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Abstract

In this study, respirable dry powders for the treatment of Pseudomonas
aeruginosa and Burkholderia cepacia complex infections in cystic fibrosis
patients were developed. The feasibility of spray drying aqueous solutions
containing bacteriophages was investigated. Bacteriophages KS4-M, KS14
and ®KZ/D3 cocktail (active against P. aeruginosa or Burkholderia cepacia)
were spray dried in solutions containing other excipients including trehalose
and L-leucine. Acceptable process loss (0.4-0.8 log pfu), high delivery
efficiency (69.7% of capsule load for the lead formulation), and desirable
particle size (2.5-2.8 pm MMAD) were achieved. Then, L-leucine was
substituted by and tested against D-leucine in the lead formulation to help
eradicate bacteria biofilms. Similar morphologies and MMADs (3.25+0.03 pm
and 3.82+0.04 pm for D- and L-leucine/trehalose) were achieved. Both
formulations had acceptable total lung mass fractions (62.0£7.81% and
63.66+16.37% of emitted mass for D- and L-leucine/trehalose). Substitution

L-leucine with D-leucine was found to be feasible.
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Nomenclature

Initial concentration of component i

Average concentration of component i

Surface concentration of component i
Solubility of component i

Specific heat of atomization gas
Cunningham slip correction factor
Specific heat of drying gas

Feed concentration

Specific heat of feed solution

Initial diameter

Aerodynamic diameter

Droplet diameter

Volume equivalent diameter
Diffusion coefficient of component i
Surface enrichment of component i
Enthalpy of atomizing gas

Enthalpy of drying gas

Heat loss

Enthalpy of feed solution
Interaction coefficient

Mass flow rate of atomizing gas
Mass flow rate of drying gas
Particle mass

Mass flow rate of feed solution
Molecular weight of the atomizing gas

Molecular weight of the drying gas



Mg, Molecular weight of the feed solution

P chamber Absolute pressure in the drying chamber
P*1 out Solvent saturation pressure at the temperature Tou
Pe; Peclet number of component i

RH Relative humidity

So.i Initial supersaturation of component i

t Time

Tfeed Temperature of the feed solution

Tg Glass transition temperature

Tin Temperature of the entering drying gas
Tout Temperature of the exhaust drying gas
b Droplet volume

Vs Particle volume

X Solid mass fraction in the feed solution
Y; Mass fraction of component i

K Evaporation rate

Pb Bulk density

Pp Particle density

T True density

p* Reference density

p Characteristic drying time

Tsati Characteristic time to saturation for component i
X Dynamic shape factor

AHyap Solvent’s latent heat of evaporation



1. Introduction

Dry powders have been used as pharmaceuticals in several forms: they have
been pressed into tablets or filled into capsules for oral administration,
inhaled as aerosols, or administered intranasally [1]. Administration of dry
powders via inhalation is a common way of targeted drug delivery, i.e,
delivering the drug to the site of action. In contrast to the conventional drug
delivery methods, in which the drug is usually delivered to the diseased
tissue or organ via blood circulation, targeted drug delivery methods aim
only for the tissues of interest. This helps to deliver higher concentrations of
the drug to where it actually is needed rather than distributing the drug
throughout the body and having limited control on what portion of it will
reach the diseased tissue. Delivering higher concentrations of the drug to the
site of action in each administration reduces the frequency that the drug
needs to be administered and also reduces the fluctuation of the
concentration of the drug existing in the blood. Moreover, delivering the drug

to only specific parts of the body can dramatically reduce its side effects [2].

Inhalation, amongst other drug administration routes, has a number of
advantages: it results in rapid delivery of high concentrations of the drug
over a large surface area in the respiratory tract; it allows small molecules to
pass since the lung membrane is very permeable; and it exposes the drug to
much less metabolism and degradation compared with other routes of
administration [3-5]. Moreover, it is a noninvasive administration method
which needs no professional supervision in most cases. The downside of
drug administration via inhalation is the need for specifically-designed

particles.

