powder

inhalers (DPIs), Nebulizers, and soft mist inhalers.

pMDIs, which hold about 70% of the inhalation devices market share [19],

deliver accurate doses of a drug via the release of a superheated liquid (the

propellant) from a canister [1]. The drug, usually less than 10 mg/mL in con-

centration, is dissolved (solution MDIs) or suspended as microparticles (sus-

pension MDIs) in the propellant liquid. Besides the drug, certain excipients,

surfactants, or co-solvents might be added to the formulation to enhance the

aerosol properties, suspension stability, or solution solubility [1, 19, 20]. Upon

actuation, the superheated solution or suspension undergoes flash evaporation

and atomization into microdroplets that are delivered to the patient at high

speeds through the mouthpiece [1, 21]. Due to the high vapor pressures of the

propellants, the atomized droplets are then evaporated rapidly, leaving behind

aerosolized drug-containing microparticles ready for inhalation.

DPIs are devices through which a specific quantity of solid powder com-

posed of the drug and typically some excipients are fluidized through a high-

velocity air flow. This air flow is provided by a sharp breath administered by

the patient (passive DPIs), or via the help of an external source of energy (ac-

tive DPIs) [1]. The flow should induce enough force on the powders to entrain

the particles and break any agglomerates into their primary particles; other-

wise, the majority of the powder will not leave the device or will deposit in the

upper airways, which can reduce the delivered dose to the lungs significantly

[22].

Nebulizers aerosolize a solution or suspension (usually aqueous) into a gas

for inhalation through a mouthpiece or mask [1]. The main advantage over

pocket-sized devices such as pMDIs and DPIs is that nebulizers can be used

with ordinary tidal breathing in patients who cannot perform arduous inhala-
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tion efforts because they are very young, very old, or otherwise incapacitated

[23].

Soft mist inhalers, the newest kind of portable devices, produce a cloud

of droplets containing the drug [24]. The energy required for aerosolization is

usually provided from a battery or a spring, and the produced mist exits the

mouthpiece at much slower velocities than in pMDIs and DPIs, resulting in

more efficient lung delivery [24].

It can be seen that solid particles are present in a majority of the dosage

forms used in all devices, such as DPIs and suspensions in pMDIs, nebulizers,

and soft mist inhalers. Consequently, the production of solid microparticles

comprises a significant part of the pharmaceutical industry related to pul-

monary drug delivery.

1.2 Spray Drying

As shown in Figure 1.1, the spray drying process is composed of three main

stages: 1) atomization of the liquid feed into microdroplets, 2) rapid evapo-

ration of these droplets by the passage of a high-temperature drying gas over

them, and 3) collection of the residual microparticles through different mech-

anisms such as cyclone separation and electrostatic precipitation [15]. The

spray drying cycle can be open, for aqueous solvents, or closed, with solvent

capture for organic solvents or hazardous components [25]. The production of

pharmaceutical aerosols via spray drying has been well-understood and docu-

mented in recent years, as seen in some of the published review articles [14, 16,

26]. What warrants further study is the mechanistic understanding of the un-

derlying phenomena that control droplet evaporation and particle formation.

Besides having a specific size, spray-dried particles intended for pulmonary

drug delivery need to meet other physical, chemical, and solid-state specifica-

tions [10]. These properties affect conditions such as long-term physicochem-

ical stability, compressed bulk density, dispersibility, and dissolution rate [10,

14], all of which determine the efficacy of the pharmaceutical actives. These

facts emphasize the need for a fundamental understanding of the processes
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Figure 1.1: Schematic of a typical open loop spray dryer.

that occur during spray drying, from the atomization of the feed solution, to

the water uptake of the resulting powder during handling and storage. The

most significant part is the drying of these microdroplets into smaller solid

particles. The important characteristics of the resulting powder are direct

consequences of the different phenomena of heat and mass transfer that occur

during this drying stage [14]. By understanding these phenomena, a particle

engineer will be able to answer such questions as the following:

• Will the final particle have a smooth or rugose surface (affects dispersibil-

ity, water uptake, and bulk density)?

• Will the final particle exhibit a shell with a hollow void inside or will it

be solid throughout (affects bulk density and aerodynamic size)?

• Which component will dominate the surface composition (affects disso-

lution rate, dispersibility, water uptake, and physicochemical stability)?
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• What solid phase will the particle have (affects physical stability, disso-

lution rate, and water uptake)?

Particle formation models are used to tackle such questions in a predictive

manner and limit the number of experimental iterations in order to signif-

icantly reduce costs and risks at the early stages of the formulation design

process [27].

The theoretical models have better predictive capabilities for components

that do not crystallize, have high solubility, and are not surface active [14].

Incidentally, two of the most effective dispersibility enhancers, namely leucine

and trileucine, which are currently in clinical development [28], are both

surface-active [29] with relatively low aqueous solubility [29, 30], and the for-

mer can crystallize during spray drying [31].

Moreover, the developed models work best for single-solvent systems with

constant evaporation rates [32, 33]. This is while, low water solubility is a

growing concern in the pharmaceutical industry, as about 70% of the newly

investigated chemical ingredients are hydrophobic [34]. This fact explains the

interest in spray drying out of co-solvent systems, both in the production of

amorphous solid dispersions to improve the dissolution rates [35, 36], and in

solubilizing the hydrophobic actives in the presence of hydrophilic excipients

[37, 38].

The main objectives of this thesis are to address the shortcomings in the

available particle formation models for co-solvent systems and for the materials

that act best as dispersibility enhancers due to their surface activity and low

solubilities, such as leucine and trileucine.
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Chapter 2

Multi-Solvent Microdroplet
Evaporation: Modeling and
Measurement of Spray Drying
Kinetics with Inhalable
Pharmaceuticals

Evaporation and particle formation from multi-solvent microdroplets contain-

ing solid excipients pertaining to spray drying of therapeutic agents intended

for lung delivery were studied. Various water and ethanol co-solvent systems

containing a variety of actives and excipients (beclomethasone, budesonide,

leucine, and trehalose) were considered.

Numerical methods were used to predict the droplet evaporation rates and

internal solute transfers, and their results verified and compared with results

from two separate experimental setups. In particular, an electrodynamic bal-

ance was used to measure the evaporation rates of multicomponent droplets

and a monodisperse droplet chain setup collected dried microparticles for fur-

ther analytical investigations and ultramicroscopy.

The numerical results are used to explain the different particle morpholo-

gies dried from solutions at different co-solvent compositions. The obtained

numerical data clearly show that the two parameters controlling the general

morphology of a dried particle, namely the Péclet number and the degree

of saturation, can change with time in a multi-solvent droplet. This fact

7



complicates product development for such systems. However, this additional

complexity vanishes at what we define as the iso-compositional point, which

occurs when the solvent ratios and other composition-dependent properties of

the droplet remain constant during evaporation, similar to the azeotrope of

such systems during distillation.

Numerical and experimental analysis of multi-solvent systems indicate that

spray drying near the iso-compositional ratio simplifies the design and process

development of such systems.

2.1 Introduction

The study of evaporation and condensation of volatile components from micro-

droplets is important in many areas of engineering, pharmaceutics, medicine

and environmental sciences [39–43]. The studies pertaining specifically to in-

halable therapeutics are of great significance, as these hygroscopic aerosols can

undergo severe morphological transformations due to mass and heat transfer

in different environmental conditions ranging from the hot and relatively dry

settings in spray dryers [26] to the highly humid passages of the respiratory

tract [44]. In many of these circumstances, such as spray drying from a co-

solvent system [37, 45] or the condensation of water on a propellant droplet

[46], there is more than one volatile component inside the droplet. Models

and analytical techniques can reduce the time, cost and risks associated with

experimentation during the design and study of spray-dried particles [33, 47].

In spray drying from single volatile components, the initial solute saturation

and a dimensionless number called the Péclet number, which typically has a

constant value for a single solvent droplet, determine the general morphology

of the dried particles at different drying conditions [33]. In an evaporating

multi-solvent droplet, complications arise in the prediction and design stage

as the composition of the droplet, its temperature, evaporation rate and the

solubilities of the excipients change over the drying time, further highlighting

the need for a numerical model in order to understand the underlying physics.

The study of evaporation of multicomponent droplets is specifically preva-
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lent in fuel spray and combustion applications [43, 48–51] and environmen-

tal aerosol and cloud formation [52]. Assuming one-dimensional heat and

mass transfers around and inside the droplet, the two models that have been

used most frequently to model evaporation or condensation of a single aerosol

droplet are the Maxwell model, which neglects the radial convective fluxes

around the droplet, and the Stefan-Fuchs model, which accounts for these

radial mass fluxes commonly known as Stefan flow [43, 53]. In this study,

modified versions of these models appropriate for multi-solvent microdroplets

are compared to assess their applicability in microparticle formation studies

based on accuracy and levels of complexity.

There is a growing interest in using multi-solvent formulations in spray

drying hydrophobic active pharmaceutical ingredients such as budesonide [37],

beclometasone dipropionate [54], triamcinolone acetonide [55] and fluticasone

propionate [56] in order to achieve reasonable feed solute concentrations, pro-

duction yield, dispersibility, and particle aerodynamic properties. Therefore,

predictions of the evaporation and solvent compositions of co-solvent droplets

containing such actives are useful during their design and development stages.

However, the different mechanisms of particle formation in such systems have

yet to be studied comprehensively.

The evaporation rates and drying kinetics of microdroplets are usually

studied experimentally via the use of single particle methods such as optical

traps [57], electrodynamic balances (EDBs) [40, 58] and droplet chain instru-

ments [32, 59, 60].

In this study, validation of a numerical model is provided from measure-

ments made with a Comparative-Kinetics Electrodynamic Balance (CK-EDB),

which can levitate a single micron-sized aerosol droplet indefinitely. Light scat-

tering can be used to infer the time-dependence of the droplet size with high

accuracy in a controlled environment. Dry particle collection for compari-

son with the model predictions is performed using an in-house monodisperse

droplet chain setup, which generates monodisperse particles. Even though

imaging of the droplet chain facilitates the determination of droplet evap-

oration rates, this instrument is used here for the sole purpose of particle
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collection, as the CK-EDB outperforms it in sizing accuracy.

To assess the applicability of the numerical model in predicting the dry-

ing behavior and morphology of spray-dried microdroplets, the evaporation

dynamics of various microdroplets containing different mixtures of water and

ethanol are compared to our experimental data.

2.2 Materials and Methods

2.2.1 Materials

Trehalose dihydrate and L-leucine were purchased from Fisher Scientific (Ot-

tawa, ON, Canada). The solvents used were absolute grade ethanol with purity

of greater than 99.8% purchased from Sigma Aldrich (Oakville, ON, Canada)

and HPLC grade water from Fisher Scientific (Ottawa, ON, Canada).

2.2.2 Comparative-Kinetics Electrodynamic Balance
(CK-EDB)

The evaporation rates of multicomponent droplets were measured over a range

of environmental conditions using a Comparative-Kinetics Electrodynamic

Balance (CK-EDB) in which single aerosol droplets consisting of a mixture

of water and ethanol were levitated. This technique has been described in de-

tail in a previous publication [58] and is only briefly outlined here: A charged

droplet with an initial diameter of approximately 44 µm of known composi-

tion was generated by a droplet-on-demand dispenser (MJ-ABP-01, MicroFab

Technologies, Plano, Texas, USA) and injected into the center of the chamber

of the instrument. The droplet was trapped within an electric field produced

by two sets of concentric cylindrical electrodes, mounted vertically above one

another. An AC voltage was applied to the electrodes, with an additional DC

voltage superimposed across the bottom set of electrodes to counteract the

gravitational force of the droplet. This technique allowed for stable trapping

of charged droplets throughout the evaporation process. A gas flow formed

from mixing wet and dry nitrogen gas streams passed over the droplet, permit-

ting accurate control of relative humidity (RH) in the chamber ranging from
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0 to about 95%. This stream flowed with a velocity of about 3 cm/s inside

the drying chamber during the measurements. Based on the available correc-

tions [43], this flow with a Reynolds number of about 0.1 around a droplet

with a diameter of 50 µm increases the Nusselt and Sherwood numbers of the

evaporating droplet by less than 1% compared to a stationary droplet. Hence

this gas velocity can be neglected in the calculations of the evaporation rates

discussed in the theoretical section of this study. The RH is determined by

comparing the evaporation kinetics of a probe droplet, of either NaCl solu-

tion or water, to a simulation using the Kulmala model [61]. This method to

determine the RH has an accuracy of approximately ±1% and is outlined in

greater detail in a previous publication [40]. In addition, the temperature of

the CK-EDB chamber was controlled in a range from 0 °C to 25 °C by a recir-

culating ethylene glycol coolant. The error in the temperature determination

using the thermocouple is ±0.5 °C. An overview of this instrument is shown

in Figure 2.1a.

A 532 nm CW laser illuminated the droplet, and the resulting scattering

pattern caused by the interference between reflection and refraction at the

droplet surface, i.e. the phase function was collected at an angular range of 24°

by a CCD mounted at 45° to the direction of laser propagation. The angular

separation between the fringes in the phase function was used to calculate

the radius of the droplet using a geometrical optics approximation, with an

associated error of ±100 nm [40].

2.2.3 Monodisperse Droplet Chain Instrument

The monodisperse droplet chain setup used in this study was a modified version

of an in-house instrument discussed in more detail previously [59, 60]. This

instrument consisted of three main subsystems: feeding, imaging, and collec-

tion, as illustrated in Figure 2.1b. The specific solution for each experiment

was passed through two 0.45 µm pore sized syringe filters (SLHN033NS, EMD

Millipore, Darmstadt, Germany) into an S-shaped reservoir with a volume of

3 mL. It was then dispensed using a high-temperature piezoceramic dispenser

(MJ-AL-HT-40-8mx, MicroFab Technologies, Plano, Texas, USA), with an ori-
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fice diameter of 40 µm. The piezoceramic dispenser was operated by a driver

(MD-E-3000 Microdrop Technologies, Norderstedt, Germany), which allowed

control over the applied voltage and frequency. The voltage and frequency of

the dispenser directly affect the initial diameter, production frequency of the

droplets in the chain and the injection velocity. The solution droplets were

injected into a heated airflow with a controlled flow rate in a circular flow tube,

which had two walls to assist in temperature control. An imaging system with

a high magnification lens (35-41-41-000, Excelitas, Fremont, California, USA),

attached to a camera (GO-5000M-USB, JAI, Shanghai, China) was used to

capture images of the droplet at the injection point which were later analyzed

to determine the initial droplet diameter. Dried particles were collected for

data analysis at the end of the flow tube using custom-made scanning elec-

tron microscope (SEM) sample stubs onto which a membrane filter (0.8 µm

Isopore Polycarbonate, Millipore, Darmstadt, Germany) was attached using

a double-sided adhesive carbon tape. Collected particles were coated with a

vacuum gold sputter (Desk II, Denton Vacuum LLC, Moorestown, NJ, USA)

and analyzed using field emission scanning electron microscopy (Sigma FE-

SEM, Zeiss, Jena, Germany) with an accelerating voltage of 5 kV and an

average working distance of 6 mm. A number of sample particles were also

imaged using helium-ion microscopy (ORION NanoFAB HIM with Ga FIB,

Zeiss, Jena, Germany) at an accelerating voltage of 29 kV, an average working

distance of 9 mm and using a 10 µm aperture; the particles were cut using a

gallium-focused-ion beam (Ga-FIB) from the same instrument at an acceler-

ating current of 300 pA with dwell times between 0.5 and 1.0 µs and beam

spacing between 2 and 5 nm for fine and rough cuts, respectively.

2.3 Theory and Modeling of Multicomponent

Evaporation and Particle Formation

Two different methods of increasing complexity were used to study the evap-

oration of multicomponent microdroplets relevant to pharmaceutical applica-

tions. The first method is based on Maxwell’s solution of mass transfer from a
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(a)

(b)

Figure 2.1: The experimental instruments, (a) CK-EDB, (b) Droplet chain
setup.

spherical liquid droplet in a quiescent environment [1, 62]. This quasi-steady

model was modified for a multicomponent droplet to account for the simul-

taneous evaporation or condensation of different volatile species [63]. It does

not, however, account for the interaction of different vapors in the gas phase

and assumes no bulk radial velocity or Stefan flow around the droplet.

The second method is based on the analytical solution of mass and energy

transport equations with the inclusion of radial convection in the gas phase.

For a single component droplet, this methodology produces the results of Fuchs

[53] and is sometimes called the Stefan-Fuchs method [43]. In both of these

schemes, the mass transfer of each volatile component in the gas phase is

considered independently of the transfer of other species and the diffusion

obeys Fick’s law [62, 64]. Inclusion of inter-species diffusion effects during

the evaporation or condensation of multicomponent droplets requires a full

Maxwell–Stefan diffusion model [51] and is beyond the scope of this study;

it will be seen later that the simplified models have the required accuracy

pertaining to spray drying of pharmaceutical particles.

In both models, some assumptions and simplifications were made based on

the specific conditions prevailing in pharmaceutical processes. Some of these
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conditions include small droplets (diameters: 5-50 µm), low settling velocity

and Reynolds numbers, and low-to-moderate temperatures (less than 150 °C

gas temperature). The assumptions are as follows:

1. Spherical symmetry and negligible droplet motion with respect to the

gas phase

2. Quasi-steadiness in the gas phase

3. Negligible Soret and Dufour effects and radiation heat transfer

4. Negligible Kelvin effect

5. Continuum regime

6. Infinite thermal and solvent mass diffusivity in the droplet (well-mixed

approximation).

The spherical symmetry assumption is justified because of the small size of

the droplets encountered in spray drying of pharmaceuticals or emitted from

different inhalers. At diameters of less than 50 µm, the settling velocities

and relaxation times are small enough to neglect internal convection [1]. The

Knudsen number is also small enough at atmospheric conditions to neglect

non-continuum corrections. As an example, for an ethanol droplet with a di-

ameter of 50 µm evaporating in air with a temperature of 80 °C, the settling

velocity and relaxation time are about 60 mm/s and 6 ms, respectively. The

droplets might have larger initial velocities upon atomization but will reach

their terminal or settling velocity in a time comparable to the relaxation time.

The time it takes for complete evaporation for a droplet of this size at this

temperature is about 0.15 s, which is about 25 times the relaxation time.

Thus, the initial transient phase is a small fraction of the total droplet life-

time, and the effects of the internal circulation in this phase can be neglected

given the longer life span of the droplet. At the terminal velocity, the droplet

has a Reynolds number of about 0.14, so that neglecting the relative droplet

motion with respect to the gas phase will under-predict the Nusselt and Sher-

wood numbers by only about 2% [43, 65]. Assuming quasi-steady evaporation
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requires that any changes in the boundary conditions at the droplet-gas inter-

face instantaneously appear in the gas conditions around the droplet. In other

words, transient effects are neglected in the solution of the mass and energy

transports in the gas phase [1, 53, 66]. The characteristic time required for

the thermal and composition profiles around a droplet to reach equilibrium,

tt, can be approximated as [66, 67]:

tt =
d2

16αv

, (2.1)

where d is the droplet diameter and αv is the appropriate diffusivity in the

gas phase, i.e. either the thermal diffusivity or the mass diffusion coefficient

of the vapor. For a 50 µm diameter ethanol droplet in air, the time scales

associated with thermal and mass diffusions are approximately equal to 7 and

14 µs, respectively, which are small enough compared to the droplet lifetime

to justify the quasi-steady assumption.

Similarly, the well-mixed assumption for the interior of the droplet is based

on the low temperature and small diameter ranges encountered in the appli-

cations pertaining to this study. At these conditions, the solvent diffusion and

thermal conduction is fast enough to assume constant radial profiles for the

solvent compositions and temperatures inside the droplet [68].

In both models, numerical integration was performed using a simple first-

order Euler method to advance in time. During each time-step, the droplet

composition and temperature were updated based on the analytical solutions

of the mass and energy transport in the gas phase.

2.3.1 Maxwell Model

In the absence of any bulk radial gas flow, the solution of Fick’s law of diffusion

with the appropriate boundary conditions provides the mass transfer rate, ṁ,

of a single-solvent droplet as [1]:

ṁ = −2πdD (Cs − C∞) , (2.2)

in which d is the droplet diameter and D is the binary diffusion coefficient of

the vapor in the gas. Cs and C∞ are the vapor mass concentrations near the

droplet surface and at infinity, respectively.
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If it can be assumed that the diffusion of each volatile component in the

gas phase is independent of the others, different mass transfer rates of separate

species of a multicomponent droplet can be superimposed in accordance with

Equation (2.2). Hence, the total mass transfer rate from the droplet, ṁt, can

be obtained from the following equation:

ṁt =
∑

ṁi =
∑

i

−2πdDv,i (Cs,i − C∞,i) (2.3)

in which Dv,i is the diffusion coefficient of the ith volatile component in the

gas mixture at an intermediate temperature and gas composition, which will

be discussed later (cf . Equations (2.11) and (2.12)). By assuming equilibrium

between the vapor and the liquid phases at the interface, the surface vapor

concentration, Cs,i, can be obtained from the modified Raoult’s law as:

Cs,i = xls,i
Psat,i (Td)Mi

RTd

γi , (2.4)

where xls,i is the molar fraction of the ith component in the liquid at the sur-

face, and Psat,i (Td) is the saturation vapor pressure, which can be obtained

from Clausius–Clapeyron or Antoine equations at the droplet temperature, Td.