Microparticles are the building blocks of therapeutic aerosols for inhalation

[6]. The approach towards the function of micro-particles has recently



changed with the growing need to develop more advanced therapeutics: they
are no longer viewed as merely carriers of drugs but rather as sophisticated
dosage forms with multiple functions such as delivering and stabilizing the
therapeutic agents through being designed to have desirable size, texture,
and internal structure. The ability to control particle formation to achieve the
required functions calls for a deep understanding of the process itself
combined with the knowledge of other sciences such as chemistry and

microbiology [1].

Micro-particles can be developed through several methods which are divided
into two broad categories: bottom-up, in which the particles are built from
smaller units, and top-down, in which the particles are manufactured
through breaking down the larger units. Bulk drying processes e.g. vacuum
drying and freeze drying belong to the bottom-up category. These methods
usually need some kind of post-drying process such as micronization done on
their final product to reach the desirable size. Spray drying, on the contrary,

results in products with desirable properties in only one step.

There are several requirements for particles developed for pulmonary
delivery via spray drying. First, they should be of the desirable size: 5-10pum
for delivery via airways and 1-5um for deep lung delivery [3]. Second, the
particles should have low surface energy and cohesion forces to be able to
aerosolize efficiently. And finally, they should be composed of material

compatible with the lung tissue [7].

1.1. Spray Drying Process

Spray drying is the process of transforming a feed in the form of solution or
suspension into dry powder form by exposing a spray of the feed to a drying
medium. This process can be divided into several consecutive stages:

atomization of the feed, exposing the atomized feed to hot drying gas,

2



moisture evaporation which results in dry powder, and powder recovery.
Details on the theory of spray drying can be found in several sources [8, 9].

The following sections provide a summary of the theory.

1.1.1. Atomization

Atomization is the process of breaking up the liquid into droplets and
forming a spray. The energy required to break up the liquid is supplied in one
of centrifugal, kinetic, pressure, or sonic forms depending on the type of
atomizer. The selection of the atomizer most suitable for the purpose of
spray drying is of great importance in terms of the atomization efficiency.
The atomizer should produce a spray with proper feed rate and droplet size

to achieve the desirable properties in the final product.

Rotary atomizers exist in two forms: wheels and discs. They mostly use
centrifugal energy to break up the liquid feed and can atomize high feed
rates. Nozzle atomizers use pressure, Kinetic, or sonic energy. They can only
handle low feed rates; hence, more than one is used when higher feed rates

are required.

Figure 1 shows a schematic of the liquid spray from a rotary atomizer. In this
type of atomizers, the liquid enters the center of a disc or a wheel rotating at
high speed and accelerates towards and out of the periphery disintegrating
and forming a spray. The characteristics of the spray depend on the atomizer

design and speed as well as the feed rate and properties of the feed liquid.

B

Figure 1 - Spray from a rotary atomizer, inspired by [10]
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Figure 2 illustrates a schematic of the spray from a pressure nozzle. In this
type of atomizers, the liquid is fed into the center of the nozzle at a high
pressure. The pressure is then converted into kinetic energy, resulting in the
liquid leaving the nozzle at a high speed and disintegrating instantly. The
spray will form a cone outside the nozzle since the feed circulates in the
atomizer. The spray from this type of atomizers is usually coarser than that
of the rotary atomizers and can change depending on the atomization

pressure.

Figure 2 - Spray from a pressure nozzle atomizer, inspired by [11]

Two-fluid nozzles are another category of atomizers in which the liquid and
the atomizing gas enter the nozzle separately. The kinetic energy of the high-
speed atomizing gas disintegrates the liquid either inside the nozzle or when
the liquid leaves the orifice - internal and external mixing. Figure 3
illustrates the structure of a two-fluid nozzle with internal (left) and external
(right) mixing. A number of parameters such as the liquid feed rate and the

atomization gas flow rate affect the properties of the resulting spray.

4



Figure 3 - Two-fluid nozzle, inspired by [12]

There are also other types of atomizers which use other forms of energy to
break up the feed liquid. For instance, sonic and vibrating atomizers are
usually used to atomize liquids in early stages of product development. The
spray dryer used in this study (Biichi B-90) utilizes a vibrating mesh that fits

into this category of atomizers.

While the droplet sizes achieved by rotary and pressure atomizers are too
large for respiratory applications, two-fluid nozzles and sonic and vibrating

atomizers have been frequently used in pharmaceutical industry.