Mi and γi are the molar mass and activity coefficient of the ith component,

respectively, and R is the universal gas constant. In this study, the activity

coefficients were calculated using the NRTL method [69]. The vapor concen-

tration far away from the droplet can be obtained from the partial pressure of

each component, P∞,i, as:

C∞,i =
P∞,iMi

RT∞

. (2.5)

To find the droplet temperature according to the infinite thermal con-

ductivity or lumped-capacitance assumption inside the droplet, the following

relationship was used [1]:

ρlcp,l
d2

12

dTd

dt
= −k̄ (Td − T∞)−

∑

LiDv,i (Cs,i − C∞,i), (2.6)

where ρl is the liquid mixture density, cp,l is the specific heat of the liquid

mixture, k̄ is the gas thermal conductivity at the intermediate conditions and

Li is the latent heat of vaporization of each material.
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At each time-step, Equations (2.3) and (2.6) were solved and the compo-

sition and temperature of the droplet were updated. In order to obtain the

droplet size, the following mass balance was used:

π

6

d (ρld
3)

dt
= ṁt. (2.7)

Noting that the composition and the temperature of the droplet can change

temporally, Equation (2.7) could be rewritten as:

dd

dt
=

2ṁt

πρld2
− d

3ρl

dρl
dt

. (2.8)

By knowing the new and previous droplet compositions and temperatures,

the time derivative of the droplet density could be approximated using first

order discretization, and the new droplet diameter was obtained at the end of

each time-step. Using Equation (2.8), the thermal and compositional expan-

sion and shrinkage of the droplet could be accurately modeled if an accurate

correlation for the mixture density was used. For instance, for water/ethanol

mixtures, the following semi-empirical relationship was used [70]:

ln ρl = xl,w ln ρl,w + xl,eth ln ρl, eth − 30.808

(

xl,wxl, eth

Td

)

−18.274

[

xl,wxl,eth (xl,w − xl,eth)

Td

]

+ 13.89

[

xl,wxl, eth (xl,w − xl, eth )
2

Td

]

,

(2.9)

where xl,w and xl,eth are the mole fractions of water and ethanol in the droplet,

respectively; ρl,w and ρl,eth are their respective temperature-dependent liquid

densities in kg/m3 and Td is the droplet temperature in K. In the absence of

such empirical relations for the mixture of interest, one can use the following

relationship for the mixture density assuming ideal mixing:

1

ρl
=
∑ yl,i

ρl,i
, (2.10)

where, yl,i and ρl,i are the mass fraction and liquid density of the ith component

in the droplet, respectively.

As mentioned previously, the transport properties in the gas phase of the

droplet-gas interface were assumed to be radially constant. In this study, a

1/3 approximation was used [32, 43], according to which the intermediate
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temperature, T̄ , and intermediate mass fraction of the ith component in the

gas phase, ȳg,i, are

T̄ =
2

3
Td +

1

3
T∞ (2.11)

and

ȳg,i =
2

3
ys,g,i +

1

3
y∞,g,i , (2.12)

where ys,g,i and y∞,g,i are the mass fractions of the ith volatile component in the

gas phase, near the surface and far from the surface of the droplet, respectively.

This approximation becomes defective at very high drying gas temperatures,

as observed in spray combustion applications; but it is sufficiently accurate

for the mild temperatures encountered in pharmaceutical processes. These

intermediate conditions are updated at the start of each time-step based on

the droplet temperature of the last step.

2.3.2 Stefan-Fuchs Model

In the second model, the effects of the radial convection or Stefan Flow were

considered. The governing transport equations in the gas phase were the mass

transfer equations of the inert gas (e.g . air) and each of the volatile components

as well as the energy transfer equation [50, 62, 64].

The quasi-steady equations governing the species transfer around the droplet

for the inert gas and each component i were as follows:

d

dr

{

4πr2ninert

}

=
d

dr

{

4πr2
(

CinertU −Dinert,m · ρt
dyinert
dr

)}

= 0, (2.13)

d

dr

{

4πr2ni

}

=
d

dr

{

4πr2
(

CiU −Di,m · ρt
dyg,i
dr

)}

= 0, (2.14)

where ninert, Cinert, Dinert,m and yinert are the mass flux, mass concentration,

diffusion coefficient in the mixture at the intermediate conditions and mass

fraction of the inert gas, respectively. Similarly, ni, Cg,i, Di,m and yg,i are

the mass flux (i.e. transferred mass per time and cross sectional area), mass

concentration, diffusion coefficient in the gas mixture at the intermediate con-

ditions (obtained from Equations (2.11) and (2.12)) and mass fraction of each

volatile component i. U and ρt are the bulk radial velocity of the gas and
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total gas density, respectively, and r is the radial coordinate. The summation

of Equations (2.13) and (2.14) results in a relationship for the radial velocity,

U , assuming that the inert gas mass flux, ninert, is zero everywhere (due to the

negligible solubility of air in the droplet). To write an explicit expression for

the total evaporation rate from the droplet as a function of the radial velocity,

it is usual to assume that the diffusion coefficients of all the components, in-

cluding air, are equal. Note that the correct diffusion coefficient of each volatile

component is maintained during the derivation of individual evaporation rates

[64]. The radial velocity is then given by:

U = − ṁt

4πr2ρt
. (2.15)

Note that this equation is an approximation that is valid when the droplet

density is much higher than the gas phase density, which is a reasonable as-

sumption in this study. Combining Equations (2.13) and (2.15) and noting

again that the mass flux of the inert gas (i.e. air) is zero results in an ordinary

differential equation for the mass fraction of the inert gas whose solution, using

the appropriate boundary conditions, gives [62, 64]:

ṁt = −2πdρtDinert,m ln

(

y∞,inert

ys,inert

)

(2.16)

where y∞,inert and ys,inert are the inert gas mass fractions far away from the

droplet and near the surface, respectively. This relationship is the same as the

one obtained by Fuchs for a single component droplet [53]. The next step is

to find the contribution of each individual volatile component to the droplet

mass transfer by combining Equations (2.14) and (2.15) to result in a second

order differential equation for the mass fractions of each of these components,

the solution of which gives a relationship for yi(r) [64]. To find ṁi, note that:

ṁi = − πd2ni

∣

∣

r= d
2

= −πd2

(

CiU |r= d
2

− ρtDi,m
dyi
dr

∣

∣

∣

∣

r= d
2

)

. (2.17)

Combining Equation (2.17) with Equation (2.15) and the relationship ob-

tained for yi(r), gives

ṁi = −2πdρtDinert,m ln

(

y∞,inert

ys,inert

)

y∞,iβi − ys,i
βi − 1

= ṁt
y∞,iβi − ys,i

βi − 1
, (2.18)
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where y∞,i and ys,i are the vapor mass fractions of the ith component far away

from the droplet and near the surface, respectively, and

βi =

(

ys,inert
y∞,inert

)

Dinert,m

Di,m

.

A careful examination of Equation (2.18) reveals several important points.

First, if there is only one solvent, then Dinert,m/Di,m = 1 and this in turn will

result in ṁi/ṁt = 1 as expected. Second, if ṁt → 0 or y∞,inert/ys,inert → 1,

then ln (y∞,inert/ys,inert) ≈ (y∞,inert/ys,inert)− 1 and βi ≈ 1 + (Dinert,m/Di,m)

(ys,inert/y∞,inert − 1). If we define η = ys,inert/y∞,inert, then:

lim
η→1

ṁi = −2πdρtDinert,m lim
η→1







(

1

η
− 1

) y∞,i

[

1 +
Dinert,m

Di,m
(η − 1)

]

− ys,i

1 +
Dinert,m

Di,m
(η − 1)− 1







.

Noting

lim
η→1

1
η
− 1

η − 1
= lim

η→1

1−η
η

η − 1
= −1,

the following is obtained in the limiting case when ṁt is approximately equal

to zero:

ṁi = −2πdρtDinert,m (ys,i − y∞,i) .

In this limiting case, the radial convection or Stefan flow vanishes, which is

evident from Equation (2.15), and this equation is similar to Equation (2.3)

based on Maxwell’s solution. Note that individual components might have

non-zero contributions to the droplet evaporation or condensation, but the

total evaporation rate of the droplet can be zero when these contributions

cancel each other out.

Lastly, as also noted in [64], there is a problem of inconsistency with Equa-

tion (2.18), since
∑

ṁi is not equal to ṁt from Equation (2.16). This is due

to the previous assumption of equal mass diffusivities for different species in

deriving Equation (2.16). The error due to this inconsistency is relatively

small in most practical applications, as the vapor diffusivities of most species

of interest are comparable.
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The energy equation for the gas phase also contains the radial convective

term shown in the following differential equation:

d2T

dr2
+

(

2

r
+ αt

1

r2

)

dT

dr
= 0, (2.19)

where

αt =

∑

ṁicp,g,i
4πk̄

,

here cp,g,i is the specific heat of each vapor species. The solution of this equa-

tion with the boundary conditions at infinity, T∞, and near the droplet surface,

Td, gives:

T (r) =
1

e
2αt

d − 1

[(

T∞e
2αt

d − Td

)

− (T∞ − Td) e
αt

r

]

. (2.20)

The heat transfer to the droplet can be obtained from Equation (2.20) and

used in the equation of energy balance for the droplet to give:

dTd

dt
=

6

ρlcp,lπd3

[

4πk̄αt

e−
2αt

d − 1
(Td − T∞) +

∑

Liṁi

]

. (2.21)

2.3.3 Internal Solute Diffusion

The internal distribution of different solutes plays an important role in deter-

mining the dried particle morphology [32, 33]. As the droplets shrink during

drying, there is a tendency for the solutes to enrich the surface. The estab-

lished concentration gradient will cause the solute molecules to diffuse to the

center of the droplet, in accordance with Fick’s law of diffusion. Hence, the

amount of surface enrichment is a consequence of two competing effects, the

evaporation rate, κ, and the diffusion rate of each specific solute. The evapo-

ration rate is defined as:

κ = −dd2

dt
. (2.22)

A careful scale analysis of Fick’s second law of diffusion in an evaporating

droplet shows that the competition of these mechanisms can be characterised

by the Péclet number, Pej, defined as [14, 32]:

Pej =
κ

8Dj

, (2.23)
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in which Dj is the diffusion coefficient of the jth solute in the droplet. A very

large Péclet number, much larger than one, is consistent with a surface reces-

sion that is much faster than diffusion. This fact results in much larger surface

concentrations of the solute than the average concentration inside the droplet,

while the concentrations at other radial positions away from the surface are

relatively constant and smaller. At the other extreme, with Péclet numbers

less than one, the concentration is relatively uniform throughout the droplet.

Péclet numbers between these two extremes will result in smooth concentra-

tion profiles with a minimum at the center and a maximum at the surface

during evaporation. Note that these discussions are only valid under spher-

ical symmetry inside and around the droplet and in the absence of internal

convective transport.

For a solution droplet with only one solvent, both the evaporation rate and

the diffusion coefficients of different species can often be assumed constant

during the evaporation process, resulting in a constant Péclet number for each

solute. This assumption is good as long as the dependence of the diffusion

coefficient on the solute concentration can be neglected, i.e. at moderate to

low concentrations [71]. For this case, an analytical model, known as the VFL

model [32, 33], was previously developed to calculate the steady-state surface

enrichment of each solute from the Péclet number. Surface enrichment, Ej, is

defined as the instantaneous surface concentration of each solute, Cj(d/2, t),

divided by the instantaneous mean concentration of that solute, Cm,j(t). These

concentrations should not be confused with the vapor concentrations from

the previous sections. In general, for a constant Péclet number, the surface

enrichment undergoes a transient stage before converging to a constant value.

The VFL model gives this steady-state surface enrichment value as [32]:

Ej,steady =
Cj

(

d
2
, t
)

Cm,j(t)
= 1 +

Pej
5

+
Pe2j
100

−
Pe3j
4000

(2.24)

which is applicable for Pej < 20. The unsteady Fickian diffusion of solutes

inside a single solvent droplet with a constant evaporation rate was solved

in another study to account for the initial transient stages of the surface en-

richment, and different correlations for different Péclet number regimes were
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presented [33]. It was concluded that the initial transient stage is very short

compared to the total droplet lifetime at small Péclet numbers, less than ∼ 0.5.

At larger Péclet numbers, the surface enrichment converges to the steady value

only near the end of the droplet lifetime.

In the case of solutions with more than one volatile solvent, both the evap-

oration rate and the diffusion coefficients generally change with time, resulting

in a time-varying Péclet number. This fact requires the numerical solution of

the internal diffusion of each solute at each time-step to obtain the concentra-

tion profiles. The one-dimensional Fick’s law of diffusion inside an evaporating

droplet in the spherical coordinate system is [33]:

∂Cj

∂t
=

4Dj

d2

(

∂2Cj

∂R2
+

2

R

∂Cj

∂R

)

− κR

2d2
∂Cj

∂R
, (2.25)

where R = r/(d(t)/2) is the non-dimensional radial coordinate, d is the instan-

taneous diameter of the droplet and κ, the evaporation rate, is obtained from

one of the two different methodologies discussed in the previous subsections.

The appropriate initial and boundary conditions of this second order partial

differential equation are:







Cj = C0,j t = 0
∂Cj

∂R
= 0 R = 0

Dj
∂Cj

∂R
− κ

8
Cj = 0 R = 1

Dj is assumed to be constant in the radial direction in arriving at Equa-

tion (2.25). In the case of a single solvent, Dj can be approximated as the

diffusion coefficient at infinite dilution of each specific solute in the solvent

as the effects of increasing concentration on the diffusion coefficients are ne-

glected in the current study. The diffusion inside a droplet composed of more

than one solvent is more complicated, and in general the use of a binary dif-

fusion equation such as Equation (2.25) is not accurate. One could solve the

Maxwell-Stefan or generalized Fick’s equations to account for the interspecies

diffusion [72]. However, the solution of these equations requires knowledge of

every binary diffusion coefficient of every component, either solvent or solute,

in the other components to make up the diffusion coefficient matrix, which

makes the use of such diffusion equations impractical in most cases. Instead,
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it is assumed that each solute behaves as if it were at infinite dilution in a

single solvent, with the diffusion coefficient equal to a value dependent on the

binary diffusion coefficients of this specific solute in each of the solvents as

well as on the composition of the solvents. This simplification gives an exact

relationship for dilute ideal gas mixtures based on Maxwell-Stefan theory [73,

74] but introduces an error for dense gases and non-ideal liquids [72]. For the

water and ethanol binary system, the following relationship was shown to be

more accurate for the effective binary diffusion of solute j in the mixture, Dj

[75]:

Dj
√
ηm = xl,wDj,w

√
ηl,w + xl,ethDj,eth

√
ηl,eth, (2.26)

were ηm, ηl,w and ηl,eth are the liquid viscosity of the mixture, water, and

ethanol at the droplet temperature, respectively. Dj,w andDj,eth are the binary

diffusion coefficients of solute j in water and ethanol, respectively, which, if

unknown, can be calculated using the Stokes-Einstein equation [76].

In this study, after the calculation of droplet temperature, evaporation

rate and solvent compositions at the end of each time-step, Equation (2.25) is

solved numerically to give the radial concentration distribution of each solute

inside the droplet. These distribution profiles can then be used to find the

relevant particle formation thresholds, such as the time to reach saturation,

time to reach true density, etc [14].

2.4 Results and Discussions

2.4.1 Evaporation of Water/Ethanol Microdroplets

In order to study the accuracy and applicability of the two reviewed models,

namely the Maxwell and Stefan-Fuchs models, mixtures of water and ethanol

were considered due to their safety and their potential in the pharmaceutical

industry for the spray drying of inhalable microparticles. This mixture was

specifically difficult to study numerically and experimentally because of its as-

sociated highly non-ideal behavior. The evaporation CK-EDB measurements

of microdroplets of the pure solvents at two different temperatures and 0%

relative humidity are compared with the two different models in Figure 2.2.

24



These plots were normalized by the initial droplet diameter squared to per-

mit the comparison of different sized droplets in a single figure [49]. The

experiments conducted with the CK-EDB had uncertainties in temperature

and relative humidity of about ±1.5 °C and ±1%, respectively. The initial

droplet diameters ranged from 40 to 52 µm in these experiments and, in all

of the simulations in this study, the initial droplet temperature was equal to

20 °C, unless stated otherwise. In the experiments, the initial droplet diame-

ters were obtained from retrograde extrapolation of a number of consecutive

data points, as the diameter could only be measured using light scattering once

the droplets were trapped inside the balance, not immediately upon genera-

tion. Typically, five experiments were conducted for each case resulting in the

error bars in Figure 2.2, calculated from the standard deviation of the size at

each time point. These error bars do not account for the different uncertainties

of the experimental procedure such as those caused by the temperature and

relative humidity measurements. At these low ambient temperatures, the dif-

ferences between the Maxwell and Stefan-Fuchs models were negligible. There

was good agreement between both models and the experimental data, showing

that both models were suitable for single solvent systems at low temperatures.

The evaporation curves of a mixture of 0.3:0.7 w/w water/ethanol at three

different gas temperatures are compared in Figure 2.3. Good agreement was

observed between the experimental and numerical data including the changes

in the evaporation rates due to compositional variation of the droplets. There

were small differences between the measured and simulated droplet diame-

ters, which besides the experimental uncertainty, were likely due to the sim-

plifications in the numerical model such as the well-mixed and quasi-steady

assumptions, as well as the inaccuracies in the material properties and ac-

tivity coefficients. Specifically, the time at which ethanol was depleted from

the droplet, seen as the sharp change in the slope of the plots, was slightly

overpredicted in the model.

The evaporation histories for three different water and ethanol mixtures,

all at 20 °C gas temperature, are shown in Figure 2.4a. The point at which

the evaporation rate was suddenly reduced, due to the ethanol depletion inside
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Figure 2.2: Evaporation histories of water and ethanol microdroplets at dif-
ferent temperatures and 0% RH. Symbols: Experimental CK-EDB data, solid
lines: Stefan-Fuchs model, dashed lines: Maxwell model.

the droplet, was delayed by decreasing the water content to a point at which

the change in evaporation rate was no longer experimentally observed. At

this point, the numerically predicted evaporation rate displayed an increasing

trend as seen in the 0.2:0.8 w/w water/ethanol case. This phenomenon can

also be seen from the predicted evolution of the water mass fraction as shown

in Figure 2.4b, in which the droplet evolved into a water-rich composition for

the cases of lower ethanol content, while in the last case the opposite was

observed. These observations point to an intermediate composition at which

the mixture had a relatively constant fraction [49]. This important scenario

will be discussed in more detail later.

In actual spray drying applications, the drying temperatures are much

higher than those studied above. In order to confirm the validity of the model

and compare the Maxwell and Stefan-Fuchs models at elevated temperatures,

evaporation histories of some mixtures of water and ethanol at 200 °C are

compared to the numerical results of Lupo and Duwig [49] in Figure 2.5. The
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Figure 2.3: Evaporation histories of 0.3:0.7 w/w water/ethanol mixtures at
three different temperatures. Symbols: Experimental CK-EDB data, solid
lines: Stefan-Fuchs model, dashed lines: Maxwell model.

Stefan-Fuchs model showed close agreement with their results, even though

there were two major differences between the models. First, they modeled

the internal solvent and heat diffusion explicitly, while a well-mixed droplet

was assumed here. Second, they used an average value for the vapor diffusion

coefficient of different solvents, while we retained the diffusion coefficients of

each specific vapor in Equation (2.18). These differences are suspected to be

responsible for the small dissimilarities between their model and the Stefan-

Fuchs model, while as expected the Maxwell model deviates more significantly.

Even the Maxwell model overpredicted the evaporation rates by less than

20% at this high temperature, which in turn would overpredict the Péclet

number by the same value. This overprediction is likely an acceptable error

in qualitative particle formation studies, considering the presence of other

uncertainties. Hence, either model can be considered acceptable for most

particle engineering studies aimed at process design.
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(a)

(b)

Figure 2.4: (a) Evaporation histories of three different compositions of water
and ethanol at 20 °C, (b) their predicted water mass fraction histories.
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Figure 2.5: Evaporation histories of some water and ethanol mixtures using
both the Stefan-Fuchs and Maxwell models compared to another numerical
work at 200 °C [49].

2.4.2 Iso-Compositional Drying

It is well known in the distillation and boiling literature that the propor-

tions of certain compositions of liquid mixtures remain constant during boil-

ing. These specific compositions are called azeotropes of the mixture, whose

vapors maintain the exact same composition during boiling [77]. For example,

a water/ethanol mixture at 101 kPa with 95.57% water by mass will boil at

a constant temperature of 78.15 °C while maintaining this composition [78].

An evaporating multicomponent droplet might also show similar behavior at

a specific composition and ambient temperature, relative humidity, and pres-

sure, which conditions we shall collectively call the iso-compositional drying,

with the composition of the droplet constant for the majority of the droplet’s

lifetime. The evaporation rate, the Péclet number, droplet temperature, differ-

ent solute solubilities and all other temperature- and composition-dependent

properties of the droplet will also remain constant. These facts simplify the

particle formation study, as the system behaves as a single-solvent solution

and all the previous studies on the particle formation of such systems can be
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employed [32, 33]. It is worthwhile to note that this “iso-compositional” state

might or might not happen for different solvents, as it is strongly related to

the level of non-ideality of the components and their vapor pressures [79]. For

example, for ideal mixtures, no possible iso-compositional evaporation of the

droplet can be achieved at any temperature or composition as discussed in

more detail in [79]. For an evaporating droplet to be iso-compositional during

drying, the following relationship must hold:

ṁi

ṁt

= yl,i. (2.27)

In other words, the fractional evaporation rate of each species should be equal

to its mass fraction inside the droplet. Using Equations (2.18) and (2.27) and

relating the surface vapor mass fractions to the liquid mass fractions, one can

arrive at an implicit equation to solve for the specific iso-composition. How-

ever, the solution is complicated as the droplet temperature is unknown and

therefore requires an iterative procedure. Alternatively, for the specific case of

ethanol/water mixtures in this study, the initial droplet composition was var-

ied to identify a nearly constant water composition during the drying to arrive

at the iso-composition at the specific drying temperature and relative humid-

ity. For example, the iso-composition at a drying temperature of 20 °C and in

dry air was obtained using a plot similar to the one shown in Figure 2.6, which

shows the dependence of the instantaneous water mass fraction normalized by

the initial water fraction on the time normalized by the total drying time of

the droplet. The initial mass fraction around the suspected iso-compositional

point was varied by 0.1% to approximate this value accurate to ±0.1%. At

these conditions, the iso-compositional water mass fraction was estimated to

be about 23.7%. As seen from Figure 2.6, when the water content is less than

the iso-compositional value, the water will evaporate completely before the

ethanol, and there will be an increase in the ethanol content with time. The

reverse is observed for water contents higher than the iso-compositional value.

The same procedure was performed for other drying temperatures ranging

from 10 °C to 200 °C and at 0% RH, all with an initial droplet temperature

of 20 °C. The iso-compositional mass fractions and the wet-bulb temperatures
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for this temperature range are shown in Figure 2.7. It is observed that the iso-

composition was relatively constant and equal to 23.7% between 10 °C and 40

°C with a small decrease above this temperature range reaching a value equal

to 22.6% at 200 °C. This small variation of the iso-compositional fractions

with temperature simplifies the formulation design in an actual spray-dryer,

whose drying gas temperature gradients are generally large. The droplet tem-

perature or the wet-bulb temperature also increased steadily with a decreasing

slope when the drying gas temperature was increased. Even at a drying gas

temperature of 200 °C, a typical maximum temperature for the spray dry-

ing of pharmaceuticals, the droplet temperature was only about 34 °C due to

the evaporative cooling—well below the boiling temperature of the azeotrope

of water and ethanol at atmospheric pressure, which is about 78.15 °C. This

fact encouraged the use of the term “iso-compositional point” instead of the

“azeotropic point” in this study.

Figure 2.6: The composition variation of a water/ethanol droplet with dif-
ferent initial water mass fractions in dry air at 20 °C, used to find the iso-
compositional point.
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Figure 2.7: The iso-compositional water mass fractions of water/ethanol mix-
tures and the corresponding droplet temperatures at different drying temper-
atures in dry air.

The evaporation rates, κ, of the water/ethanol mixtures at the calculated

iso-compositions, accompanied by the evaporation rates of the pure solvents,

are shown in Figure 2.8. It was also observed that the evaporation rate at

the iso-compositional point was approximately equal to the molar weighted

average of the evaporation rates of pure water and ethanol at the respective

drying temperature.

Spray drying in iso-compositional conditions holds some advantages during

the formulation and process design of pharmaceutical aerosols, where predict-

ing the evaporation rates of the solution droplets is an important step [32, 33].

First, as mentioned before, temperature, composition and all the dependent

properties such as the solubility values of the solutes are constant, greatly

simplifying the calculations pertaining to particle design. Furthermore, some

of the hydrophobic corticosteroids such as beclometasone dipropionate (BDP)

and budesonide (BUD) have a maximum solubility close to this iso-composition

in water/ethanol mixtures as shown in Figure 2.9. For BDP the solubility at

the iso-composition is about 40% greater than that in pure ethanol, while for

BUD this increase is about 10%. Hence, for a given initial droplet size, a single

spray-dried particle of BUD or BDP at the iso-composition can contain 40%
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Figure 2.8: The evaporation rates, κ, of water/ethanol mixtures at the iso-
compositional point compared to those of pure components and the molar
weighted average.

Figure 2.9: Equilibrium solubility values of beclometasone dipropionate
(BDP), budesonide (BUD) and leucine in water/ethanol mixtures at 25 °C.
The BDP and BUD solubilities are predicted using the Jouyban-Acree model
[80], while the leucine solubility is from [37].

and 10% more mass of the actives, respectively, than a particle spray-dried in
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pure ethanol.

BUD and BDP are usually spray-dried from ethanol or ethanol/water mix-

tures because of the low solubility of these actives in water. Spray drying

of these drugs in the absence of any shell former will produce amorphous or

semi-amorphous particles with a smooth and rather cohesive surface [37, 81,

82]. The cohesive nature of the resulting particles reduces their manufacturing

and aerosolization efficiencies. To address this problem, different shell formers

can be employed, e.g . to increase the rugosity of the particles. A shell former

is an excipient that precipitates early during droplet evaporation and then

forms a shell around the internal actives and excipients. These shells are often

crystalline or rugose and can lower the cohesive forces between the particles.

Leucine is considered in this study as a shell former candidate which has been

used to make a shell around the actives in the center of the particles in order to

increase production yield, dispersibility, and long-term storage stability of the

final product [14, 31]. Unlike hydrophobic drugs, leucine has a higher solubility

in water and very small solubility in alcohols, as shown in Figure 2.9. Hence

the required fraction of the shell former should also be taken into consideration

during the design stage of the formulation and the co-solvent system. This is

specifically more important for leucine because it may produce different solid

phases at different solid fractions [31]. A completely crystalline leucine shell is

preferred, as small amounts of amorphous leucine in the presence of crystalline

leucine may affect the long-term stability of the product.

2.4.3 Particle Formation in Co-solvent Systems

The internal profiles of the dried particles play an important role in the re-

sulting properties of the product. As previously noted, the behavior of solutes

inside an evaporating droplet can be characterized by the Péclet number, which

is constant in a single solvent droplet (considering the composition-dependent

diffusion coefficient) but varies with time in a multi-solvent system. During

the drying process of a multi-solvent system, the evaporation rate and the

effective diffusion coefficients generally change with time, and thus the Péclet

number varies accordingly, as seen from Equation (2.23). Hence, as opposed
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to reaching the steady-state value characteristic of pure solvent cases, the sur-

face enrichment evolves in a way that cannot be predicted by the steady-state

model.

How much the change in evaporation rate, solvent composition and solute

solubility will affect particle formation depends on the type of the excipient: As

a first example, the internal solute diffusion of trehalose, a typical disaccharide

glass former used as a stabilizer for biologics, in different compositions of water

and ethanol at 80 °C was modelled and the predicted time dependence of the

Péclet number and surface enrichment, Es, are reported in Figure 2.10. The

Péclet numbers of trehalose in pure water and pure ethanol reached constant

values of 1.0 and 4.3, respectively. The initial change in evaporation rates and

thus the Péclet number was due to the equilibration of the droplet temperature,

as the initial droplet temperature was 20 °C in all of the simulated cases.

The surface enrichment of the single solvent cases reached the steady-state

values as predicted by the VFL model shown in Equation (2.24). The value

predicted by the VFL model was the final surface enrichment, reached after

a transient stage (discussed in more detail in [33]). Iso-compositional drying

was observed for droplets with a composition of 0.23:0.77 w/w water/ethanol

and, as expected, the system behaved like a single solvent, with a steady

Péclet number and surface enrichment converging to a steady value. In the

other cases, with 0.3:0.7 and 0.7:0.3 w/w water/ethanol, the Péclet number

started at intermediate values and eventually reached that of pure water. This

is expected as the mass fraction of water increased over time, a consequence

of initial water mass fractions that were higher than the iso-compositional

value. The Péclet number of the 0.3:0.7 w/w water/ethanol case and the

droplet composition were relatively constant throughout most of the drying

time, a consequence of an initial composition close to the iso-composition.

The surface enrichment for this case increased and reached the stable value of

1.9 with the initially constant Péclet number of 4.0, but then fell abruptly as

the ethanol content in the droplet was depleted and converged to the steady-

state surface enrichment of pure water. The surface enrichment of the 0.7:0.3

w/w water/ethanol case reached a maximum at about 20% of the droplet
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lifetime and then gradually decreased to reach the steady value of pure water.

Precipitation was not considered in these calculations; in reality, solid particles

might be formed well in advance of the predicted final drying times depending

on the initial amount of dissolved solids. This is especially true for shell

formers and crystallizing solutes which might crystallize or precipitate on the

surface, with a liquid phase remaining near the center of the particle. Indeed,

the process could be designed to create an iso-compositional-like state using

solvent compositions close to the actual iso-composition with precipitation

occurring before the abrupt change in composition as seen in the 0.3:0.7 w/w

water/ethanol case in Figure 2.10. Such a process would take advantage of

drying at constant evaporation rates.

Figure 2.10: Histories of Péclet number and surface enrichment of trehalose
at different compositions of water and ethanol drying at a gas temperature of
80 °C.
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In the specific example of trehalose, the solute enrichment at the particle

surface in ethanol was only double that of water; hence diffusion alone is un-

likely to cause severe morphological differences. It has been shown previously

that spray-dried particles from different co-solvent compositions can produce

particles of significantly different aerosol performance and morphologies [37,

83, 84]. In all of these previous studies, the solid component that contributed

to the change in morphology showed different crystallization behavior at dif-

ferent solvent compositions. For an excipient that rarely crystallizes during

spray drying and has relatively similar Péclet numbers in the solvents of in-

terest, such as trehalose, the change of solvent and solvent compositions does

not strongly alter the general particle morphology. This can be seen from

the Field Emission Scanning Electron Microscopy (FESEM) images shown in

Figure 2.11. These trehalose particles were collected using the monodisperse

droplet chain instrument for pure water and 0.30:0.70 w/w water/ethanol at

80 °C drying temperature. The initial feed concentration was 100 mg/mL in

pure water and 10 mg/mL in the co-solvent case, due to solubility limitation.

The internal structure of a single trehalose particle from the co-solvent case,

cut by a Focused Ion Beam (FIB) under a Helium Ion Microscope (HIM), is

also observed in the inset figure, which confirms a solid structure throughout

the radial direction, similar to that of spray-dried trehalose in pure water [32].

Based on these observations it can be concluded that the general particle mor-

phology of trehalose, which usually forms an amorphous solid during spray

drying, is similar between these two cases. Hence, previous experience with

aqueous systems can be employed for particle design of trehalose-containing

formulations in ethanol/water solvent systems.

On the other hand, if there is an excipient in the formulation that can

either crystallize during spray drying (with possibly different crystallization

kinetics in different solvents), or has significantly different Péclet numbers

in different solvents, or shows noticeably different surface activity behavior

in different solvents, then the particle morphology is expected to vary with

any change in composition of the co-solvent system. To illustrate this theory,

leucine particles were generated in the monodisperse droplet chain setup at
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Figure 2.11: Trehalose particles collected from the monodisperse droplet chain
instrument all at 80 °C. Top figure: 100 mg/mL in pure water, Bottom figure:
10 mg/mL in a mixture of water and ethanol and a sample HIM/FIB cut
particle in the inset figure. The scale bar applies to all three figures.

20 °C with an initial concentration of 0.5 mg/mL in different initial water

and ethanol compositions of 1.00:0.00, 0.75:0.25, 0.50:0.50 and 0.25:0.75 w/w

water/ethanol, noting that the last case is close to the iso-compositional point

of the co-solvent system. The FESEM micrographs of the collected particles

are shown in Figure 2.12. Significant changes in morphology are observed

with increasing initial ethanol content. First, the volume equivalent diameter

of the particles increased with increasing ethanol content. The lower solubility

of leucine and the higher Péclet number in ethanol compared to water initiates

shell formation at an earlier point in the evaporation process and at a larger
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diameter. Second, the general surface properties of the particles looked similar

for the first three cases, with an outer shell and a single dimple, but were

substantially different in the case with the highest amount of ethanol content

with particles exhibiting a porous structure throughout. A higher resolution

micrograph of one of the particles from the 0.25:0.75 w/w water/ethanol case

was obtained using Helium Ion Microscopy (HIM). The particle was cut using

a Focused Ion beam (FIB) to verify its porous internal structure. The results

are shown in Figure 2.13.

Figure 2.12: Monodisperse leucine particles collected from the droplet chain
instrument dried at 20 °C from a solution of 0.5 mg/mL of different water and
ethanol compositions.

Figure 2.13: HIM images of a leucine particle dried at 20 °C from a solution
of 0.5 mg/mL with 0.25:0.75 w/w water/ethanol initial co-solvent ratios. Left
panel: uncut particle, Right panel: cut particle.

In order to understand and explain these changes in morphology, the nu-
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merical model was used to predict the evaporation histories using the same

experimental conditions and for initial leucine concentrations of 0.5 and 1.5

mg/mL. As leucine can crystallize during spray drying [31], the available time

for crystallization after reaching saturation, tfinal−tsat, is an important param-

eter in determining the precipitation dynamics [32, 33], in which tfinal is the

total evaporation time of the droplet and tsat is the time at which the solute

reaches saturation. The dimensionless values of the available time for crystal-

lization after reaching saturation τc = 1− tsat/tfinal are shown in Figure 2.14a.

τc is seen to gradually increase with increasing initial ethanol content for both

concentrations, with a sharp increase at about 65% and 55% ethanol fractions

for the 0.5 mg/mL and 1.5 mg/mL cases, respectively. This increase in τc is

a consequence of the dependence of tsat on the solubility, which is smaller for

leucine in ethanol than in water. Also, τc is longer for the 1.5 mg/mL case

since a higher solid concentration means an earlier saturation and a longer

time available for crystallization to occur. The general increasing trend in τc

is responsible for the larger particle diameters with increasing ethanol content

observed from the experiments, since earlier crystallization means precipita-

tion in a larger droplet. The iso-compositional point of the co-solvent system is

close to 77% by mass of ethanol, and leucine solubility is much lower in ethanol

than in water, as seen in Figure 2.9. Hence, the abrupt increase of τc is due to

the occurrence of saturation in a pure water droplet before the abrupt change,

as opposed to saturation in a water and ethanol mixture after this point.

This can be seen from the mass fraction of ethanol left in the droplet at the

time of saturation, yethanol,sat, versus drying time, as shown in Figure 2.14b.

It is seen that at lower initial ethanol contents, leucine reaches saturation in

pure water as these conditions are well below the iso-compositional point, and

the droplet loses its ethanol fraction quickly as discussed earlier. At initial

ethanol fractions of about 60% and 50% for the 0.5 mg/mL and 1.5 mg/mL

cases, respectively, yethanol,sat starts to rise, pointing to possible change in the

crystallization kinetics as also indicated by the sharp increase in the τc plot.

Some sample particles of the respective cases are also shown in Figure 2.14b to

compare the change in the morphology of the leucine particles to yethanol,sat. It
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is seen that when leucine reaches saturation while a small fraction of ethanol is

present, the overall morphology of the particles is similar, but saturation dur-

ing the presence of significant amounts of ethanol causes clear morphological

differences. This variance can explain previously published observations that

increasing the initial ethanol content above a certain limit increased the dis-

persibility and process yield of spray-dried budesonide particles with leucine

as a shell former [37].

2.5 Conclusion

Spray drying of inhalable pharmaceuticals from co-solvent systems is more

complex than it is for pure solvents because of temporal and droplet-size de-

pendent variations in the evaporation rate, solubility, and crystallization ki-

netics. In such systems, the morphology of the particles – and consequently

the performance of the dosage form – is sensitive to co-solvent ratio and other

formulation and process parameters. This additional complexity heightens the

need for numerical modeling during product development, e.g . when choosing

initial processing conditions or during scale-up. Here, both the Maxwell and

the Stefan-Fuchs models were used to study the evaporation kinetics of multi-

solvent droplets in conjunction with appropriate methods of solving inter-

nal diffusion equations for particle formation applications. The Stefan-Fuchs

model is most accurate at higher temperatures but is more complex and re-

quires knowledge of more transport properties, while the Maxwell model can

accurately be used at low temperatures with minimal complexity.

Exploring a variety of water/ethanol systems with different actives and

excipients (trehalose, leucine), we find that co-solvent droplets can exhibit

azeotropic-like behavior during evaporation at specific compositions, which we

refer to as iso-compositional. We also find that the iso-compositional point in a

water ethanol co-solvent system is a weak function of the drying temperature

at drying conditions typical for spray drying. For a water/ethanol droplet,

the evaporation rate at the iso-compositional point can be obtained from the

molar weighted average of the evaporation rates of the pure components at
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(a)

(b)

Figure 2.14: Numerical results for different concentrations of leucine drying at
20 °C in a range of initial water and ethanol compositions. (a) Dimensionless
available time for crystallization, τc, (b) amount of ethanol left at saturation,
yethanol,sat accompanied by samples of collected leucine particles with initial
concentration of 0.5 mg/mL.
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any specified drying temperature. At the iso-compositional point the particle

formation resembles that of a pure solvent case, and simple analytical particle

formation models such as the VFL model can be used. The effect of relative

humidity on the existence or composition of the iso-compositional state has not

been analyzed and will be considered in later studies as even small amounts

of ambient humidity can alter the vapor-liquid-equilibrium of the system.

Finally, we find that for non-crystallizing excipients for which particle for-

mation is mostly diffusion controlled and the Péclet number is relatively similar

in different co-solvent systems (e.g . trehalose), the morphologies of the dried

particles are likely similar to those formed using water alone. This similar-

ity allows experience from aqueous systems to be transferred to co-solvent

systems for these excipients. In contrast, the presence of crystallizing compo-

nents with large solubility differences in different co-solvent compositions (e.g .

leucine) will likely exhibit noticeably different particle morphologies. A de-

tailed knowledge of crystallization kinetics and solubility data is then required

for such systems in order to explain and understand the source of these differ-

ences. This methodology can then be applied to practical systems of interest

containing multiple active pharmaceutical ingredients and excipients.
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Chapter 3

On the Particle Formation of
Leucine in Spray Drying of
Inhalable Microparticles

The particle formation of L-leucine, a dispersibility-enhancing amino acid used

in the spray drying of inhalable pharmaceutical aerosols, was extensively stud-

ied using three experimental methods, and the results were interpreted with

the aid of theory. A comparative-kinetics electrodynamic balance was used to

study the shell formation behavior in single evaporating microdroplets contain-

ing leucine and trehalose. Different concentration thresholds of solidification

and shell formation were determined for trehalose and leucine, which were then

used in the particle formation model to predict the properties of spray-dried

particles. Furthermore, a droplet chain instrument was used to study the par-

ticle morphologies and particle densities that were not accessible in the single

particle experiments. Lab-scale spray drying was also used to produce powders

typical for actual pharmaceutical applications. Raman spectroscopy confirmed

that a glass former, such as trehalose, can inhibit the crystallization of leucine.

The surface compositions of these spray-dried powders were analyzed via time-

of-flight secondary ion mass spectrometry. The leucine surface coverage in a

polydisperse powder was determined to be a function of the particle size or the

initial droplet diameter of each respective particle. This observation confirms

the important role of leucine crystallization kinetics in its shell-forming capa-

bilities. A critical supersaturation ratio of 3.5 was also calculated for leucine,
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at which it is assumed to instantaneously nucleate out of solution. This ratio

was used as the threshold for the initiation of crystallization. Crystallinity

predictions for the leucine-trehalose particles based on this supersaturation

ratio were in good agreement with the solid-state characterizations obtained

by Raman spectroscopy. This study improves the fundamental understand-

ing of the particle formation process of leucine-containing formulations, which

can apply to other crystallizing systems and potentially facilitate the rational

design of such formulations with reduced experimental effort.

3.1 Introduction

Spray drying is a scalable industrial process that evaporates an atomized spray

of a solution, a suspension or an emulsion into a solid powder with a well-

controlled size distribution. In the pharmaceutical industry, spray drying has

been used extensively in manufacturing solid dosage forms intended for pul-

monary delivery. An aerosol needs to have specific aerodynamic properties for

successful delivery to the intended areas of the lungs. Larger particles tend to

deposit in the delivery device or the mouth-throat region due to inertial im-

paction, while very small particles might be exhaled [1]. For efficient delivery

to the lungs, particles need to have aerodynamic diameters between approx-

imately 1 and 5 µm [10]. Therefore, particle deaggregation is an important

stage in the passive or active delivery of dry powder to the lungs, because an

agglomerate behaves aerodynamically much like larger particles and might not

reach the targeted pulmonary site [85, 86]. To assist with the aerosolization of

the particles, dispersibility-enhancing agents have been used in spray drying of

inhalable pharmaceutical aerosols. These materials operate in part by decreas-

ing the surface energy and increasing the surface rugosity and roughness of the

particles and hence decreasing inter-particle cohesion. It has been shown that

increasing particle roughness reduces the cohesive forces between particles due

to reduction in their effective contact area [87, 88]; while a reduction in surface

energy directly reduces the cohesive forces [29].

L-leucine, an essential amino acid, has been widely used and studied as a
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dispersibility enhancer of spray-dried inhalable microparticles [30, 37, 89, 90].

Leucine is a moderately surface-active material, compared to the stronger dis-

persibility enhancer trileucine [29, 88, 91], and has relatively low aqueous solu-

bility, 22 mg/mL at room temperature [30]. These characteristics result in ru-

gose spray-dried particles with low surface energies, which contribute to lower

interparticle cohesion and thereby good aerosol performance [28]. Besides the

dispersibility enhancement, it has been shown that a crystalline leucine barrier

can also reduce moisture uptake and enhance aerosol performance in humid

conditions [30, 92]. These desirable effects are direct consequences of the sur-

face morphology and surface composition of the particles containing leucine

[30, 89], which can to some extent be predicted from surface rheology prop-

erties [93] and particle formation models [14]. Based on these observations,

the utilization of leucine as an excipient in spray drying inhalable particles is

beneficial for different respirable dosage forms, such as colloidal suspensions

in pressurized metered-dose inhalers [94] and in dry powder inhalers [89].

The fundamental understanding of the particle formation of leucine-containing

formulations facilitates the rational design of such powders with minimal ex-

perimental effort. Available particle formation models can approximate the

relative radial distribution of each component in an evaporating droplet and

predict the general morphology of the resulting spray-dried particles in single-

solvent [32, 33] and multi-solvent formulations [95]. The approximation is rela-

tively straightforward for non-surface-active materials and those which do not

crystallize during spray drying, such as most polysaccharides and polymers.

However, leucine can crystallize during spray drying [31], which complicates

the prediction of the final particle morphology and the surface composition

of multi-component systems. This is because, upon nucleation and crystal

growth, modelling of the distribution of different components inside the droplet

becomes difficult due to rapid changes in their diffusion coefficients and be-

cause nucleation and crystal growth kinetics are not captured in the available

models.

To predict the onset of phase separation, precipitation or shell formation,

particle formation models compare the maximum concentration of each com-
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ponent inside the droplet, which is generally reached on the surface of an evap-

orating droplet, to some predetermined value [33]. For a crystalline material,

the solubility value is often considered as this limit, after which crystalliza-

tion can commence; while for an amorphous component, the concentration at

which precipitation occurs is compared to the true density of the material.