1.1.2. Spray-Air Contact

Spray-air contact, which has a strong influence on the characteristics of the
final product, is the next stage in spray drying process and depends on the
position of the atomizer in the drying medium. Figure 4 shows two different
modes of spray drying in terms of position of the atomizer in relation to the
drying gas. The co-current flow configuration (left hand side) represents the
mode where the atomized spray and the drying gas enter the drying medium
in the same direction, while they pass the drying medium in the opposite

direction in the countercurrent flow.

Co-current flow mode is most suitable for heat-sensitive material, such as
bacteriophages used in this study, when short-time heat exposure is
desirable and low temperature is maintained in spite of the very hot drying

gas.



Figure 4 - Co-current and counter-current spray-air contact, inspired by [13]

The countercurrent flow (right hand side) results in a better use of the heat
provided by the drying gas but expose the driest particles to the hottest gas.
Nozzle atomizers are best suitable for this configuration since the upward
gas flow increases the evaporation time for large droplets. Mixed flow is a

combination of both co-current and countercurrent flows.

1.1.3. Solvent Evaporation

Solvent evaporation is the next stage of spray drying where particles with
desirable moisture are achieved due to the contact between the spray and
the hot drying gas. The rate of moisture evaporation from the droplet
depends on the temperature and humidity of the drying gas as well as the

droplet size, velocity, and physical properties.

1.1.4. Powder Recovery

The final product of the spray drying process is collected using cyclones, bag
filters, electrostatic precipitators, or other means of powder recovery. This
process can be done in either one or two stages. The choice of equipment

depends on the cost, efficiency, and powder properties. While cyclones and



electrostatic precipitators are usually less efficient than bag filters, very high
maintenance costs of bag filters makes them less desirable unless the dry
product is so expensive that the maintenance cost is less than the cost of the
potential powder loss in recovery stage. Electrostatic precipitators have high
price but very low operation cost with acceptable efficiency (up to 99%) for
fine particles recovery. They can operate under high temperatures and low

humidity exhaust air.

There are two main spray drying configurations: open cycle and closed cycle.
The difference between these two configurations is that the drying gas is
exhausted after filtration in open cycle while it is re-pressurized and re-used
in closed cycle. A clean filtered exhaust is needed in open-cycle to prevent the

discharge of airborne powder into the surrounding air.

Spray drying was first mentioned in 1865 [8], and has had numerous
applications since then. Many household products e.g. pharmaceuticals and
cosmetics have either been spray dried or had a spray drying stage in their
production process. Spray dryers were first used in industry to produce dry
milk and detergent and were especially well-established as a one-step
economic method during the Second World War when massive amount of

dry food was needed.

It has been shown [1] that excipients' properties and process parameters in
spray drying determine the morphology of the final product. The need for an
engineering method to develop the particles has emerged since there are too
many parameters involved in the process to employ an empirical approach.
Moreover, using engineering methods helps design particles with desired
properties for specific purposes e.g. high dispersibility for respirable dry

powders.



1.2. Particle Engineering Theory and Terminology

One of the important parameters in respiratory applications of a dry powder
is the particle size. The reason for this is that all the mechanisms contributing
to particle deposition in respiratory tract are mainly affected by particle size
and inhalation flow rate along with other parameters such as breathing
pattern [7]. Only particles in a specific size range can actually make it all the
way to the lungs. This size range is between 1 uym and 5 um for dry powder
particles [3]. Particles smaller than 1um can be exhaled after inhalation and
particles larger than 5pum deposit on the respiratory tract wall somewhere on

their way to the lungs [3].

Particles with aspect ratios close to one are considered spherical despite
having irregular shapes. This is the case with most spray dried particles i.e.
they might be wrinkled or have other irregular shapes but their aspect ratios
are mostly close to one [14]. Hence, their size can be specified using only
their diameter; although, one should define an equivalent diameter since the
particles are not perfect spheres. Several types of equivalent diameters have
been introduced depending on the application. The one used more often in
respiratory applications is aerodynamic diameter which is defined as the
diameter of a sphere with density of 1 g/cm3 which has the same settling
velocity (the velocity that a particle reaches when settling in a fluid) as the

investigated particle [15]. Equation 1 describes this diameter.