For multicomponent amorphous systems, the total concentration of the amor-

phous material can be compared to the true density of the amorphous mixture

[96]. Nevertheless, the solidification does not happen exactly upon reaching

these limits [14]. For each specific system, further experimental observations

are required to explain the particle formation process. For example, for a

crystallizing component, such as leucine, a critical supersaturation is required

for nucleation, which is a function of different chemical properties of the par-

ticipating molecules and the process parameters [97]. Even if a value for a

critical supersaturation can be determined theoretically, the modeling of the

ensuing phenomena such as the rate of nucleation, crystal growth, and the

subsequent surface enrichment of these crystallites is complicated by the fact

that they likely occur in highly supersaturated solutions due to the fast evapo-

ration of microdroplets in spray dryers [60]. Hence, experimental investigation

is essential to better understand the particle formation in such systems.

Different experimental techniques have been used to study the drying ki-

netics of droplets containing solidifying or crystallizing components. For ex-

ample, the drying behavior of single droplets, usually in the millimeter range,

suspended from thin filaments has been studied [98]. In this method, the

droplet is placed in a controlled environment with specified temperature and

relative humidity. The drying kinetics can be accurately measured via either

an imaging technique or attachment of the thin filament to a microbalance.

The intrusive presence of the filament has been reported to affect the heat and

mass transfer between the environment and the droplet [98, 99]. In another

class of techniques used in such studies, single droplets have been successfully

levitated using acoustic forces [100, 101], drag forces induced by an air stream

[102, 103], the Leidenfrost effect [104], and electrodynamic forces [105–107]. In

these methods, the environment conditions can be controlled easily, and the
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instantaneous size of the droplets can be measured accurately, as the single

droplets are usually held in place in a stable condition. The main disadvantage

of these methods is that the dried particle cannot be collected for any subse-

quent analysis. A chain of falling monodisperse droplets has also been used to

mimic the actual spray drying conditions to some extent [32, 59, 60, 87, 95]. In

this method, usually called “the monodisperse droplet chain technique”, the

final dried particles were collected to study their morphology using electron

microscopy. However, the small quantity of collected particles was not enough

to allow other measurements such as Raman spectroscopy, which requires mil-

ligrams of powder. Also, the inherent instability of the droplet chain can make

accurate measurement of the droplet size difficult, particularly in micrometer-

size ranges. Although these experimental tools are promising for the study of

the drying kinetics of droplets and provide insights into the particle forma-

tion processes, none of them represents actual spray drying conditions such

as polydispersity of the powder and the temperature and relative humidity

variations in the spray plume. Also, previous methodologies do not provide

enough powder for a broad range of characterization techniques. Consequently

and not surprisingly, actual spray drying on laboratory-scale dryers is still a

popular method used in studying the particle formation of inhalable pharma-

ceutical aerosols [89, 92, 108]. The downside of lab-scale spray drying is that

the drying kinetics and the exact initial droplet size distributions cannot be

measured directly, and the drying conditions for the droplets are much less

controlled.

In this study a theoretical model was compared to results from three exper-

imental techniques: a single-particle electrodynamic balance, a droplet chain

instrument, and a lab-scale spray dryer, in order to overcome their individual

limitations. The particle formation of leucine was studied in combination with

a disaccharide, trehalose. Trehalose was chosen as a model excipient for a glass

stabilizer of biologics and other active pharmaceutical ingredients [28, 31, 96].
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3.2 Materials and Methods

3.2.1 Materials

Different solutions of L-leucine (Cat. No. BP385-100, Fisher Scientific, Ot-

tawa, ON, Canada) with D-(+)-trehalose dihydrate (Cat. No. BP2687-1,

Fisher Scientific, Ottawa, ON, Canada) were prepared using HPLC-grade wa-

ter (Cat. No. W5-4, Fisher Scientific, Ottawa, ON, Canada). The total excip-

ient concentrations were varied in the range of 5 to 50 mg/mL with different

mass fractions of trehalose and leucine.

3.2.2 Experimental Investigation of Particle Formation

Three different experimental techniques were used for this study. A single-

particle analysis was performed using a Comparative-Kinetics Electrodynamic

Balance (CK-EDB); in which single aerosol droplets were levitated in a con-

trolled environment to measure their size and to infer their general morphology

using scattered light [105, 109]. Using this method, the exact time and diam-

eter at solidification can be determined accurately, enabling the estimation of

the critical point for shell formation for each formulation. To study the mor-

phology of the resulting microparticles using electron microscopy and to find

the particle densities, a monodisperse droplet chain instrument was used to

collect dried particles. The initial droplet diameters in both of these instru-

ments (EDB: ∼50 µm, droplet chain: ∼40 µm) were larger than the typical

sizes encountered in actual pharmaceutical spray dryers of about 10 µm. To

generalize the results to practical applications and to produce enough pow-

der for different characterization methods, a laboratory-scale spray dryer was

used to produce bulk powders in the respirable range (1-5 µm aerodynamic

diameter).

Comparative-Kinetics Electrodynamic Balance (CK-EDB)

The drying and solidification of single aerosol droplets in the form of aqueous

solutions of the excipients were studied using a CK-EDB [58]. A single droplet

(∼50 µm diameter) was generated using a droplet-on-demand dispenser (MJ-

49



ABP-01, MicroFab Technologies, Plano, Texas, USA) and charged by ion im-

balance using DC voltage applied to an induction electrode positioned close to

the tip of the dispenser. The droplet was then trapped inside a temperature-

and RH-controlled environment at the center of the electrodynamic field, gen-

erated by applying an AC potential difference to two sets of concentric cylin-

drical electrodes mounted vertically opposite one another. An additional DC

voltage was applied to the lower electrodes to counteract the gravitational force

on the droplet. This electrodynamic field was dynamically manipulated to ac-

count for the changes in droplet mass. Upon confinement of the droplet in the

trap, a 532 nm CW laser illuminated the particle. The interference between

the reflected and refracted light produced an elastically scattered pattern also

known as the phase function. The phase function was captured every ∼10

ms using a CCD sensor at a forward-scattering angle of 45° over an angular

range of about 24°. The collected phase functions were then compared to Mie

theory calculations to determine the size of the droplet at each time-point

with an accuracy of ±100 nm [105]. The approximate morphology of the

droplet during drying was also determined using a novel method based on the

irregularities observed in the phase function [109]. The different morphologies

detected are homogeneous and spherical, spherical with inclusions, core-shell

with high radial concentration gradients, and non-spherical or inhomogeneous.

The instance of shell formation or solidification was determined for each case

using these measured qualitative morphology data as well as deviations from

constant-rate evaporation. Further details and technical information pertain-

ing to this instrument can be found in previous publications [40, 105, 109].

The formulations studied using the EDB instrument are presented in Ta-

ble 3.1. For each case, two to five droplets were studied at a chamber tem-

perature of 20 °C and relative humidity of ∼0% or ∼35%. This temperature

was chosen based on the instrument limitations and also to allow accurate

determination of the particle solidification behavior at higher temporal resolu-

tions. The higher relative humidity was used to increase the relative temporal

resolution of the EDB measurements in order to measure the onset of shell for-

mation more accurately. The high total feed concentrations were chosen such
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Table 3.1: The composition of the samples studied using the electrodynamic
balance, accompanied by their feed concentrations, measured average initial
droplet diameters and the relative humidities studied for each case. The drying
temperature was set to 20 °C for all cases. The uncertainties of the initial
droplet diameters are the standard deviation of multiple droplets studied for
each case.

Sample
Name

Total Solids
Content
(mg/mL)

Trehalose
Mass

Fraction (%)

Leucine
Mass

Fraction
(%)

RH (%) d0 (µm)

EDB5L100 5 0 100 0,35 53.0±1.6

EDB10L100 10 0 100 0,35 53.4±0.2

EDB20L100 20 0 100 0,34 53.0±0.2

EDB10T20L80 10 20 80 37 55.8±0.4

EDB10T50L50 10 50 50 37 53.4±0.1

EDB10T70L30 10 70 30 39 50.1±0.2

EDB10T80L20 10 80 20 34 52.8±0.0

EDB10T90L10 10 90 10 34 53.5±0.0

EDB10T100 10 100 0 38 53.4±0.2

EDB5T100 5 100 0 35 53.6±0.2

that the shell formation would happen at large enough diameters to be accu-

rately measured in the balance. The leucine concentrations were also chosen

in such a way to cover a range of low saturation to high saturation.

Monodisperse Droplet Chain Instrument

A custom-made droplet chain instrument was used to produce and collect

monodisperse particles for electron microscopy purposes [59, 60, 95]. In this

setup, a droplet-on-demand piezoceramic dispenser with an orifice diameter

of 40 µm (MJ-AL-HT-40-8MX, MicroFab Technologies, Plano, Texas, USA)

horizontally injected droplets into a vertical glass tube with a frequency of 60

Hz. Dry air, at room temperature, passed through the flow tube from above

with a flow rate of approximately 10-15 L/min. Dried particles were then col-

lected at the bottom of the flow tube on a SEM sample stub with a hole drilled

through it, onto which a membrane filter with a pore size of 0.8 µm (Isopore

Polycarbonate, Millipore, Darmstadt, Germany) was attached with the help

of a punched double-sided carbon tape. The other end of the SEM stub was

connected to a vacuum line with a monitored flow rate of about 10-15 L/min.
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Table 3.2: The composition of the samples studied using the droplet chain
instrument, accompanied by their feed concentrations and measured average
initial droplet diameters. The drying temperature was set to 20 °C for all cases.
The uncertainties of the initial droplet diameters are the standard deviation
of hundreds of droplets per case.

Sample
Name

Total Solids
Content
(mg/mL)

Trehalose Mass
Fraction (%)

Leucine Mass
Fraction (%)

d0 (µm)

MDC5L100 5 0 100 39.8±0.1

MDC10L100 10 0 100 36.2±0.1

MDC20L100 20 0 100 35.8±0.4

MDC10T50L50 10 50 50 37.2±0.2

MDC10T80L20 10 80 20 37.1±0.3

MDC10T90L10 10 90 10 37.7±0.3

MDC10T100 10 100 0 42.4±0.1

The flow rate of the dry air passing through the flow tube was slightly larger

than the vacuum-line flow rate in order to maximize the collection efficiency

of the particles and reduce contamination from the surrounding environment.

A lens and digital camera system was used to measure the initial diameters of

the generated droplets.

The formulations studied with this instrument are shown in Table 3.2. The

formulations were chosen to be similar to some of the formulations studied

using the CK-EDB instrument. The average initial droplet diameters were

obtained using the image processing tool of MATLAB [110] from two sets

of images, one hundred per set, taken at the start and near the end of each

experimental run to factor in any changes in droplet diameter throughout the

duration of the particle collection, which was about 3 hours.

Lab-scale Spray Drying

In order to produce enough powder for further characterization and also to

assess the applicability of the conclusions obtained from the previous experi-

ments in a manufacturing environment, a lab-scale spray dryer (B-191, Büchi

Labortechnik AG, Flawil, Switzerland) was used in conjunction with a cus-

tomized twin-fluid atomizer [96]. A thermodynamic process model developed

for this specific spray dryer was used to select process conditions so as to have
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Table 3.3: The compositions, feed concentrations and approximate median
initial droplet diameters of the spray-dried formulations. Inlet temperature
was 75 °C for all cases.

Sample
Name

Total Solids
Content
(mg/mL)

Trehalose
Mass Fraction

(%)

Leucine Mass
Fraction (%)

d0,50 (µm)

SD50T60L40 50 60 40 ∼8

SD50T80L20 50 80 20 ∼8

SD50T90L10 50 90 10 ∼8

SD50T100 50 100 0 ∼8

appropriate outlet temperature and humidity, as explained elsewhere [15]. For

all of the spray-dried formulations, the inlet temperature was set to 75 °C,

the liquid feed flow rate was set to 2.5 mL/min, drying gas flow rate was

540 L/min, and atomizer air-to-liquid ratio was 10. Based on the process

model, these parameters resulted in an outlet temperature of about 48 °C and

predicted outlet relative humidity of about 7%. The measured outlet temper-

atures were between 48.6 and 49.2 °C. Based on the chosen air-to-liquid ratio

and available characterization curve of the atomizer [111], the initial mass me-

dian diameter of the atomized droplets was approximately 8 µm. The collected

powders were stored in a dry box (RH ∼0%) at room temperature (20 °C).

The initial compositions of the spray-dried formulation are shown in Ta-

ble 3.3. The formulations were chosen so that most of the resulting particles

would be in the respirable regime. The leucine contents were also chosen

to cover the probable transition from partially amorphous to fully crystalline

state.

3.2.3 Characterization Techniques

Scanning Electron Microscopy

The micrographs presented in this article were obtained using a field emission

scanning electron microscope (Sigma FESEM, Zeiss, Jena, Germany) with an

accelerating voltage of 5 kV and working distances ranging from 5 to 10 mm.

The sizes of the particles obtained from the monodisperse droplet chain

instrument were measured from the SEM images at 1000x using ImageJ soft-
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ware [112]. The projected area of about 40 particles per sample was measured

manually to find the average projected area diameter of the particles. The pro-

jected area diameter represents the volume equivalent diameter of the particles

only if the particles are completely spherical. As will be seen later, for some

of the studied cases the particles were not completely spherical. Nevertheless,

the projected area diameter was used as an estimate of the particle sizes for

each sample.

Raman Spectroscopy

Spray-dried powders were measured with a custom-designed dispersive Raman

spectrometer [113] to determine the solid phase of each component. Powder

samples were first loaded into a 0.2 µL cavity of an aluminum sample holder

and kept under dry condition with less than 3% relative humidity during spec-

tra acquisition. A 671 nm diode laser (Ventus 671, Laser Quantum, UK) with

a maximum output power of 500 mW was used as the light source for Ra-

man signal excitation. Raw trehalose and L-leucine were measured directly as

received to obtain their respective crystalline Raman reference spectra. Spray-

dried pure trehalose was measured to be amorphous and used as the reference

spectrum [31]. Because an amorphous leucine powder reference could not be

produced, the reference spectrum of amorphous leucine was approximated by

measuring its saturated aqueous solution and then subtracting the spectrum

of water. Characteristic peaks of the reference spectra for each component

were used to determine the solid phase of each component. A full multivari-

ate deconvolution process, which has been explained in detail elsewhere [113],

was used to quantitatively determine the solid phase of each component in

multi-component systems. Briefly, spectral contributions of each component

were subtracted from the raw spectrum of the mixture until their respective

characteristic peaks were eliminated and a close-to-flat residual spectrum was

obtained. The spectral intensities of each component were then correlated to

their corresponding mass fractions using a calibration factor obtained by mea-

suring a spray-dried powder with known mass fraction of amorphous leucine

and using trehalose as the internal reference.
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Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS)

The surface composition of the spray-dried powders was measured with an

average depth of 3-5 nm [114] using a TOF-SIMS instrument (TOF.SIMS5,

ION-TOF GmbH, Münster, Germany) with Bi+3 ion source operating at 30

keV energy. Measurements were done on a raster size of 200 µm × 200 µm

with a frame size of 1024×1024 pixels and five pulses per pixel. These frames

were then binned 2×2 for data processing, giving 512×512 pixels. The spec-

trum of each raw material was also measured as a reference spectrum. The

composition of each pixel was obtained from fitting the spectrum at that pixel

to a linear combination of reference spectra obtained by a non-negativity con-

strained alternating least squares method. Further details on the processing

of the SIMS spectra can be found in another publication by the authors [115].

To represent the average surface compositions, for each sample, a single

512×512 pixel 8-bit RGB image was then obtained from the spectra matrices,

with the red channel reserved for leucine, the blue channel reserved for tre-

halose and the green channel not used. Image analysis was performed using

MATLAB to obtain the average surface composition of each material for the

whole frame and the surface compositions of different size fractions of particles,

i.e. small (less than 1 µm diameter), medium (between 1 and 3 µm diameter),

and large (greater than 3 µm diameter). The color intensity (0-255 for 8-bit

channels) of each pixel was read and used to find the surface compositions. If

the total intensity of a pixel was less than 1, that pixel was not used in the

statistical calculations further on, in order not to account for pixels that were

not part of any particle. The average of all the acceptable pixels of each im-

age was then used to find the average surface coverage of each component for

the whole frame and for each of the size ranges. Grouping of particles based

on their sizes was performed as follows. Around 30 particles per size-bin per

sample were randomly selected from each frame and manually moved onto an

empty black frame using imageJ software. These mostly black images were

then used to find the surface composition of each size range. The molar-based

surface compositions were in turn converted into mass fractions to compare
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with the bulk fractions of the formulations studied.

3.2.4 Particle Formation Theory

A preliminary understanding of the different phenomena occurring during

droplet evaporation and the eventual solids formation and crystallization, re-

quires some knowledge of the basics of particle formation theory. Predictions

based on such theory can help a formulator in early design stages. The most

straightforward relationship used to predict the final particle sizes during spray

drying is based on a simple mass balance as [14]

dp = 3

√

C0,t

ρp
d0, (3.1)

in which, dp is the volume equivalent particle diameter, C0,t is the initial to-

tal solids concentration, ρp is the particle density and d0 is the initial droplet

diameter. The use of Equation (3.1) requires the particle density to be known

in advance, which is typically not the case for rugose and hollow particles.

Particle density is defined as the total mass of the dried particle divided by

the particle volume including the internal and external voids. For solid and

spherical particles, such as spray-dried trehalose, the particle density can be

assumed to be equal to the material’s true density, e.g . 1530 mg/mL for amor-

phous trehalose [32]. If the particle density is not known, a value of 1000

mg/mL can be considered as a rough approximation. Based on the inverse

cube root relationship, the effect of particle density on the particle diameter

is relatively small.

There is a linear correspondence between the particle and initial droplet

diameters, which makes the particle diameter more sensitive to the atomized

droplet size distribution. For polydisperse spray drying applications, the mass

median diameter (MMD) of the atomized droplets is usually used as d0 in

Equation (3.1) to give the mass median diameter of the spray-dried powder.

The presence of dispersibility enhancers such as leucine and trileucine in

the formulation results in the production of rugose and thin-shelled particles,

for which, as will be seen later, particle densities of as low as 300 mg/mL can
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be achieved. In these cases, a more advanced understanding of the internal

distribution, precipitation, and phase separation behavior of each component

is required for successful particle design.

In an evaporating solution droplet, the recession of the liquid/air interface

causes surface enrichment by the solutes. This means that the concentration of

the solutes on the surface will be higher than at the center of the droplet. This

induced concentration gradient causes a radial diffusion flux of each species

from the surface towards the center [32, 33]. The larger or less mobile the

solute molecules are, the smaller their diffusional flux will be, which means

a higher level of surface enrichment. For example, a polymer with a large

molecular size causes early shell formation during drying [96]. The magnitude

of surface enrichment during droplet evaporation can be calculated by solving

the mass transfer equation inside the droplet [32, 33, 95]. The surface en-

richment is defined mathematically as the instantaneous surface concentration

of each solute normalized by the mean concentration of that solute inside the

droplet. This normalized parameter has an asymptotic behavior and over time

approaches a value called the steady-state surface enrichment, Es,i. For small

molecules, this steady-state value can be obtained from what is known as the

VFL method [32]:

Es,i =
Cs,i

Cm,i

≈ 1 +
Pei
5

+
Pe2i
100

− Pe3i
4000

Pei =
κ

8Di

< 20, (3.2)

where Cs,i and Cm,i are the instantaneous surface and mean concentrations,

respectively and Pei is the Péclet number of the ith component. Here, κ is

the evaporation rate of the droplet (defined later) and Di is the mass diffusion

coefficient of the respective component. The Péclet number compares the

timescales associated with surface recession and diffusion. A very large Péclet

number (Pe > 20) means the solute does not have enough time to diffuse

inwards due to the rapid recession of the droplet surface. This phenomenon

results in a very high surface enrichment and large concentration gradients

near the surface, but relatively constant concentrations elsewhere. At these

high Péclet numbers, the steady state surface enrichment is only reached at

the very end of the droplet evaporation time. At moderate Péclet numbers
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(0.5 < Pe < 20), the intensities of diffusion and surface recession are relatively

equal, and there will be a smooth concentration profile with a maximum at

the surface and a minimum at the droplet center. For low Péclet numbers

(Pe < 0.5) the evaporation rate is much smaller than the diffusion of the

solute such that the internal concentration will be approximately equal to

the mean concentration at each time throughout the droplet. In this case,

the steady state surface enrichment is approached quite early, and it can be

assumed that the surface enrichment is equal to the steady state value obtained

from Equation (3.2). The evaporation rate is defined as

κ = −dd2

dt
, (3.3)

in which d is the instantaneous diameter of the droplet. The evaporation rate

is constant for a large proportion of the droplet drying time for single-solvent

formulations and can be obtained from the solution of the coupled heat and

vapor mass transfer equations around a spherical droplet [95, 105]. Using a

numerical model [95], the evaporation rates of water droplets at different dry-

ing temperatures and four different relative humidities were calculated and are

shown in Figure 3.1. The evaporation rates at higher relative humidity values

are presented as a reference for comparison, because in actual spray dryers the

humidity can be high in the vicinity of the spray plume due to high spray rates

and low temperatures due to evaporative cooling. It is worthwhile to note that

at higher relative humidity values, droplets begin to boil at lower drying tem-

peratures, at which the evaporating droplet temperature approaches 100 °C,

represented by the gray dashed line and arrow in this figure, after which no

increase in evaporation rate is possible.

Using a simple mass balance between the initial droplet state and any time

during the drying period, the mean concentration of any solute in solution

form can be obtained from [14]:

Cm,i(t) = C0,i

(

1− t

td

)

−
2

3

, (3.4)

in which C0,i is the initial feed concentration of the solute and td is the droplet

lifetime. Equation (3.4) can be obtained by assuming a constant evaporation
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Figure 3.1: Water droplet evaporation rates, κ, at different drying tempera-
tures and relative humidities.

rate and integrating Equation (3.3) to give d2(t) = d20 − κt, and then using

this result for the diameter in the mass balance equation. The droplet lifetime

can be obtained similarly by setting the diameter equal to zero, which gives

td =
d20
κ
. (3.5)

In a simple particle formation model, for a crystallizing component such

as leucine, the time at which saturation is reached (e.g . Cs,leu = Csol,leu =

22 mg/mL) is usually considered as a first instance at which nucleation can

commence. By using Equation (3.4) and the definition of surface enrichment,

it is possible to obtain the time needed by any component to reach saturation

from

tsat,i = td

[

1− (S0,iEs,i)
2

3

]

, (3.6)

where S0,i is the initial concentration of the solute normalized by its solubility,

i.e. the initial saturation ratio of the solute. Note that it is assumed that the

surface enrichment is approximately equal to the steady state surface enrich-

ment, Es,i, during much of the droplet lifetime, which is true for small Péclet

numbers associated with small molecules, such as trehalose and leucine. For
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larger Péclet numbers, the relationships presented in [33] can be used to find

the instantaneous surface enrichment.

Upon reaching supersaturation, some time is required for the solute molecules

to crystallize before the remaining water content of the droplet is evaporated

off and the molecules lose their mobility. Another important timescale that

determines the crystallization behavior of a component is the available time

for crystallization or the precipitation window, defined as

tp,i = td − tsat,i = td (S0,iEs,i)
2

3 , (3.7)

or in dimensionless form as

τp,i =
tp,i
td

= (S0,iEs,i)
2

3 . (3.8)

In the remainder of this article, the Greek letter τ will denote the dimension-

less time of the respective timescale normalized by the droplet drying time.

The larger this value, the more crystallinity is expected for a crystallizing

component [31]. The presence of another component such as a saccharide

(e.g . trehalose) can also hinder the mobility of the crystallizing components

due to the increase in viscosity of the solution at higher saccharide concen-

trations [116] or their earlier solidification. This explains the fact that leucine

has a higher amorphous fraction in spray-dried powder with high fractions of

trehalose [31].

For nucleation to start and stable nuclei to form and grow, a certain level

of supersaturation is required to surpass the energy barrier of nucleation [117].

Therefore, a more relevant point during the evaporation history can be iden-

tified, namely the critical supersaturation ratio, Sn,i, at which the component

can instantaneously nucleate. In a manner similar to the derivation of Equa-

tion (3.6), the time to reach this critical supersaturation, tn,i, can be obtained

as

tn,i = td

[

1−
(

S0,iEs,i

Sn,i

)
2

3

]

. (3.9)

Upon reaching this level of supersaturation, nucleation can start on the

surface of the droplet. The subsequent growth of the crystallites reduces their
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mobility and causes their Péclet numbers to increase substantially, meaning

that any crystallite that is collected by the receding surface of the droplet

is practically trapped on the surface. Further surface accumulation of these

crystallites and their simultaneous growth causes a solid shell to form on the

surface of the droplet [60] at time tc, defined as the time of shell formation.

Upon reaching this time, the evaporation rate as defined by Equation (3.3) is

reduced substantially, even though the particle continues to lose water and may

shrink further. This process, as shown schematically in Figure 3.2, explains

the observed hollow particle morphologies for a crystallizing material with low

aqueous solubility such as leucine [14, 31]. For a component that crystallizes

during drying, the time of shell formation, tc, does not follow the behavior

of the other timescales such as tn, tsat and td. This is because the rates of

nucleation, crystal growth and surface accumulation cannot be correlated with

the evaporation rate alone. For this reason, it is possible instead to find tc from

the EDB observations, defined in this article as the time at which deviation

from d2-law is observed in the evaporation history, rather than by using the

mass balance equations similar to Equation (3.6).

He et al. successfully measured the critical supersaturation at which nucle-

ation commences instantaneously in evaporating microdroplets via the extrap-

olation of nucleation times for a broad range of compounds and proposed a

practical model to predict this critical supersaturation, Sn, based on classical

nucleation theory and as a function of crystal and solution properties [97]. The

appropriate properties for leucine in aqueous solutions were crystalline leucine

density, ρleu = 1293 mg/mL [118] and its aqueous solubility, Csol,leu = 22

mg/ml at 25 °C [119]. The activity coefficient of water at leucine saturation

was approximated to be equal to 1 [120]. Inserting these values in equations

given by He et al. gave Sn,leu = 3.5. Hence, based on this simple model, leucine

was expected to start nucleating instantaneously at a supersaturation of 3.5

in a water microdroplet.

For materials that are spray dried into an amorphous state, such as tre-

halose [31] and pullulan [96], solidification starts upon reaching a very high

concentration, denoted as Cc,i in this study. The time to reach this critical
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Figure 3.2: The proposed particle formation process and characteristic times
for a crystallizing component with low solubility.

concentration can be obtained from

τc,i = 1−
(

C0,iEs,i

Cc,i

)
2

3

. (3.10)

Note that based on the Stokes-Einstein equation, the diffusion coefficients

of leucine and trehalose in water at 20 °C are 6.6×10−10 and 5.2×10−10 m2/s,

respectively. These give Péclet numbers of about 0.8 and 1.1 at a drying tem-

perature of 75 °C and 0.2 and 0.3 at a drying temperature 20 °C, for leucine and

trehalose, respectively. Hence, for the drying temperatures encountered in this

study, the use of the steady state surface enrichment equations is reasonable.

If that is not the case for a large excipient or API or at much higher evapora-

tion rates, the methodology presented in [33] can be employed to approximate

the evolution of surface enrichment with time.

The important time scales and diameters encountered in this study are

summarized in Table 3.4.
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Table 3.4: Important time scales and diameters relevant to the solidification
and shell formation of the particles encountered in this study.

Parameter Dimensionless Form Description

td - The drying time of the droplet assuming
constant evaporation rate (Equation (3.5)).

tn,leu τn,leu = tn,leu/td The time for leucine to reach its critical
supersaturation. Obtained from Equation (3.9)

with Sn,leu = 3.5.

tc τc = tc/td The time of shell formation or solidification
obtained from the EDB measurements.

tc,leu τc,leu = tc,leu/td The time of shell formation of leucine obtained
from Equation (3.11), which was a non-linear

fit based on the EDB measurements.

tc,treh τc,treh = tc,treh/td The solidification time of trehalose obtained
from Equation (3.10) with Cc,treh = 830

mg/mL. This concentration was obtained from
the EDB measurements.

d0 - The initial droplet diameter.

dc dc/d0 The diameter at which shell formation or
solidification was detected in the EDB

measurements.

dp dp/d0 The final projected area equivalent diameter of
the monodisperse particles generated using the

droplet chain instrument.

3.3 Results and Discussions

As mentioned in the previous sections, different combinations of trehalose and

leucine were studied. The main object of the experimental procedure was

to study the shell formation and crystallization kinetics of leucine-containing

particles to support future mechanistic design attempts in spray drying mi-

croparticles containing different excipients and APIs intended for pulmonary

aerosol delivery.

3.3.1 Comparative-Kinetics Electrodynamic Balance

The CK-EDB instrument allowed the accurate measurement of the time at

which deviation from d2-law is observed in the evaporation history, which

we define here as the time to shell formation, tc. A novel method was also

employed to approximate the general morphology of the solution droplet based

on the irregularities observed in the phase function of the scattered light [109].
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Two to five droplets per formulation (Table 3.1) were studied at 20 °C and at

dry (RH = 0%) and humid (RH ≈ 35%) conditions. Samples of droplet data

per formulation are shown in Figure 3.3. The data points are color-coded based

on the detected morphologies. The square of the droplet diameter is plotted

as a function of time, yielding a straight line for constant-rate evaporation

according to the d2-law. However, the droplet diameters are only reliable for

the completely spherical morphologies (color-coded dark blue). It can be seen

that there is some noise in most cases during the initial or middle stages of

the evaporation upon droplet generation, resulting in unexpected morphology

results like a core-shell structure early in the evaporation process (color-coded

red). These anomalies may have been be caused by instability of the droplet

inside the chamber.

By reviewing the droplet data for pure leucine cases in Figure 3.3, i.e. the

first row of panels, a region can be observed at which inclusions were detected,

shown by the black points. At these instances, significant deviation from the

d2-law, i.e. from a constant evaporation rate, is also visible. Later on, the

morphology was detected to be non-spherical or non-homogenous, denoted by

the purple points. Increasing the initial concentration of leucine accelerated

the occurrence of this critical point, meaning that the inclusions happened at a

larger droplet diameter. It was also observed that increasing the initial leucine

concentration likewise caused the elapsed time between the onset of inclusions

and the first non-spherical point (purple points) to increase.

These observations agree with our previous explanation regarding leucine

particle formation (Figure 3.2). A critical supersaturation is reached at the

time tn,leu at which nucleation commences. This point cannot be detected

in the measurements because the droplet is still optically homogeneous with

nuclei present that are too small to be detected by changes in the phase func-

tion. Then the crystallites grow and enrich the surface to a point at which

the phase function of the scattered light is affected, and the evaporation rate

is decreased. At this point the time for shell formation (tc,leu) is reached.

The detected morphologies in Figure 3.3 follow the same sequence, showing

optically homogeneous spheres during the constant rate evaporation phase,
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inclusions and core-shell structures at the point of shell formation and then

non-spherical, irregular morphology once the shell begins to deform or fold.

Figure 3.3: Sample droplet evaporation histories of the formulations studied
using the CK-EDB instrument. The data are color-coded according to the
detected morphologies. A label such as EDBαTβLγ means the formulation
studied with the EDB instrument had a total feed concentration of α with
trehalose and leucine mass fractions of β and γ, respectively.

In the cases of mixtures of leucine and trehalose, shown in the next five plots

in Figure 3.3, similar behavior was observed. Increasing the leucine fraction

at constant total solids content initiated shell formation at an earlier time,

indicating the potential to obtain larger, less dense and more rugose particles.
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By a qualitative comparison of plots for the samples EDB5L100 (5 mg/mL

pure leucine) and EDB10T50L50 (10 mg/mL with 50% leucine), which had

the same absolute initial leucine concentrations, relatively similar behavior was

observed. The shell formation time was also similar. From this observation, we

can conclude that at high leucine fractions, trehalose does not interfere with

the crystallization of leucine. For the cases with leucine fractions less than

30%, a reversal in behavior was observed. No significant period of inclusions

and crystal growth was observed before complete solidification. For the case of

10% leucine, the particles remained spherical even after the evaporation rate

was reduced. These observations are in agreement with previous studies which

demonstrated that high fractions of trehalose can hinder the crystallization of

leucine to the point at which leucine is mostly amorphous, possibly due to

rapid increase of droplet viscosity [31].

For the last two formulations of neat trehalose, a very sharp drop in the

evaporation rate was observed after which a spherical particle was detected.

This was expected, as neat spray-dried trehalose particles are spherical (see

Figure 3.7). Using the measured diameter at the points at which the evap-

oration rates decrease, a trehalose bulk concentration at which solidification

commenced was obtained. The measured concentration was practically the

same for the two cases studied, each with a number of replicates. We call this

concentration the solidification concentration for trehalose, Cc,treh = 830± 15

mg/mL; the error represents one standard deviation. It was shown previously

that the particle density of spray-dried trehalose particles was approximately

equal to the density of amorphous trehalose, which is 1530 mg/mL [32]. The

lower measured critical concentration for trehalose points to the fact that the

particles keep shrinking at a much smaller rate, while losing their water con-

tent, until the true density is reached.

For all of the experiments performed (2-5 droplets per formulation), the

shell formation time, tc, and corresponding diameter, dc, were measured. The

normalized values dc/d0 and τc = tc/td are plotted as a function of initial

leucine concentration in Figures 3.4 and 3.5, respectively. In these figures, the

error bars represent one standard deviation. As seen from these plots and as
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pointed out earlier, the time of shell formation was decreased, and the criti-

cal diameter increased, by increasing the initial leucine concentration. These

phenomena can be explained by the fact that leucine reaches critical supersat-

uration earlier in the evaporation process if the initial leucine concentration is

higher (see Equation (3.9)). This trend was similar between the pure leucine

formulations and the formulations containing trehalose. Again, this fact points

to our previous observation that trehalose has no discernible effect on the crys-

tallization and shell formation of leucine at high leucine fractions. The mean

concentrations of leucine at the point of shell formation, Cc,leu, were also cal-

culated from a mass balance equation and are shown in Figure 3.6. The level

of leucine saturation is also shown on the right axis. The leucine saturation

ratio at the point of shell formation was 5 ± 1 and independent of the initial

leucine concentration. For leucine solution droplets with an initial diameter of

about 50 µm, shell formation can be detected at a supersaturation of about 5,

which, as expected, is larger than the previously calculated critical supersat-

uration of 3.5, because nucleation and some crystal growth must precede the

point of shell formation. Therefore, the time of shell formation and its related

normalized parameters, dc/d0 and τc, are suspected to be also a function of

initial droplet diameter. These assumptions will be verified by comparing the

morphologies of polydisperse spray-dried particles of different sizes of the same

formulation later on. A detailed analysis of the combination of these effects is

outside the scope of this study.

Interestingly, it was noticed that the points in Figure 3.5 can be fitted using

a function such that τc,leu = 1− a (C0,leu)
2/3, where a is the fitting parameter.

According to the explanation above, a is expected to be a function of the

initial droplet diameter and possibly the evaporation rate for smaller droplets.

Comparing this function to equations obtained from mass balance, such as

Equations (3.6) and (3.9), a non-linear fit was performed on the data to find

the diameter dependent coefficient kd0 such that

τc,leu = 1− kd0 (Es,leuS0,leu)
2/3 , (3.11)
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Figure 3.4: The normalized diameter of shell formation obtained from CK-
EDB measurements, for d0 ≈ 50 µm.

which resulted in kd0 = 0.35 for the parameters of the CK-EDB experiments

with initial diameters of about 50 µm. Like a, this coefficient should also be a

function of other process parameters such as the evaporation rate. The sensi-

tivity of this coefficient to other parameters is believed to be lower than it is

to the droplet diameter, as it was observed that τc was practically constant for

different droplets studied for a single formulation but at two different relative

humidities (hence different evaporation rates). Using this empirical equation,

one can predict the instance of shell formation for leucine in the course of

droplet evaporation. This time-point can be compared to the critical points of

other components in the system in order to predict the levels of surface cov-

erage. The dimensionless time to reach critical supersaturation, τn, obtained

from Equation (3.9), can also be compared to the time of shell formation

of other components to check if leucine has enough time to nucleate in the

first place. Previously, the time to reach saturation was used for this purpose

[14], but the theoretical time to critical supersaturation and the time of shell

formation are better approximations for the actual shell formation timing.
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Figure 3.5: Normalized time of shell formation obtained from CK-EDB mea-
surements, for d0 ≈ 50 µm. The normalization was performed using the droplet
drying time. Larger values mean shell formation happens later and closer to
the end of the evaporation period.

3.3.2 Monodisperse Droplet Chain Instrument

In order to measure the particle densities and show the corresponding particle

morphologies of the cases studied using the CK-EDB instrument, similar for-

mulations were analyzed using the droplet chain instrument (see Table 3.2).

The SEM micrographs of these particles are shown in Figure 3.7. The first

three micrographs for the neat-leucine cases show a morphology consistent

with previously published results [31], namely a hollow core with a shell that

consists of smaller individual pieces. Increasing the initial concentrations re-

sulted in larger particles with thicker shells. This result is expected, as higher

initial leucine concentrations mean critical supersaturation and the time of

shell formation are reached earlier and at larger droplet diameters. It is ap-

parent from the last four micrographs that decreasing the leucine content in a

leucine/trehalose mixture causes the morphologies of the particles to change

from hollow ones with shells to solid spheres. As will be seen for the spray-
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Figure 3.6: The mean leucine concentration and saturation ratios at the point
of shell formation, obtained from the CK-EDB measurements, for d0 ≈ 50 µm.
The dashed horizontal lines represent the saturation at the leucine solubility
concentration of 22 mg/mL and the theoretical critical supersaturation ratio
of 3.5.

dried particles, and as was also shown elsewhere [31], decreasing the leucine

content also decreases its crystalline fraction. The ultrahigh magnification

inset figures were included to show the patched surfaces due to presence of

crystalline leucine compared to the relatively smooth surfaces of amorphous

trehalose particles.

As explained previously, the projected area diameter of these particles was

measured as a representation of their size. The resulting particle diameters, dp,

normalized by the measured initial diameters, d0, are presented in Figure 3.8.

Because of the high accuracy in the measurement of the initial droplet diam-

eters and the high monodispersity of the particles, the particle densities could

be obtained confidently using Equation (3.1). The measured particle densities

are also shown in blue (right axis) in Figure 3.8. In this figure, error bars

represent one standard deviation. As expected, increasing the initial leucine

concentration caused the normalized particle diameters to increase, and the
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Figure 3.7: SEM micrographs of the particles generated using the monodis-
perse droplet chain setup at 20 °C with initial droplet diameters of about
40 µm. The 10-µm scale bar applies to all images except the inset figures, for
which separate scale bars are provided. A label such as MDCαTβLγ means the
formulation studied with the MDC instrument had a total feed concentration
of α with trehalose and leucine mass fractions of β and γ, respectively.

particle densities to decrease. It was observed that at a leucine fraction of 50%

the particle density was reduced by more than 60%. It was also observed from

the two cases at 5 mg/mL leucine, MDC10T50L50 and MDC5L100, that the

general morphology of the particles was similar. This fact points to previous

observations that at mass fractions of up to around 80% trehalose does not

interfere with the crystallization and shell formation of leucine [31]. It is also

worthwhile noting that the general trend and the actual values in this figure

are very similar to the data in Figure 3.4. These similarities may be due to the

slow drying kinetics in the droplet chain and the CK-EDB instruments as well

as to the relatively large initial droplet diameters in both instruments. Hence,

enough time for crystal growth is available in both experimental techniques.

Under these circumstances the lowest particle densities can be achieved by

71



choosing an initial leucine concentration close to its solubility of 22 mg/mL at

room temperature.

Figure 3.8: The measured normalized particle diameters and densities ob-
tained from the monodisperse droplet chain setup at 20 °C with initial droplet
diameters of about 40 µm.

3.3.3 Spray-Dried Powder

The SEM micrographs of the four different spray-dried formulations contain-

ing leucine and trehalose are shown in Figure 3.9. The increase in surface

roughness due to the shell formation and crystallization of leucine is clear,

which is an important factor for the reported enhancement of aerosolization

properties of such powders [89, 90, 92]. Similar to the monodisperse particles

obtained from the droplet chain, surfaces of the particles for which leucine is

expected to be crystalline were composed of distinguishable crystals, as seen

from the higher-magnified micrographs at the bottom row of Figure 3.9.

Another important note to take from these images of the polydisperse

powders is the difference in morphologies observed for a single formulation.

Larger particles were hollow with a thinner shell, while smaller particles were
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Figure 3.9: SEM micrographs of the spray-dried leucine/trehalose particles
dried at an inlet temperature of 75 °C. The scale bars apply to each row, and
each column is of the same formulation. A label such as SDαTβLγ means the
spray-dried formulation had a total feed concentration of α with trehalose and
leucine mass fractions of β and γ, respectively.

denser. This difference supports our previous remarks that the whole process of

crystallization and shell formation cannot be normalized by the drying time as

can be done for amorphous precipitation, e.g . for trehalose particles. This fact

is also expected to cause variations in surface compositions of the particles,

with larger particles having higher leucine surface fractions, as will be seen

from the TOF-SIMS data below.

The leucine crystalline fractions obtained from the deconvolution of the

Raman spectra are presented in Figure 3.10, accompanied by the results of

Feng et al. [31]. Note that the total concentrations were different compared to

the formulations studied in the present article, hence the differences between

the data. Feng et al. mentioned that the formulation with 5% leucine fraction

was dominantly amorphous, but quantification was not possible due to the

very small amount of leucine in the particle. The trehalose was completely

amorphous in all cases, as expected. In the current study, there was a transi-

tion from partially to completely crystalline leucine between leucine fractions

of about 10% to 20%. A mixture of amorphous and crystalline molecules of

the same material in the particles is undesirable for long-term stability. That
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is because, in humid conditions, the crystals in the particles can act as nu-

cleation sites for the crystallization of the amorphous content of the same

material. In other words, the crystalline content of a material lowers the en-

ergy barrier for crystallization of its amorphous counterpart. This fact may

cause crystallization in the particles, leading to physical instability.

Figure 3.10: The fractions of crystalline leucine in spray-dried
leucine/trehalose particles. The drying temperature was 75 °C in both
studies, but the total feed concentrations were different.

The surface compositions of the spray-dried particles measured by TOF-

SIMS are shown in Figure 3.11, with red and blue representing leucine and

trehalose molecules, respectively. As expected, the average leucine surface

composition increased by increasing the leucine feed fraction from 10 to 40%.

It can be seen in all three cases that smaller particles had more trehalose

on the surface than larger particles, confirming the previous remarks on size-

dependency of the particle morphology.

The pixel-average surface compositions of the spray-dried leucine/trehalose

particles from the TOF-SIMS spectra are plotted versus the bulk composition

in Figure 3.12. These pixel-average values are presented for the whole powder,
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Figure 3.11: The surface compositions of the spray-dried leucine/trehalose par-
ticles from the TOF-SIMS measurements. Red represents leucine molecules
and blue represents trehalose. The scale bar applies to all three images. A
label such as SDαTβLγ means the spray-dried formulation had a total feed
concentration of α with trehalose and leucine mass fractions of β and γ, re-
spectively.

and for small, medium and large particle fractions. The error bars for the

total averages are equal to the standard deviation of the pixel fractions of the

whole frame. The total average leucine surface coverage is seen to increase
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with leucine mass fraction. On average, 23% (mass basis) of the particles are

covered by leucine at a mass fraction of 10%, compared to the 48% coverage at

a mass fraction of 40%. It is also evident from these results that large particles

have more leucine coverage than small particles in all cases. It is likely that

these small particles are composed of mostly amorphous leucine with some

small crystallinity, even for the case with the highest leucine mass fraction

(SD50T60L40). This can be deduced from the fact that the surface coverage

of the small leucine particles is smaller than even the bulk leucine fraction.