P
d, = /pf

In this equation, d. and p* are the particle aerodynamic diameter and the

dy (1)

reference density (1 g/cm3) respectively. To define other parameters of this
equation, accurate definition of the particle volume is required. The volume
of a non-spherical particle can be calculated in three different approaches

regarding its voids: volume of the particle including (1) all external and



internal voids i.e. hydrodynamic volume, (2) only internal voids, and (3)

neither external nor internal voids [16, 17].

For non-continuum regime, which may apply to submicron particles,
Cunningham slip correction factor (Cc) must be included in equation 1. The
dynamic shape factor (y) in equation 2, which is the ratio of the actual drag
force on the particle to the drag force on a sphere with the same
hydrodynamic volume, is assumed to be one. For submicron particles, the
Cunningham slip correction factor varies rapidly by diameter, but for
particles larger than 1pm, the ratio of the two C.'s in equation 2 can be

assumed to be one [17], and equation 2 can be summarized to equation 1.
ppCc(dy) 1
d,= |[————.—d 2
: ,/p*cc(da) x (2)

The volume equivalent diameter, dy, which is the diameter of a perfect
sphere with the same volume as the particle, can be calculated based on the

hydrodynamic volume of the particle (},) using the equation below:

dy>=V, = dy= |— (3)

The same definitions for volume mentioned above are used to calculate three
different densities of a non-spherical particle: particle density (pp), bulk
density (pp), and true density (pr) based on first, second, and third

definitions of volume respectively.

The aerodynamic diameter calculated based on the volume equivalent

diameter is of great importance since it determines the particle’s behavior in



an airborne aerosol. Particles with the same aerodynamic diameter have the
same behavior and vice versa. Knowing the aerodynamic diameter is one of
the parameters that allow us to determine whether or not the particle will

deposit in the respiratory tract.

According to the mass conservation calculations below, the volume
equivalent diameter can be described as a function of the droplet

diameter, dbp:

LU
VD:ng (4)
T 3
mp:ng Cy (5)
L LU
gdvpp ng Cr (6)
BCF
dy = p_dD (7)
p

Where mp, and Cp are particle mass and feed concentration respectively.
Hence, the aerodynamic diameter can be described as a function of the feed

concentration and the droplet diameter:

(8)

This equation also demonstrates that in cases where the particle density is
close to 1 g/cm3, the particle aerodynamic diameter is only a weak function
of the particle density. It also draws attention to limitations on the feed
concentration to the atomizer since particle aerodynamic diameter increases

with feed concentration, which is unfavorable in pulmonary applications.

Equation 9, which is another configuration of equation 8, can be used to

determine the required feed concentration for spray drying any formulation

10



according to the target particle aerodynamic diameter and particle density,

and the droplet diameter, which is determined by the atomizer properties.

* da

With d, as the initial droplet diameter, the droplet diameter can be described

as a function of time and evaporation rate [18]:

d2(t) = dy® — Kt (10)

Assuming that the drying gas and the droplet temperature remain constant
during most of the evaporation process and neglecting the rapid temperature
change at the beginning of the process, the evaporation rate can be
considered constant to simplify further calculations. This model does not
capture the changes in evaporation rate right before particle solidification

begins.

The drying time of the droplet, which can also be perceived as the droplet

lifetime, can be derived directly from the above equation [1]:

%o (11)

This is a very important characteristic time in the drying process since it
determines how much time the droplet can spend in the drying chamber

before chemical degradation happens.