This means that for these particles, the surface was enriched by trehalose not

leucine, due to the larger Péclet number of trehalose compared to leucine in

molecular form. Thus, there is no evidence of crystal growth. These small

particles comprise only a very small mass fraction of the total powder. Hence,

their effect on the crystallinity measurements using the Raman instrument

are minimal. Nevertheless, it cannot be ruled out that the presence of even a

small quantity of amorphous leucine in the powder can potentially hinder the

long-term physical stability of the product in the form of both dry powder and

suspension pressurized metered-dose inhalers (pMDIs).

In order to further interpret the phenomena explained above, the avail-

able time for leucine crystallization versus the initial droplet diameter of the

spray-dried powder is shown in Figure 3.13. As opposed to the precipitation

window explained in Equation (3.7), here the available time for crystallization

was defined more precisely as the time for trehalose to reach a concentration

of 830 mg/mL, less the time for leucine to reach a critical supersaturation of

3.5. Assuming a logarithmic normal distribution with a mass median diame-

ter of 8 µm and an approximate geometric standard deviation of 2.2 for the

atomized droplets, the d0,50, d0,16 and d0,84 are also indicated by the vertical

grey lines. It is evident from these data that the time available for crystal-

lization increases sharply with increasing initial droplet diameter in all cases.

Assuming a particle density of 1000 mg/mL and a feed concentration of 50

mg/mL, Equation (3.1) gives initial droplet diameters smaller than 2.7 µm for

solid particles smaller than 1 µm. Hence, for these particles the time available

for leucine crystallization is less than 1 ms. The difference in crystallization
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Figure 3.12: The pixel-average surface compositions of the spray-dried leucine
and trehalose particles from the TOF-SIMS spectra. The total feed concen-
tration was 50 mg/mL and the drying temperature was 75 °C for all cases.
The grey line is the identity line (x = y).

times is the reason behind the large differences observed in the morphologies,

leucine surface coverage and possibly the crystallinity of the polydisperse par-

ticles. The crystallization windows of a sample case for the CK-EDB and the

droplet chain instrument are also shown in Figure 3.13 as the individual data

points. It is apparent from these calculated values that for both of these large

droplets enough time is available for complete crystallization of leucine, hence

their similar behavior.

3.3.4 Application to Formulation Design

Based on the data available in the literature and the results obtained from

the experiments conducted in this study, it is possible to design and ana-

lyze spray-dried particles containing leucine as a dispersibility enhancer. Such

an approach has the potential to greatly reduce the number of experimental

iterations required in the design of a spray-dried platform containing other

excipients and actives intended for pulmonary delivery. The same framework
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Figure 3.13: The available time for crystallization of leucine based on the
difference between the time for trehalose to solidify and the time for leucine to
reach the critical supersaturation, as a function of the initial droplet diameter.
The curves apply to the spray-dried samples (drying temperature of 75 °C)
accompanied by the vertical grey lines representing the approximate atomized
droplet size distribution. The two individual data points represent a sample
case of the electrodynamic balance and the droplet chain instruments (drying
temperature of 20 °C).

may be used for other crystallizing components if the critical parameters are

determined in a similar fashion.

A dispersibility enhancing excipient needs to attain enough surface cover-

age on the final particle to have the desired effects. If the solidification time

of another excipient, τc, which is not intended to be on the particle surface,

is smaller, it will be faster to precipitate, leading to a higher surface compo-

sition. Hence, the shell former should have the smallest τc compared to other

excipients for maximum surface coverage. For a crystallizing component, such

as leucine, the dimensionless time to reach critical supersaturation, τn, is also

important. If the other excipients solidify near the surface before the crys-

tallizing component can nucleate, then the shell former is expected to remain

partially or completely amorphous. This is because in this case the shell for-
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mer molecules do not have enough mobility to fit into a crystal lattice or reach

the surface in the fast time scales of spray drying. For example, in the present

case of leucine and trehalose particles, if trehalose reaches its critical concen-

tration before leucine can nucleate, i.e. τc,treh < τn,leu, leucine will most likely

be completely amorphous and will not have a very high surface coverage. On

the other hand, if τn,leu < τc,treh < τc,leu, then leucine is expected to be partially

amorphous with low surface coverage. Lastly, if τc,leu << τc,treh, then most of

leucine should have had enough time to crystallize and cover the surface. It

should be noted that even if leucine does not crystallize in a formulation, it

can still lower the surface energy of the particles due to its surface activity

and molecular surface enrichment.

These considerations can be extended to other systems containing other

excipients and APIs in order to design the formulation in such a way as to

ensure optimal surface coverage by the shell former.

3.4 Conclusion

This study demonstrates that the combination of the results obtained from

an electrodynamic balance, a monodisperse droplet chain instrument, and a

spray dryer holds great potential for the study of particle formation of different

excipients and APIs in spray-dried microparticles. These results may greatly

reduce the experimental efforts necessary in the early stages of the formulation

design of a solid dosage form.

It was confirmed that the surface accumulation of leucine is based on nu-

cleation and crystal growth and that the presence of other materials in high

concentrations can decrease surface enrichment due to crystallization. It was

also observed that the surface coverage and solid phase of leucine, as a crys-

talline dispersibility enhancer, can be dependent on the initial droplet diam-

eter due to the amount of time required to nucleate, crystallize and form a

shell. This fact has important implications for scale-up and optimization of

manufacturing parameters in these systems. A critical supersaturation ratio

at which leucine can spontaneously nucleate was also determined theoreti-
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cally and supported by experimentation. Furthermore, critical solidification

and shell formation times were obtained for trehalose and leucine using the

single-particle experiments, which can be used in the formulation design of

systems containing these excipients to estimate leucine crystallinity and the

extent of its surface coverage. The same methodology can be applied for other

crystallizing excipients or actives.
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Chapter 4

Trileucine as a Dispersibility
Enhancer of Spray-Dried
Inhalable Microparticles

The formation of trileucine-containing spray-dried microparticles intended for

pulmonary delivery was studied in depth. A single-particle method was em-

ployed to study the shell formation characteristics of trileucine in the pres-

ence of trehalose as a glass former, and an empirical correlation was proposed

to predict the instance of shell formation. A droplet chain instrument was

used to produce and collect monodisperse particles to examine morphology

and calculate particle density for different levels of trileucine. It was ob-

served that the addition of only 0.5 mg/mL (10% w/w) trileucine to a tre-

halose system could lower dried particle densities by approximately 1 g/cm3.

In addition, a laboratory-scale spray dryer was used to produce batches of

trileucine/trehalose powders in the respirable range. Raman spectroscopy

demonstrated that both components were completely amorphous. Scanning

electron microscopy and time-of-flight secondary ion mass spectrometry were

used to study the particle morphologies and surface compositions. For all

cases with trileucine, highly rugose particles with trileucine coverages of more

than 60% by mass were observed with trileucine feed fractions of as little as 2%

w/w. Moreover, it was seen that at lower trileucine content, smaller and larger

particles of a polydisperse powder had slightly different surface compositions.

The surface activity of trileucine was also modeled via a modified form of the
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diffusion equation inside an evaporating droplet that took into account initial

surface adsorption and eventual surface desorption due to droplet shrinkage.

Finally, using the Flory-Huggins theory, it was estimated that at room temper-

ature, liquid-liquid phase separation would start when the trileucine reached

an aqueous concentration of about 18 mg/mL. Besides the surface activity of

trileucine, this low concentration was assumed to be another reason behind

the substantial effect of trileucine on the morphology of spray-dried particles

due to early phase separation. The methodology proposed in this study can

be used in the rational design of trileucine-containing microparticles.

4.1 Introduction

Spray drying is a continuous process of producing fine powder with a controlled

size distribution through the rapid evaporation of a feed solution, suspension,

or emulsion after atomization into a hot drying gas [34]. This production

method is particularly useful in the production of microparticles containing

pharmaceutical actives or biologics because of its accurate control of the out-

let conditions, particle morphology, and size distributions [15]. Effective pul-

monary delivery of dry powder necessitates specific particle characteristics for

maximum delivery efficiency and therapeutic efficacy: 1) an approximate range

of 1 to 5 micrometers in aerodynamic diameter for delivery to the lungs [1, 10],

2) acceptable physical and chemical stability for long-term shelf storage, and

3) low interparticle cohesion to allow for good dispersion and deagglomeration

with minimal loss in the delivery device and the upper respiratory tract [121].

To achieve these properties, appropriate formulation excipients are used. For

example, glass formers such as trehalose have been used both as bulking agents

and as stabilizers of the biological components [83, 92, 96]. To improve the

aerosolization characteristics of the powder, a specific class of excipients la-

beled as shell formers or dispersibility enhancers have been used; these include

leucine [31, 92, 94, 122] and trileucine [29, 88, 123].

Trileucine is a tripeptide composed of three leucine residues and is used

in the spray drying of pharmaceutical microparticles mostly as a dispersibil-
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ity enhancer to produce low-density, non-cohesive and rugose particles [14, 88,

124]. It is a strongly surface-active material, typically does not crystallize dur-

ing spray drying nor upon storage, and has a low aqueous solubility of about

6.8 mg/mL at neutral pH [29]. These characteristics have been reported to

be responsible for considerable increase of surface roughness and efficient dis-

persibility enhancement of particles containing small quantities of trileucine

in the formulation [88, 123, 125]. Furthermore, the high surface coverage of

trileucine in spray-dried particles, as along with its high glass transition tem-

perature of 104 °C, are believed to be the reasons behind its considerable

improvement in the stability of biologics and bacteriophages during produc-

tion and upon storage [29, 125]. Due to the high surface activity of trileucine,

the molecules adsorbed on the droplet surface are believed to have their hy-

drophobic tails directed outwards, a feature that may explain the observed

moisture protection features of trileucine [123].

Given its aforementioned properties, trileucine can be considered a

dispersibility-enhancing excipient with far-reaching benefits. The downside

of using trileucine is its current high price compared to that of other less ef-

fective alternatives such as leucine. Hence, it is desirable to include as little

trileucine as possible in the formulation while still meeting the design criteria.

Also, the use of particle formation models becomes relevant here, as they al-

low reductions in the number of experimental iterations during the formulation

development by predicting the sequence of surface accumulation and solidifi-

cation of different excipient and actives [14, 33]. The use of such models is

less complicated for excipients and actives that are not surface-active and do

not crystallize during spray drying [14], e.g . trehalose [32], pullulan [96], and

budesonide [37]. These models have been extended to crystallizing components

[126], but the incorporation of surface activity into such models has not been

achieved. Further, observations that a non-surface-active dipeptide (L-tyrosyl-

L-isoleucine) with low solubility, very close to the solubility of trileucine, can

dry into low-density amorphous particles suggest that surface activity alone

cannot be responsible for the shell formation properties of trileucine and that

amorphous phase separation must also contribute [32, 127]. The formation of
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particles containing trileucine is complex and cannot be described comprehen-

sively by the current particle formation models. More information is required

for the prediction of the instances of shell formation and surface coverage of

trileucine in a successful rational design of the formulation.

To address the aforementioned complexities, three different and comple-

mentary experimental methods are employed here to study the particle forma-

tion characteristics of trileucine in the presence of trehalose as a glass former.

These tools were previously used together successfully in explaining the par-

ticle formation of leucine [122]. A Comparative-Kinetics Electrodynamic Bal-

ance (CK-EDB) was used to measure the approximate time of shell formation

from instantaneous sizing of single aerosol droplets trapped in a controlled en-

vironment [95, 105]. A monodisperse droplet chain instrument was also used

to collect the dried particles for electron microscopy and measurement of the

particle densities [59, 87, 95]. Furthermore, a lab-scale spray dryer was used

to produce powders with diameters in the respirable range and to produce

enough material for further characterization techniques. The effect of surface

activity of trileucine as along with its mechanism of phase separation are also

predicted theoretically.

4.2 Materials and Methods

4.2.1 Materials

The spray-dried solutions were prepared using HPLC grade water (Cat. No.

W5-4, Fisher Scientific, Ottawa, ON, Canada) with total solids contents rang-

ing from 1 to 50 mg/mL and the appropriate fractions of trehalose and trileucine.

Crystalline D-(+)-trehalose dihydrate was bought directly from the vendor

(Cat. No. BP2687-1, Fisher Scientific, Ottawa, ON, Canada), while spray-

dried amorphous trileucine was used in solution preparation to avoid issues

with low solubility. Raw crystalline trileucine (Cat. No. H-3915, Bachem,

Torrance, CA, USA) was used in the preparation of the amorphous batch.
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4.2.2 Experimental Methods

Comparative-Kinetics Electrodynamic Balance (CK-EDB)

A comparative-kinetics electrodynamic balance was used to estimate the shell

formation behavior of trileucine-containing systems. The evaporation and so-

lidification behavior of single solution droplets (d0 ∼ 50 µm) were analyzed in

a comparative-kinetics electrodynamic balance [95, 105, 122]. For each exper-

iment, a droplet-on-demand dispenser (MJ-ABP-01, MicroFab Technologies,

Plano, Texas, USA) generated a single droplet, charged on generation by ap-

plying a DC voltage to an electrode near the tip. The droplet was then trapped

inside a controlled environment with the help of an AC potential difference

applied via two sets of concentric cylindrical electrodes mounted vertically op-

posite one another. The drag force from a gas flow and the gravitational force

on the droplet were counteracted by applying an additional DC voltage to the

bottom electrodes that was dynamically controlled to account for the change

in droplet mass during drying. A 532 nm laser illuminated the particle, pro-

ducing a scattered pattern and a phase-function both of which were captured

on a CCD every ∼10 ms at a forward scattering angle of 45° over a range of

24°. The instantaneous size of the droplet was measured within an accuracy

of ±100 nm using the fringe spacing in the obtained phase-functions and the

geometric-optics approximation to Mie theory [105]. The morphology of the

particle during drying was also approximated by analyzing the irregularities

in the phase-function [109]. The instance of solidification and shell formation

was then determined from the instantaneous morphology data and deviation

from a constant evaporation rate [122].

The studied formulations using the EDB instrument are presented in Ta-

ble 4.1. For each case, three to four droplets were studied at a chamber

temperature of 20 °C and relative humidity of ∼35%. The formulations were

selected so that the occurrence of solidification and shell formation would be

at sufficiently large diameters for detection in the CK-EDB instrument and

the trileucine concentrations would cover low to high initial saturations. The

low drying temperature and high humidity level were chosen based on the
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Table 4.1: The samples studied using the electrodynamic balance, accompa-
nied by their compositions, trileucine initial saturation (based on a solubility
of 6.8 mg/mL), and measured average initial droplet diameters. The drying
temperature was set to 20 °C and the relative humidity was ∼35% for all cases.
The uncertainties of the initial droplet diameters are the standard deviation
of multiple droplets studied for each case.

Sample
Name

Total
Solids

Content
(mg/mL)

Trehalose
Mass

Fraction
(%)

Trileucine
Mass

Fraction
(%)

Trileucine
Initial

Saturation
(−)

d0 (µm)

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

instrument limitations and to result in high temporal resolution during the

measurements.

Monodisperse Droplet Chain Instrument

A droplet chain instrument was used to produce and collect monodisperse mi-

croparticles [87, 95, 96, 107]. A droplet-on-demand piezoceramic dispenser

with an orifice diameter of 40 µm (MJ-AL-HT-40-8MX, MicroFab Technolo-

gies, Plano, Texas, USA) injected droplets into a glass tube with a frequency

of 60 Hz. Dry air passed through the flow tube from above with a flow rate

of 10 to 15 L/min and a temperature of approximately 20 °C. Dried particles

falling down the tube were then collected on a membrane filter with a pore size

of 0.8 µm (Isopore Polycarbonate, Millipore, Darmstadt, Germany) attached

on an SEM stub with a hole drilled in the center and connected to a vacuum

source. An imaging system was used to measure the initial droplet diameters.

Approximately two hundred images were taken at the start and near the end of

each experiment; these were then analyzed using MATLAB [110] to calculate

the average initial droplet diameter and the corresponding standard deviation

of each case. The formulations studied using the monodisperse droplet chain

86



Table 4.2: The samples studied using the droplet chain instrument, accompa-
nied by their compositions, trileucine initial saturation (based on a solubility
of 6.8 mg/mL), and measured average initial droplet diameters. The drying
temperature was approximately 20 °C for all cases. The uncertainties of the
initial droplet diameters are the standard deviations of two hundred droplets
per case.

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 0.00 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

instrument were chosen in such a way as to produce particles approximately

resembling the final dried particles of the CK-EDB measurements and are

presented in Table 4.2.

Spray Drying

The spray-dried powders were manufactured using a modified laboratory-scale

spray dryer (B-191, Büchi Labortechnik AG, Flawil, Switzerland) with a cus-

tomized twin-fluid atomizer [96]. For all formulations, the inlet temperature

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

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

These process parameters resulted in an outlet temperature of about 49 °C

and a predicted outlet relative humidity of about 7% [122]. For the specific

twin-fluid atomizer used, the initial mass median diameter of the atomized

droplets was estimated to be around 8 µm [111]. The powders collected in the

cyclone were then stored in dry conditions (RH∼0%) at room temperature.

The compositions of the spray-dried formulation are shown in Table 4.3. These

compositions were chosen to cover a range from low to high trileucine initial

saturations, as well as to produce particles in the respirable range.
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Table 4.3: The compositions of the spray-dried formulations. Inlet tempera-
ture was 75 °C for all cases and the estimated mass median diameter of the
atomized droplets was ∼8 µm.

Sample
Name

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

4.2.3 Characterization Techniques

Scanning Electron Microscopy

A field emission scanning electron microscope (Sigma FESEM, Zeiss, Jena,

Germany) was used to obtain the micrographs for this study. The accelerating

voltage was 5 kV, and working distances ranged from 6.5 to 8.5 mm.

The monodisperse particles collected from the droplet chain instrument

were sized from the SEM micrographs via manual calculation of the projected

area of about 40 particles per sample using ImageJ software [112]. The result-

ing projected area diameter is equal to the volume equivalent-diameter only if

the particles are spherical. In the case of highly folded particles, this method

provides an approximate diameter.

Raman Spectroscopy

The solid phases of the spray-dried powders were determined using a custom-

built dispersive Raman spectrometer, the operation and design of which have

been explained elsewhere [113]. Raw crystalline materials were analyzed to

provide the reference spectra for crystalline trehalose and trileucine, and spray-

dried trehalose and trileucine powders were used as their amorphous reference

spectra [88].

Time-of-Flight Secondary Ion Mass Spectrometry

A TOF-SIMS instrument (TOF.SIMS5, ION-TOF GmbH, Münster, Germany)

with a Bi+3 source operating at 30 keV energy was used to measure the surface

88



compositions of the spray-dried particles to an average depth of 3-5 nm [114].

Each measurement was performed on a raster of 200 µm × 200 µm with a

frame of 1024×1024 pixels. The data processing was performed on bins of

512×512 pixels of the original frames. The raw materials were also analyzed

to give the reference spectrum of each component. The pixel compositions

were then obtained by fitting the spectrum to a linear combination of the

reference spectra. More details on the post-processing of the TOF-SIMS data

can be found elsewhere [115].

The processed data were then converted to 8-bit RGB images with the

pixel strength of each component giving the respective color intensity (0-255).

The resulting images were analyzed to find the average surface compositions

of the whole powder, as well as small (dp < 1 µm), medium (1 < dp < 3 µm),

and large (dp > 3 µm) particle fractions. More details about the methodology

with which the particles were sized and binned are given elsewhere [122].

4.2.4 Theoretical Aspects of Particle Formation

Particle Formation Theory for a Surface-Active Component

Trileucine is a surface-active material with a strong tendency to adsorb on

the air-water interface and form a molecular monolayer. The approach used

to predict the rate of surface adsorption of a surface-active material on the

interface of an evaporating microdroplet is described below.

The surface adsorption of a surface-active material can be obtained from

the equilibrium surface tension data at a specific temperature via the simplified

Gibbs adsorption equation as follows [128]

Γeq = − 1

nRT
· dσ

d(lnC)
, (4.1)

where Γeq is the equilibrium surface excess in mol/m2, n = 1 for non-ionic or

zwitterionic solutes and n = 2 for one-by-one ionic solutes in the absence of

any extra electrolyte [129], R is the universal gas constant, T is the solution

temperature in K, σ is the surface tension in N/m, and C is the solute bulk

concentration in mg/mL. For trileucine at pH levels close to the neutral value,
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the majority of the solute will be in zwitterionic form [29]; hence n is here

assumed to be equal to 1.

The experimental tensiometry data are fitted using different empirical

isotherms such as the Szyszkowski surface equation of state, defined as [129]

σ = σ0 − nRTΓmax ln (1 +KLC) , (4.2)

where σ0 is the surface tension of the neat solvent (∼ 72 mN/m at 25 °C for

water) and KL is the Langmuir equilibrium adsorption constant. The combi-

nation of Equations (4.1) and (4.2) results in the Langmuir isotherm, which

gives the equilibrium surface excess values at different bulk concentrations as

follows:

Γeq = Γmax

(

KLC

1 +KLC

)

. (4.3)

The degree of surface activity of trileucine can be identified from the equi-

librium surface tension data in Figure 4.1 [29]. The concentration dependence

of the surface tension of aqueous trileucine solutions is shown for two tem-

peratures of 25 °C and 45 °C, which represent typical droplet wet-bulb tem-

peratures encountered in spray drying. Non-linear fits to Equation (4.2) are

shown in Figure 4.1 with Γmax = 2.8 × 10−6 mol/m2 (or 0.99 mg/m2) and

KL = 13.3 mL/mg at 25 °C; and Γmax = 2.4× 10−6 mol/m2 (or 0.87 mg/m2)

and KL = 15.5 mL/mg at 45 °C. The amount of trileucine that can be ad-

sorbed onto the air-water interface at different bulk concentrations can now

be estimated using Equation (4.3). For a trileucine initial bulk concentration

of 0.5 mg/mL, the minimum value encountered in this study, the equilibrium

surface excess is estimated to be around 0.9 of the maximum surface excess,

Γmax. Hence, a maximum surface excess of 0.99 mg/m2 at 25 °C will be used

as a simplification in the subsequent calculations.