Assuming a spherical shape for spray dried particles, one must be able to
control the radial distribution of different components in the droplet
throughout the drying process. There are a number of phenomena that could

contribute to determining this distribution. Surface activity might cause a

11



diffusional flux towards the surface as opposed to the particle's receding
surface as the solvent evaporates, which results in a higher concentration on
the surface, and thus, a diffusional flux away from the surface. The combined
effects of these phenomena determine the radial distribution of the
components in the droplet. A dimensionless number, the Peclet number,
incorporating the evaporation rate and diffusion coefficient, can be used to

predict the components’ distribution in a drying droplet [19]:

Pe; = (12)

In the above equation, Pe; is the Pe number and D; the diffusion coefficient of
the component i, and k is the evaporation rate of the droplet. Pe number can
highly affect the particle formation mechanism. For Pe numbers smaller than
1, the diffusional motion of the solutes existing in the droplet is fast
compared to the receding speed of the droplet surface. Hence, they can move
relatively quickly and distribute evenly throughout the droplet evaporation
process and keep the surface enrichment -the ratio of surface concentration
to average concentration of the solutes in the droplet as shown in equation
12- low. In this equation, Ej, c¢sj, and cp,; are surface enrichment, surface

concentration, and average concentration of component i respectively [1].

C.;
Ej=— (13)

Cm,i

In case the solutes are highly soluble in the solvent, the initial
supersaturation is also low, resulting for the droplet’s characteristic time for
the solutes to reach saturation be close to the droplet’s drying time. Solid
particles with a density close to the true density of the components are the
result of this type of particle formation. Equations 14 and 15 are used to

calculate initial supersaturation (Sp;) and time to saturation (Tga;) of

12



component i based on initial concentration (cq;) and solubility (cgo;) of

componenti [1].

Co,i
Soi = — 14
01 Csol,i ( )
2
Tsati = Tp(1 — (Soi- E;)3) (15)

For high Peclet numbers, the droplet surface recedes faster than the
diffusional motion of the solutes, resulting in the solute with high Pe number
accumulating on the surface and forming a shell depending on the properties
of the solute molecules. Several morphologies including hollow spheres can
be achieved through this type of particle formation. Figure 5 demonstrates a

schematic of particle formation for high Peclet numbers.

; Crumpling
Surface Shell / Skin

Enrichment Formation

O

Buckling

Figure 5 - Particle formation for high Peclet numbers. Figure 3 from [1], with kind permission
from Springer Science and Business Media.

In reality, the Peclet number changes through the droplet evaporation
process since the diffusion coefficient and the evaporation rate are not
constant and vary with the droplet composition. It also changes when phase
transition happens e.g. in crystallization cases. In this type of particle
formation, a component with initially low Peclet number distributes evenly
throughout the droplet until reaching supersaturation and then introduces a

separate phase. At this point, the mobility of the component molecules is

13



determined by mobility of the separated phase rather than the diffusional
coefficient, which results in a high Peclet number. This component then

accumulates on the surface and forms a shell which may later deform into

different shapes.
Bulk Precipitation
£ Shell %
G  Formation »
Supersaturation —> O
\?J & ‘ : 2 :/J T

Surface Precipitation

Figure 6 - Particle formation for changing Peclet numbers. Figure 5 from [1], with kind
permission from Springer Science and Business Media.

The glass transition temperature (the temperature at which an amorphous
solid undergoes significant changes in its material properties) of the
excipients is also a very important parameter which affects the state of the
final product in terms of crystallinity, and chemical and physical stability of
the dry powder. Amorphous glasses tend to be physically stable when kept
well below their glass transition temperature. Glass stabilizations is also
used to chemically stabilize active pharmaceutical ingredients [1]. Glass
transition temperature (7g) of a mixture of two components with mass
fractions of Y; and Y,, interaction coefficient of K, and glass transition
temperatures of Tg;, and T;, can be calculated using the Gordon-Taylor

equation [20]:

Yl TG,1 + KYZ TG,1

TG,mixture = Y, + KY, ( 16 )

14



Assuming K=Tg 1 /T », this equation can be summarized in the form of Fox

equation [20]:

TG,mixture ~

1
Y; (17)
2T

In order to be able to spray dry any formulation consisting of any number of
components, equations 16 or 17 must be used to calculate the glass
transition temperature of each component separately using their dry Tg
(known from the literature), the target outlet relative humidity of the spray
dryer, and their vapor sorption behavior. The water content should be
treated as a second component in order to calculate the T in the outlet RH.
The glass transition temperature can change with water content. Any
material e.g. water that can decrease the glass transition temperature is
called a plasticizer [21, 22]. The vapor sorption behavior of a material
determines how much water it absorbs in any relative humidity, and the
amount of absorbed water determines how much its glass transition

temperature changes.