The surface adsorption of the surface-active molecules is composed of three

stages: diffusion of the molecules towards a domain immediately below the in-

terface; adsorption of these molecules from this subsurface domain onto the

interface; and, finally, reconfiguration of the molecules on the interface accord-

ing to their hydrophobic/hydrophilic orientation [130, 131]. For trileucine, a

simple tripeptide, it can be assumed that surface adsorption kinetics are solely
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Figure 4.1: The equilibrium surface tension of aqueous trileucine solutions [29]
accompanied by the non-linear fit based on the Szyszkowski surface equation
of state.

controlled by the diffusion of the molecules from the bulk to the surface. This

is a reasonable assumption as the incorporation of such a small molecule into

the adsorbed monolayer and the consequent reorientation is rapid [131]. In

such a case, the minimum theoretical time to reach a specific surface excess,

tΓ, can be approximated from the Ward and Tordai equation [132, 133]:

tΓ =
πΓ2

4C2
bD

. (4.4)

Here, D is the diffusion coefficient of the surface-active solute in the solu-

tion. Note that this equation was derived for a semi-infinite solution volume

with a constant bulk concentration of Cb. This is not the case in a droplet

during spray drying because the bulk concentration increases as the droplet

shrinks. If the initial concentration of trileucine is used in conjunction with the

maximum surface excess calculated previously, the time to reach surface satu-

ration can be obtained as an approximate threshold. The values obtained from

Equation (4.4) are expected to be reasonable for large droplets but underesti-

mate the actual timescale obtained from the solution of the diffusion equations
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inside a microdroplet. This is because the amount of material needed to cover

the surface relative to the available material inside the droplet increases as

the droplet diameter decreases. Hence, for small droplets, surface adsorption

can deplete the surface-active material and cause the bulk concentration to

decrease considerably, making the use of Equation (4.4) questionable [134].

An accurate prediction of adsorption of a surface-active component during

spray drying requires the solution of the internal diffusion equation with appro-

priate boundary conditions. The adsorption of the surfactant molecules from

the subsurface domain to the interface causes a drop in the solute concentration

near the surface. This drop in local concentration induces a diffusional flux

from the inside of the evaporating droplet towards the surface as opposed to

the diffusion from the surface to the center of the droplet for non-surface-active

solutes due to the evaporation and surface enrichment [33]. The adsorption

continues until the surface excess concentration reaches the maximum value,

Γmax. Upon reaching this maximum surface concentration, further shrinkage of

the droplet surface due to evaporation causes desorption of the molecules from

the interface into the solution in order to maintain equilibrium, i.e. Γ = Γmax

[129].

The radial distribution due to the diffusion of a component, i, inside of an

evaporating droplet can be obtained via the solution of the following equation

for conservation of mass [95]

∂Ci

∂t
=

4Di

d2

(

∂2Ci

∂R2
+

2

R

∂Ci

∂R

)

− κR

2d2
∂Ci

∂R
, (4.5)

where Ci is the instantaneous concentration of this component at different

radial coordinates, d is the instantaneous droplet diameter, R = 2r/d is the

dimensionless radial coordinate, and κ = −dd2/dt is the evaporation rate.

The values of the evaporation rate for different drying temperatures can be

found in previous studies [122]. Equation (4.5) can be solved with the ap-

propriate boundary conditions, ∂Ci/∂R = 1 at R = 0 (droplet center) and

∂Ci/∂R−PeiCi = 0 at R = 1 (surface) for non-surface-active components [32,

95]. Here, Pei = κ/8Di is the Péclet number of the ith component. The dis-
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cretized physical domain of a droplet, including the subsurface control volume

and the adsorbed monolayer on the surface, is shown schematically in Fig-

ure 4.2. For a surface-active material, the surface boundary condition needs

to be modified to account for the adsorption of the molecules onto the interface

before reaching surface saturation (Γ < Γmax) as well as for desorption after

reaching saturation (Γ = Γmax). Here, some assumptions are made to simplify

the problem. First, before surface saturation, any material that reaches the

subsurface (the control volume at R = 1) is instantaneously adsorbed onto

the interface, irrespective of the number of molecules already adsorbed. Sec-

ond, after saturation, the surface excess, Γ, will always remain equal to the

maximum surface excess, Γmax, and further reduction of the droplet surface

area due to evaporation will cause instantaneous desorption of the molecules

back into the subsurface. In other words, while Γ < Γmax, the surface acts as

an ideal sink and when Γ = Γmax, it acts as an ideal source. Furthermore, as

mentioned before, it is assumed that the equilibrium surface excess, Γeq, is al-

ways equal to the maximum surface excess, Γmax. Consequently, the modified

boundary conditions on the surface (R = 1) are as follows:

{

Ci = 0 for Γ < Γmax,
∂Ci

∂R
− PeiCi − 4PeiΓmax

d
= 0 for Γ = Γmax.

The first condition is the Dirichlet boundary condition for an infinite source

near the surface, and the second condition accounts for the mass flux of the

surface-active component’s release into the subsurface due to the evaporation.

After the solution of Equation (4.5) at each timestep, the instantaneous

mass of the component on the surface needs to be updated accordingly. The

numerical time advancement of Equation (4.5) allows estimation of the time

required for monolayer formation and instantaneous radial concentration of

trileucine inside the droplet. Comparing this time scale to similar scales of

solidification or shell formation of other excipients and actives, it is possible to

approximate the extent of surface coverage and morphology of the particles.

The use of such a predictive tool during the formulation design of inhalable

particles is discussed in the next section.
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Figure 4.2: A schematic showing the discretized domains in a spherically sym-
metric coordinate system. The subsurface control volume is at r = d/2 with
a finite thickness that depends on the instantaneous droplet diameter and the
number of radial nodes considered. The adsorbed monolayer has a negligible
thickness equal to the molecular size of the adsorbed molecules. These ad-
sorbed molecules do not take part in the diffusion in the bulk unless they are
desorbed back into the subsurface.

Phase Separation Considerations

One of the key properties behind the dispersibility enhancing abilities of trileucine

has been hypothesized to be its surface activity [14, 29, 123], similar to that

of other surface-active materials, such as bovine serum albumin (BSA), hy-

droxypropyl methylcellulose (HPMC), and poloxamer [93, 131], but without

much consideration given to the phase separation mechanisms involved. It was

previously demonstrated that spray-dried BSA, HPMC, and poloxamer at low

concentrations had high surface coverage due to monolayer surface adsorption

[93]. The much larger BSA molecules (∼ 66 kDa) had lower surface coverages

compared to the smaller Poloxamer (∼ 8−10 kDa) and HPMCmolecules (∼ 10

kDa), confirming that surface coverage was mostly controlled by surface ad-

sorption of the surface-active molecules (discussed in the previous subsection)

and not early solidification. It was also indicated that BSA and HPMC induced

rugose morphologies, while poloxamer did not change the smooth morphology
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of the control system [93]. The lower dilatational modulus of the poloxamer

solutions was reported to be the possible cause of the production of smooth

particles. Among other possible explanations, the rather different aqueous

solubilities of BSA (∼ 40 mg/mL) and HPMC (∼ 10 mg/mL) compared to

the much higher solubility of poloxamer (very soluble) might be another cause

of the difference in particle morphologies due to the earlier shell formation

of the former components. The solubility of trileucine was previously altered

through changes to the solution pH, resulting in different morphologies for the

spray-dried particles [29]. This is difficult to explain if surface activity is the

only mechanism for particle formation, because surface activity is not a strong

function of pH [29]. Moreover, the low solubility of surface-active compounds

was previously stated to cause early liquid-liquid phase separation [135]. Con-

sequently, to explain the rugose morphologies observed in the formulations

containing trileucine, a detailed analysis of the phase separation mechanism is

also required.

For crystalline shell formers, the surface concentrations are usually com-

pared to a threshold, such as the solubility limit or a critical supersaturation

at which nucleation can commence [33, 122]. For a material that does not

crystallize during spray drying, the surface concentrations at which solidifi-

cation occurs have been compared to the true density of the material [14].

However, such explanations cannot account for the early shell formation of

trileucine, since an adsorbed monolayer on the surface does not increase the

surface concentration to values close to the density of trileucine (more than

1000 mg/mL) and hence cannot have enough rigidity to form a solid shell

without further solidification and phase separation. It is therefore hypothe-

sized that the mechanism of shell formation and phase separation for trileucine

is spinodal decomposition in the unstable regime in the free energy diagram

of the aqueous solution.

At any given temperature, one can find the instability regime of a mixture

from the free energy diagram. The instability starts at compositions at which

the second derivative of the free energy with respect to concentration becomes

negative. These points are usually called the spinodal points and are the
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boundaries of the spinodal region at which, in contrast to the metastable

region, the system is unstable and readily phase separates without the presence

of any kind of energy barrier or nucleation barrier [136]. In the spinodal region,

the system is assumed to undergo a liquid-liquid phase separation into water-

rich and water-lean states [137]. The phase diagram of aqueous trileucine

solutions was estimated as explained below using the Flory-Huggins theory to

help understand the actual mechanisms of phase separation.

Flory-Huggins theory, an extension of the regular solution theory, was orig-

inally derived for polymer solutions to account for the different molecular

volumes of the solute and the solvent [138]. Taking into account the large

difference in molar volumes of trileucine (∼ 341 cm3/mol) and water (∼ 18

cm3/mol), the Flory-Huggins theory was used to estimate the phase diagram

of trileucine-water systems. A ternary Flory-Huggins procedure would be re-

quired for an optimal estimation of a water-trehalose-trileucine system. Here,

the presence of trehalose in the system was neglected for simplicity.

Based on the Flory-Huggins theory, the free energy of mixing of a binary

system, ∆Gmix, at a temperature, T , can be expressed as the combination of

enthalpic and entropic terms as follows [138]

∆Gmix = nRT (x1 lnφ1 + x2 lnφ2 + x1φ2χ1,2) , (4.6)

where n is the total number of moles in the system, R is the universal gas

constant and xi is the mole fraction of a component. φ1 = x1/ (x1 +Nx2) and

φ2 = Nx2/ (x1 +Nx2) are the volume fractions of the solvent and the solute,

respectively, while N is the ratio of the molar volumes of the solute and the

solvent. Based on this notation, subscripts 1 and 2 refer to the solvent and

solute molecules, respectively, and are not interchangeable. The interaction

parameter, χ1,2, accounts for the differences in intermolecular forces between

the solvent and solute molecules and, for solutions containing polar and hy-

drogen bonds, can be obtained from the Hansen solubility parameters as [139,

140]
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χ1,2 =
V1

RT

[

(δ1,d − δ2,d)
2 + 0.25 (δ1,p − δ2,p)

2 + 0.25 (δ1,hb − δ2,hb)
2] , (4.7)

in which, V1 is the molar volume of the solvent. The Hansen solubility pa-

rameters δi,d, δi,p and δi,hb account for the dispersion forces, polar forces, and

hydrogen bonding interactions, respectively. The Hansen solubility parameters

of trileucine were calculated using two different group contribution methods of

Hoy and Van Krevelen [141]. The average value of the solubility parameters

obtained from these two methods was used in this study. The obtained values

were δtl,d = 15.8 MPa1/2, δtl,p = 7.8 MPa1/2 and δtl,hb = 9.6 MPa1/2. For water,

the available Hansen solubility parameters, δw,d = 15.5 MPa1/2, δw,p = 16.0

MPa1/2 and δw,hb = 42.3 MPa1/2 were used [140]. The interaction parameter

of the trileucine-water system was then calculated to be 615.3/T , with the

temperature in Kelvin. The Gibbs free energy of mixing was obtained for this

binary system at any given temperature and composition. The solution of

∂2∆Gmix/∂x
2
1 = 0 resulted in the determination of the spinodal points.

The spinodal curves for this binary system versus trileucine concentration

are shown in Figure 4.3 between 5 °C and 100 °C. At a solution temperature

of 25 °C, the trileucine mole fraction at the left spinodal point was calculated

to be about 0.09%, corresponding to a concentration of Csp,Leu3 = 18 mg/mL.

Based on this simplified model, it can be assumed that upon reaching this

concentration, trileucine undergoes spontaneous liquid-liquid separation into

water-rich and trileucine-rich phases. During spray drying, the phase separa-

tion would most likely start near the droplet surface due to the higher local

concentration (in the subsurface domain due to the surface recession) and

the presence of the adsorbed monolayer at the interface. This kind of liquid-

liquid phase separation was previously put forward as an explanation for the

core-shell structure of atmospheric aerosols containing surface-active organic

compounds with low aqueous solubility [135, 142].

As the liquid-liquid phase separation and spinodal decomposition are a

bulk process with a higher probability of separation near the droplet surface,

to predict the onset of phase separation the subsurface concentration can be
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Figure 4.3: The Spinodal curve of the trileucine-water system obtained from
the Flory-Huggins theory. A transition into the spinodal region will induce
spontaneous liquid-liquid separation into water-rich and water-lean phases.

compared to the spinodal concentration, Csp,Leu3 = 18 mg/mL. The subsur-

face concentration can either be calculated from the solution of Equation (4.5)

or obtained by using a simplified method as follows. After reaching a satu-

rated surface monolayer, Γ(t) = Γmax, and assuming the number of adsorbed

molecules into the monolayer is small relative to the molecules in the bulk,

the subsurface concentration of the ith component can be obtained from the

steady-state surface enrichment value based on what is known as the “VFL”

model [32, 33],

Es,i =
Cs,i

Cm,i

≈ 1 +
Pei
5

+
Pe2i
100

− Pe3i
4000

for Pei =
κ

8Di

< 20, (4.8)

where Cs,i and Cm,i are the instantaneous subsurface and mean concentra-

tions, respectively, excluding the number of adsorbed molecules in the mono-

layer. The mean concentration of component i can be obtained from
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Cm,i = C0,i(1− τ)−3/2 − 6Γmax

d0
(1− τ)−1/2, (4.9)

where C0,i is the initial feed concentration of this component and τ = t/td

is the dimensionless time, while td = d20/κ is the drying time of the droplet

and d0 is the initial droplet diameter. In Equation (4.9), the second term on

the right was added to account for the amount of material adsorbed onto the

interface and is negligible for non-surface-active molecules. It is important to

note that Equations (4.8) and (4.9) give reasonable results only after some

time has passed, since the monolayer has been saturated. Assuming the 6Γmax

d0

term is negligible, the dimensionless time at which spinodal decomposition

commences for the ith component can be obtained from the combination of

Equations (4.8) and (4.9) as

τsp,i = tsp,i/td = 1−
(

C0,iEs,i

Csp,i

)
2

3

(4.10)

Where the assumption in arriving at Equation (4.10) does not hold, for

example, in cases of small initial droplets or droplets with low initial solute

concentrations, Equation (4.5) should be solved numerically to find the re-

spective time for the initiation of phase separation. During formulation de-

sign, Equation (4.10) can be compared to similar timescales such as time to

reach saturation for crystallizing components or time to reach true density for

highly soluble amorphous components in order to better predict the particle

formation processes, if relevant, for other competing components present in

the system [14].

4.3 Results and Discussions

4.3.1 Single-Particle Measurements Using the CK-EDB
Instrument

The time of shell formation and solidification, as well as the instantaneous mor-

phology of the droplets containing trileucine and trehalose, was estimated using

the CK-EDB instrument. The evaporation histories of one sample droplet for
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each case are shown in Figure 4.4. The approximate instantaneous particle

morphologies are also color-coded, with blue representing optically spherical

and homogenous, black representing spherical but with internal inclusions, red

representing a core-shell morphology, and purple representing non-spherical.

The measurement of the diameter is reliable as long as the particle main-

tains optical homogeneity (blue); the size estimated when the particle is non-

spherical and optically inhomogeneous should not be considered accurate. For

both the aqueous-trileucine and aqueous-trileucine-trehalose solution droplets,

the linear portion of the d2 vs time plots (the constant evaporation rate pe-

riod) decreases with an increase in trileucine content, pointing to earlier shell

formation that occurs at larger particle diameters. For all cases, the droplets

were initially spherical during the constant-rate evaporation period, with a

transition to non-spherical particles. For lower trileucine concentrations, this

transition regime was rather sharp and sudden; with an increase of trileucine

content, the transition was more gradual, with the appearance of a mixture

of core-shell and spherical-with-inclusion morphologies before the final phase

change. In such cases, the phase-separated domains were likely large enough

to be discernible by light scattering and detected by the algorithm used for

morphology detection. The core-shell morphology points to the preferential

phase-separation on the droplet surface, while the appearance of individual

domains (inclusions) inside the droplets might be due to additional spinodal

decomposition inside the evaporating droplet.

The quantification of the data obtained from the single-particle experi-

ments was achieved by the determination of the time and diameter at which

the evaporation rates were no longer constant and a deviation from the d2-law

was observed [33]. Henceforth, this instance will be called the critical point of

shell formation or solidification, denoted by the subscript c and corresponding

to the approximate time at which a sufficiently thick or viscous shell forms to

hinder the evaporation of the remaining water in the droplets. The normal-

ized critical diameters, dc/d0, and critical times, τc = tc/td, of the trileucine

and trileucine/trehalose particles are shown in Figure 4.5. These data are

shown versus both the initial trileucine concentration, C0,Leu3, and the respec-
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Figure 4.4: Sample evaporation histories of the formulations studied with the
CK-EDB instrument. The drying temperature was 20 °C for all cases. The
data points are color-coded with the approximated morphologies as explained
at the bottom right. The measured sizes are reliable only for optically spherical
particles (blue).

tive initial trileucine saturation, S0,Leu3, multiplied by the steady-state surface

enrichment of trileucine, Es. The steady-state surface enrichment, which is a

function of the Péclet number, accounts for the amount of material accumu-

lating on the droplet surface due to the recession of the droplet surface alone

[14, 33]. The advantage of such representation of the trileucine content will be

explained later. For both the trileucine and the trileucine/trehalose cases, the

critical diameter increased and the critical time decreased with an increase to

trileucine content, resulting in particles with lower densities. This observation

supports the hypothesis that the precipitation and the subsequent shell forma-

tion of trileucine are initiated upon achieving a certain critical concentration

that leads to spinodal decomposition. It is also evident that the neat trileucine
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systems reached the critical shell formation state at a slightly later stage and

at smaller diameters compared to the trileucine/trehalose systems, perhaps be-

cause of the higher total concentration and viscosity in the latter systems. The

minor difference between the trileucine and the trileucine/trehalose systems

means that trehalose does not interfere considerably with the phase separa-

tion and shell formation of trileucine. This justifies the use of a binary phase

diagram for water and trileucine in the presence of trehalose. A non-linear fit

to the normalized time of shell formation of trileucine gives

τc,Leu3 = tc,Leu3/td = 1− 0.24 (EsS0,Leu3)
2/3 , (4.11)

where, as stated before, Es is the steady-state surface enrichment obtained

from Equation (4.8) and S0,Leu3 is the initial trileucine saturation. This equa-

tion resembles the relationships obtained from the mass balance consideration

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

and the time to reach the true density of a component [14], and can be used

to predict the approximate time of shell formation of trileucine. The data

used in arriving at Equation (4.11) were obtained for relatively large droplets

(d0 ∼= 50 µm), and their accuracy for smaller atomized droplets, such as those

encountered in spray drying of inhalable particles, cannot be verified directly.

Nevertheless, the size dependency of the time for shell formation is expected

to be more considerable for crystallizing systems that need to overcome an

energy barrier and undergo nucleation and crystal growth [122]. Spinodal de-

composition is expected to be faster and hence the use of Equation (4.11) for

smaller droplet sizes appears reasonable.

The normalized time for trileucine to reach a concentration of Csp,Leu3 = 18

mg/mL at the subsurface domain was predicted using Equation (4.10) and is

shown as the grey line in Figure 4.5. Similar results were obtained via the nu-

merical solution of Equation (4.5) because for the large droplets encountered

in the EDB experiments, the monolayer formation happened much earlier rel-

ative to the droplet lifetime (this will be discussed later). As expected, the

subsurface concentration reached the predicted spinodal point earlier than the
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Figure 4.5: The normalized critical diameters (bottom curves) and times
of shell formation and solidification (top curves) for the trileucine and
trileucine/trehalose systems obtained from the deviation from the d2-law in
the CK-EDB measurements versus the initial trileucine concentration at the
bottom and the initial trileucine saturation multiplied by the steady-state sur-
face enrichment at the top. The error bars represent one standard deviation of
the multiple droplets studied per case. The drying temperature was 20 °C for
all cases. The initial droplet diameters were approximately 50 µm. The grey
line is the predicted time for spinodal decomposition to commence obtained
from Equation (4.10).

critical shell formation time measured via the single-particle measurements.

Upon reaching the spinodal point, the trileucine molecules in the bulk sepa-

rate into a water-rich phase and a water-lean phase quickly, most likely near

the surface. The water-lean domains accumulated near the surface are ex-

pected to undergo further water loss due to the continuing evaporation, until

the viscosity of the glassy phase is large enough for a shell to form and fold

upon further shrinkage and evaporation.

After a while, the instrument detected a drop in evaporation rates and

different morphologies. This time delay between τsp,Leu3 and τc is shown as

the area between the measured and predicted curves in Figure 4.5. The delay
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increased with an increase in initial trileucine content, likely because phase

separation happened at a larger droplet diameter at higher trileucine contents,

and it takes more time to make a viscous shell that can arrest droplet shrinkage

on the larger droplets.

To also investigate the precipitation behavior of the system, the bulk con-

centration of trileucine at the critical shell formation, Cc,Leu3, obtained from

a simple mass balance equation and the measured dc [122], versus the ini-

tial trileucine concentration, C0,Leu3, is shown in Figure 4.6. In all cases, the

bulk critical concentration was measured to be larger than the previously cal-

culated spinodal point of trileucine in water (∼ 18 mg/mL). This also agrees

with our assumption of spinodal decomposition of trileucine during drying and

the ensuing delay time as discussed above.

Figure 4.6: The apparent bulk concentration of trileucine at the critical time
of shell formation obtained from the CK-EDB measurements. The drying
temperature was 20 °C for all cases. The initial droplet diameters were ap-
proximately 50 µm. Here, the bulk concentration is obtained from the total
amount of trileucine in the droplet divided by the droplet diameter at shell
formation; hence it includes the amount of material adsorbed onto the surface
too.
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For the neat trileucine systems, Cc,Leu3 is slightly lower at higher trileucine

concentrations. This agrees with the previous observations because for the

cases of neat trileucine a higher C0,Leu3 means reaching the spinodal point

earlier and at a larger droplet diameter and hence at a smaller bulk concen-

tration. This behavior is reversed for the trileucine/trehalose systems, whose

critical bulk concentrations are always lower at similar neat trileucine feed

concentrations. This difference could be explained by the possible coprecipita-

tion of trileucine and trehalose. For a leucine/trehalose system, such a trend

was not observed due to the independent crystallization and shell formation

of leucine [122]. To further assess the validity of this hypothesis of coprecip-

itation of trileucine and trehalose, the surface concentration of trehalose at

the time that trileucine reached its spinodal point was estimated using the

VFL method. This showed a decrease from around 160 mg/mL to 20 mg/mL

when the trileucine fraction was increased from 10% to 50% while the total

feed concentration was kept constant at 5 mg/mL. These values were larger

than the spinodal concentration of trileucine (∼ 18 mg/mL). Hence, it could

be expected that both of the phase-separated domains had some trehalose

content, with the water-rich phases possibly having a higher trehalose content

than the trileucine-rich phases. The ability of trileucine to coprecipitate with

other components, along with its high glass transition temperature, ∼ 104 °C

[29], might be contributing to its superior performance in stabilizing biologics

[124, 125].

The critical bulk concentration of trehalose, Cc,treh, obtained from neat

trehalose droplets was previously measured and was also confirmed from the

data in Figure 4.4 to be around 830 ± 15 mg/mL [122]. This result indicates

that trehalose by itself is expected to undergo a rapid rise in viscosity and

glass formation upon reaching this bulk concentration.

4.3.2 Monodisperse Particles from the Droplet Chain
Instrument

The SEM micrographs of monodisperse particles generated using the droplet

chain instrument are shown in Figure 4.7. As mentioned earlier, the formu-
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lations studied using the droplet chain instrument (seen in Table 4.2) were

chosen to represent the systems measured via the CK-EDB instrument for

which the final dried particles cannot be collected. Two different magnifica-

tions are provided for each sample to study both the micro- and nano-scale

morphologies of the particles. In agreement with the observations from the

CK-EDB, the particles were bigger and less dense at higher trileucine feed

concentrations for both the trileucine and the trileucine/trehalose systems. A

folded shell can be observed for all particles that contain trileucine, which is

evidence of the presence of a pliable skin that can wrinkle and fold and even-

tually dry into a shell. The nanostructure at the surfaces of the trileucine

particles was smooth, possibly due to the monolayer formation at the droplet

interface and the absence of any crystals. It can also be observed that the

inside of the particles is visible due to the presence of a hole for all three

trileucine cases and the last case of the trileucine/trehalose systems with the

highest trileucine fraction. These holes are possibly caused by the rupture of

the thin-shelled particles during drying. As seen in the ultra-magnified micro-

graphs, the morphology of the interior of these particles is completely different

from the surface morphology.

The measured normalized particle diameters, dp/d0, are shown in Fig-

ure 4.8. At similar compositions, the normalized diameters of the dried par-

ticles are slightly smaller than the normalized critical diameters of shell for-

mation obtained from the CK-EDB instrument (refer to Figure 4.5). This is

because after shell formation the particles can still lose their water content and

shrink, but at a slower rate. The gradual increase of the particle diameters

with an increase in trileucine content is also visible. The particle densities,

ρp, also shown in Figure 4.8, were obtained from the equation for the mass

balance of the involatile components as [14]:

ρp = C0,t (d0/dp)
3 , (4.12)

where C0,t is the total feed concentration. The particle density obtained

from this equation gives an envelope density for which the internal and ex-
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Figure 4.7: The micrographs of the monodisperse particles collected from the
droplet chain instrument at two different magnifications. The drying temper-
ature was 20 °C for all cases. Each scale bar applies to its respective row. The
initial droplet diameters were approximately 40 µm.

ternal voids are also considered in the volume. The inclusion of only 10%

trileucine (0.5 mg/mL) decreased the particle density to about 500 mg/mL,

while the density of neat trehalose particles is measured to be larger than 1500

mg/mL from the MDC10T100 system. The particle densities decreased fur-

ther with an increase to the trileucine content. Moreover, the particle densities

of trileucine/trehalose systems were larger than those of neat trileucine cases

at the same conditions. An increasing amount of void space is opened up as

the trileucine content is increased, creating the potential to produce particles
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with very low density. Elsewhere, it has been shown that at very small con-

centrations, trileucine does not change the morphology of trehalose-containing

particles, while the particles’ dispersibility already increases due to the ad-

sorbed surface monolayer [88]. These observations show that this system is

suitable for both high- and low-density particle design targets with superior

aerosol performance.

Figure 4.8: The normalized particle diameters (shown in black) and the par-
ticle densities (shown in blue) obtained from the monodisperse droplet chain
instrument. The error bars represent one standard deviation. The drying
temperature was 20 °C for all cases and the initial droplet diameters were
approximately 40 µm.

4.3.3 Spray-Dried Powders

The spray-dried powders were also studied in order to broaden the scope of

analysis to include conditions representative of actual industrial settings, in

particular the spatially varying parameters inside the spray plume, such as

temperature, relative humidity, and the smaller initial sizes of the polydisperse

atomized droplets. It was especially of interest to determine whether the

findings obtained from the larger droplets at lower drying temperatures could

be generalized to practical industrial conditions.
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The micrographs of the spray-dried trileucine/trehalose particles are shown

in Figure 4.9. As with the monodisperse particles, increasing the trileucine

content caused the particles to become larger and less dense and to develop

rugose surfaces. Compared to the trehalose particles, the addition of only

2% trileucine (1 mg/mL) caused considerable morphological differences due to

early liquid-liquid phase separation.

Compared to the spray-dried leucine/trehalose particles, which had a va-

riety of different particle morphologies for different particle sizes (or different

initial droplet sizes) of the same batch [122], the trileucine/trehalose particles

have similar general morphologies irrespective of their sizes. This difference

in behavior is further evidence for the different phase separation behaviors of

leucine (nucleation and crystal growth with an energy barrier) and trileucine

(spinodal decomposition near the surface) during spray drying.

Figure 4.9: The micrographs of the spray-dried trileucine/trehalose particles
at two different magnifications. The drying temperature was 75 °C for all
cases. Each scale bar applies to its respective row.

Raman spectroscopy measurements (not shown) confirmed that both the

trehalose and trileucine components were completely amorphous in all of the

spray-dried batches [124, 125], refuting the possibility of early nucleation and

crystal growth as the origins of trileucine shell formation.

The surface compositions of the spray-dried particles are shown in Fig-
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ure 4.10. In these 8-bit RGB images obtained from the TOF-SIMS instru-

ment, the blue and red channels were reserved for the signal strengths of

trehalose and trileucine, respectively. The pixel-average surface compositions

of the powders as a whole, small (d < 1 µm), medium (1 < d < 3 µm), and

large particles (d > 3 µm) are shown in Figure 4.11. It is seen that the pow-

ders exhibit more trileucine on the surface at higher trileucine feed fractions.

The surface coverage of trileucine increased from ∼ 70% w/w to ∼ 92% w/w

through an increase to its feed fraction from 2% w/w to 10% w/w. It is ob-

served that nearly complete surface enrichment of trileucine (nearly 40-fold

compared to the bulk) is achieved by the addition of small quantities of this

shell former. It is interesting to note that previous TOF-SIMS measurements

of leucine/trehalose particles showed that the addition of different mass frac-

tions of leucine ranging from 10 to 40% resulted in less than 3-fold surface

enrichment compared to the bulk fractions [122]. Considering the probe depth

of the TOF-SIMS instrument (∼ 3− 5 nm), the extremely high surface cover-

age of trileucine is likely due to the presence of the saturated monolayer (the

diameter of a trileucine molecule is about 0.9 nm) as well as the liquid-liquid

phase separation due to spinodal decomposition with low trehalose content in

the trileucine-rich phase.

As opposed to leucine/trehalose particles [122], the trileucine/trehalose

particles are more similar across different particle sizes, pointing yet again to

the different shell formation mechanisms of leucine and trileucine. It is ob-

served that the particles with the smallest trileucine content (SD50T98TL2)

had slightly different surface compositions for different particle sizes, with

smaller particles having less trileucine on the surface than the larger parti-

cles. This behavior was not as discernible at higher trileucine fractions. The

monolayer surface adsorption due to the trileucine surface activity is likely

responsible for this difference in surface compositions as the thickness of the

monolayer, ∼ 1 nm, comprises more than 20% of the probe depth of the

TOF-SIMS instrument. This in turn means that a non-saturated monolayer

(Γ < Γmax) on the smaller particles would affect the measured surface coverage

slightly.
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Figure 4.10: The TOF-SIMS 8-bit RGB images of the spray-dried trileucine
and trehalose particles. The red and blue channels represent the trileucine and
trehalose surface compositions, respectively. The drying temperature was 75
°C for all cases.

Figure 4.11: The pixel-average surface compositions of the whole powder,
small, medium, and large spray-dried particles. The drying temperature was
75 °C for all cases. The error bars represent the standard deviation.
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4.3.4 Implications for Formulation and Process Design
via Particle Engineering for Surface-Active Mate-
rials

As discussed above, the surface adsorption of trileucine plays an important role

in its higher surface enrichment in spray-dried particles. Hence, the kinetics

of the monolayer formation should be studied in more depth for a successful

particle design of systems containing at least one surface-active component.

The adsorption of surface-active materials on the droplet interface was pre-

viously approximated using Equation (4.4) [130], which was originally obtained

for the adsorption of surfactants on the interface of a semi-infinite medium

[133]. The use of this relationship does not account for the depletion of the

solute molecules in small atomized droplets (due to the large surface-to-volume

ratio of a small sphere), nor does it account for the effect of the receding droplet

surface due to evaporation. To explain these effects, Equation (4.5) was solved

in conjunction with the appropriate boundary conditions for trileucine at dif-

ferent initial droplet diameters, feed concentrations, and drying temperatures.

The bulk concentration, subsurface concentration, and adsorbed surface excess

of a sample case versus time are shown in Figure 4.12a. The initial droplet

diameter was 8 µm, trileucine feed concentration was 1 mg/mL and the drying

temperature was 75 °C, imitating the conditions of the SD50T98TL2 spray-

dried case. Until a certain point in time, tΓ, at which the maximum surface

excess of 0.99 mg/m2 was reached, the subsurface concentration was zero, while

the bulk concentration decreased due to the surface adsorption. Upon reach-

ing the maximum surface excess at tΓ, the enforced boundary conditions were

switched, and desorption from the interface into the subsurface commenced

due to the decreasing surface area and the fact that the surface excess cannot

be increased past the maximum value, Γmax. Eventually, the subsurface con-

centration increased similarly to the ordinary particle formation predictions

explained elsewhere [32, 95]. These behaviors can also be seen from the in-

ternal radial concentration distributions of the same droplet at different time

points during the evaporation period shown in Figure 4.12b.
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The time to reach the maximum surface excess, tΓ, for different trileucine

feed concentrations as a function of the initial droplet diameter obtained from

the numerical simulations is shown in Figure 4.13 for drying temperatures of

20 °C and 75 °C. The times required to reach surface saturation obtained from

Equation (4.4) (semi-infinite volume case) are also shown as the horizontal lines

for each respective feed concentration; surprisingly, these are not identical for

the same concentration at different temperatures. The reason is the lower

aqueous viscosity at the higher wet-bulb temperature and hence the higher

trileucine diffusion coefficient for the drying temperature of 75 °C compared

to 20 °C.

Also shown in Figure 4.13 as grey dashed lines are the drying times, td, of

the droplets with different diameters. The numerical results converge to those

obtained from Equation (4.4) at larger initial droplet diameters, but the results

deviate for smaller diameters and feed concentrations due to the shorter drying

times of the small droplets. Considering only the horizontal lines obtained from

Equation (4.4), any case that has an initial droplet diameter to the left of the

intersection of the respective line and the td line would not have enough time

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

droplet with an initial diameter of 2 µm and a trileucine concentration of 0.5

mg/mL dried at 75 °C is less than the time required to reach the maximum

surface excess obtained from Equation (4.4). However, as seen from the full

numerical results, the reality is different. Even though the droplet’s lifetime

is less than the time required for surface saturation obtained from the simple

equation, there will still be a fully adsorbed monolayer near the end of the

drying process due to droplet shrinkage. It is for this reason that in Figure 4.13

the numerical results are tangent to the td curves for smaller initial droplet

diameters and for the cases with low trileucine concentrations.

It is also observed that at the lower drying temperature of 20 °C, the

curves for the trileucine feed concentrations of 0.1, 0.5, and 1 mg/mL have lo-

cal maxima above their respective horizontal lines. The longer times required

for monolayer formation for these low-concentration cases are due to the de-

pletion of the solute molecules in the bulk at smaller initial droplet diameters
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(higher surface-to-volume ratio). At these conditions, the droplet shrinkage

due to evaporation is not fast enough to maintain the bulk concentration

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

droplet diameters and smaller surface-to-volume ratios, the curves eventually

converge with the horizontal lines. This behavior was not observed for the

droplets evaporating at 75 °C, and the curves converged with the horizontal

lines monotonically due to the fast evaporation of the droplets. Importantly,

it can be concluded that for droplets typically encountered in industrial spray

dryers (i.e. d > 7 µm) and typical drying gas conditions (the 75 °C plot),

the time to form a saturated monolayer is very fast compared to the droplet

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

In the presence of other excipients or actives another condition needs to be

considered for particle design: for a saturated trileucine monolayer to form,

the calculated tΓ needs to be shorter than the shortest time of solidification of

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

solidification of trileucine is a sequential process with monolayer formation

being the first stage (at τΓ from Figure 4.13), followed by spinodal decom-

position (at τsp,Leu3 from Equation (4.10)), and then the final period of the

formation of a rigid shell on the surface of the droplet (at τc,Leu3 from Equa-

tion (4.11)). The critical solidification times of other components and active

ingredients can now be compared to these values during formulation design.

For the trileucine/trehalose platform studied in this article, the critical time

of solidification for trehalose, τc,Treh, is assumed to be the time at which it

reaches a bulk concentration of 830 mg/mL and is obtained from

τc,Treh = 1−
(

C0,Treh

830 mg/mL

)2/3

, (4.13)

in which C0,Treh is the initial feed concentration of trehalose in mg/mL.

For trehalose, the bulk concentration can be used as a threshold in particle

formation, as its Péclet number is small enough to give a surface enrichment

of close to 1 at these drying temperatures [122]. As an example, the time

points of interest for three different trileucine/trehalose systems analogous to

114



the spray-dried formulations were calculated and are reported in Figure 4.14.

It is observed that for all cases τΓ was much smaller than the solidification time

of trehalose, τc,Treh. But for the first system with 2% w/w trileucine, τΓ was

relatively close in magnitude to τc,Treh for small initial droplet diameters. This

difference increased for greater trileucine fractions. This fact is assumed to

be one of the reasons for the relatively dissimilar surface compositions among

different particle sizes of the SD50T98TL2 system as shown in Figure 4.10.

In the first case with 2% w/w trileucine, τsp,Leu3 was close to τc,Treh explain-

ing possible solidification of trileucine and trehalose at similar times. In the

systems with higher trileucine fractions in Figure 4.14, it is predicted that

the spinodal decomposition of trileucine starts long before the solidification of

trehalose.

Note that in the simplified discussion here, the liquid-liquid phase separa-

tion of the ternary system of trileucine and trehalose with water is not con-

sidered. Based on the plots shown in Figure 4.14, trileucine is expected to act

as a strong dispersibility enhancer for all three systems, because a saturated

monolayer could be formed on the droplet surface before other components

could interfere with the surface adsorption. The presence of this monolayer is

responsible for reducing the surface energy of the dried particles and in turn

increasing the dispersion properties of the resulting powders. The increase of

trileucine fractions from 2% w/w to 10% w/w is expected to cause a thicker

trileucine shell on the surface that might not be necessary to maintain the

dispersibility enhancement but that can greatly decrease the particle density

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

Using a similar methodology, a formulator can design a system composed of

many excipients and active ingredients. It should be noted here that multiple

surface-active components in the same system are expected to interfere with

each other’s surface adsorption. In that case, the methodology proposed for

the prediction of surface adsorption of the components in such systems would

need to be modified.
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(a)

(b)

Figure 4.12: (a) The bulk and subsurface concentrations as well as the in-
stantaneous surface excess of a water droplet containing 1 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 0.014 s. (b) The internal concentration
distribution at different times for the same droplet of (a) versus the normalized
radial coordinate.
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Figure 4.13: The calculated time required for trileucine monolayer formation
for different trileucine feed concentrations and initial droplet diameters at two
different drying temperatures. The curves were obtained from the solution of
the diffusion equations inside an evaporating droplet. The horizontal asymp-
totic lines were obtained from Equation (4.4) and td = d20/κ is the droplet
lifetime.

4.4 Conclusion

A methodology was proposed to implement the effect of surface activity into

available particle formation models for the first time. Furthermore, the parti-

cle formation of trileucine, a surface-active molecule that does not crystallize

during spray drying and has low aqueous solubility, was explained as a combi-

nation of the formation of an adsorbed monolayer on the droplet surface and

liquid-liquid phase separation due to spinodal decomposition.

The formation of a fully saturated monolayer of trileucine on the droplet

surface contributes to the significant improvement of aerosol properties. The

highly wrinkled morphologies and low densities observed for systems contain-

ing trileucine as a dispersibility enhancer were also explained as having been

caused by the early phase separation.

By following the methodology explained in this study and combining the in-

formation obtained from experimentation and theoretical discussions, a formu-

lator can design a system with minimal experimental iterations with trileucine

as a dispersibility enhancer in systems containing other excipients and active

pharmaceutical ingredients.
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Figure 4.14: The different dimensionless timescales of three trileucine and
trehalose systems with a total feed concentration of 50 mg/mL and varying
fractions of trileucine. τΓ = tΓ/td is the time required for the formation of a
saturated trileucine monolayer on the surface of the droplets. τsp,Leu3 is the
approximate time when spinodal decomposition of trileucine is predicted to
start. tc,Leu3 is the predicted time for trileucine to make a rigid shell on the
surface and τc,Treh is the approximate time at which trehalose is expected to
solidify. The drying temperature was 75 °C for all cases.
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Chapter 5

Conclusion

In this thesis, some of the lingering problems with particle formation models

have been addressed, namely, the evaporation and internal solute diffusion

of multi-solvent droplets, the particle formation of a low-soluble crystallizing

shell former such as leucine, and finally, the particle formation of a strongly

surface-active low-soluble shell former such as trileucine.

In Chapter 2, the drying kinetics of multi-solvent droplets containing some

solutes were studied. It was shown that, depending on the solvent mixtures,

azeotropic-like behavior can be observed in the evaporation of microdroplets.

For these iso-compositional mixtures, the conventional particle formation mod-

els used for single-solvent systems can be employed. It was also determined

that, given enough material can be dissolved in the feed, the particle for-

mation of components that are not expected to crystallize is purely diffusion-

controlled, and the particle morphology is similar at different co-solvent ratios.

For molecules that do crystallize during drying, the change of solvent composi-

tion resulted in significant morphological variations in the resulting particles.

The particle formation of leucine during spray drying was studied in Chap-

ter 3. It was determined that the surface enrichment of leucine-containing par-

ticles is mostly due to the nucleation and crystal growth of leucine molecules.

Consequently, the surface morphology and solid phase of such particles were

observed to be size-dependent. A theoretical supersaturation ratio at which

nucleation is thought to be spontaneous was estimated for leucine. It was

also confirmed that the presence of high fractions of a glass former, such as

119



trehalose, can hinder the nucleation and crystal growth of leucine, and hence

hinder its ability to act as an efficient shell former. Based on these findings, a

modified particle formation model was proposed to assist a formulator in the

early stages of product development.

In Chapter 4 the phase separation of trileucine in evaporating microdroplets

was studied in depth. It was concluded that the formation of a fully saturated

trileucine layer on the droplet surface due to its surface activity improves the

aerosol properties significantly. The wrinkled morphologies, another cause of

dispersibility enhancement, were shown to be caused by early liquid-liquid

phase separation in aqueous trileucine solutions. A model was also proposed

to account for the surface adsorption of surface-active molecules during droplet

evaporation. Such a modification improves the predictive capabilities of the

particle formation models during the design of microparticles containing sur-

factants and shell formers.

Most of the theoretical understandings from the studies conducted in this

thesis were obtained for a limited number of solvents, excipients, and ac-

tive pharmaceutical ingredients. The capability of the proposed models in

the prediction of physical properties of spray-dried particles encountered in

a real-world situation demands further research. For example, the particle

formation of a practical system comprising several crystallizing components,

surface-active materials, or polymers could prove an interesting topic for future

research, as could the use of the models and experimental methods employed

in this thesis for the study of amorphous solid dispersions. Likewise, the use

of the multi-solvent model in the simulation of simultaneous evaporation and

condensation could be useful in a future study of the evaporation of pMDI

propellant droplets in humid environments.
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