1.3. Mass and Energy Balance in Spray Dryers

In order to predict the spray drying product properties, application of mass
and energy balance equations is required [23]. Considering the drying
chamber as the control volume (figure 7), there are four terms in the energy

balance equation in the most general form [8]:

1) Enthalpy change of the drying gas (AHqg)

2) Enthalpy change of the atomizing gas (AH,g)
3) Enthalpy change of the feed solution (AHy,))
4) Heatloss (Hy)
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Figure 7 - Drying chamber as the control volume, Reprinted from [24], with permission from
Elsevier

Assuming that the drying and atomizing gases are completely dry and there
is no pressure change during the drying process, these four terms form the

general energy balance equation:

AHgy = AHg + AH o + Hy (18)

The feed solution consists of water and solid content both of which go
through temperature changes. The solid content (x;) is calculated by dividing
the feed concentration by the feed solution density. Since this number is very
low in spray drying applications, the enthalpy change of the solid content will

be ignored in the following equations.

We assume that drying and atomizing gases with mass flow rates of mg4, and
m,g enter the drying chamber with Tj, and Tgeq temperatures, respectively.

The feed solution enters the drying chamber with a mass flow rate of mg,; at
temperature Tf.oq- The energy provided by the drying gas is used to heat the

atomizing gas and vaporize the water content of the feed solution, and they
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both reach equilibrium and leave the drying chamber (control volume) at

temperature T ;.

The energy required to vaporize the water content (or any solvent in a
general application) in the feed solution and the enthalpy change of the

atomizing gas are shown below [8]:

AHgop = Mg (1 — xg) [Cs(Tout —Tin) + AHvap] (19)
AI-Iag = Myg. Cag- (Tout — Tteed) (20)

With (s, AHy,p, and C,g being the specific heat and the latent heat of

evaporation of the solvent, and the specific heat of the atomizing gas.

Considering Cyq being the drying gas specific heat, the energy supplied by the
drying gas is:

AHdg = Mgg. Cdg- (Tin — Tour) (21)

The heat loss can be expressed as a linear function of the outlet temperature

[24] as shown in equation below:

H, =AT,,+ B (22)

Substituting the last four equations in the general energy balance equation

results in:
M. (1 - xs)- [Cs(Tout - Tin) + AHvap]

+ mag- Cag- (Tout - Tfeed) + ATout + B ( 23 )
= Myg. Cdg- (Tin — Tour)

Assuming that all specific heats are constant, equation 23 can be re-

organized to calculate outlet temperature from inlet parameters:
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T out
_ mdgcdgTin + magcangeed + msol(l - xs) [CsTfeed - AHvap] - B ( 24)
Mg Cog + MyyCyg + Mg (1 — x5)Cs + A

In the general case, a moisture balance equation is required as well [8].
However, in this case, assuming both drying and atomizing gases are
completely dry, and ignoring the moisture content of the solid product, leads

to a simple equation for the prediction of the outlet relative humidity [23]:

*

%RHout = 100. (Pchamber> ' M- (1 - xs)/Msol

1—x5+mdg+mag (25)

Tout M. M

sol M dg ag

In which Pcpamper is the absolute pressure in the drying chamber, Py, is the
solvent saturation vapor pressure at the temperature Tqy, Mso1, Mgg, and M,

are the molecular weights of the feed solution, drying gas, and atomizing gas

respectively.

1.4. Applying the Theory to Particle Design

The theory discussed in the previous sections can be used in several
consecutive steps to avoid trial and error in the particle design process. This
theory leads to a time- and cost-effective approach for spray drying. The
general way of application of the theory and order of steps to be taken is

demonstrated in the block diagram in figure 8.
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Here is a brief explanation of the block diagram:

Droplet diameter, which is a known parameter as one of the specifications of
the atomizer used in the spray dryer (might not be fixed in some types of
atomizers e.g. twin-fluid), along with the target aerodynamic diameter and
particle density, is used to calculate the required feed concentration for spray

drying using equation 9.

Target particle properties also determine the outlet conditions for the spray
drying process. For instance, low outlet temperature is required to avoid
chemical degradation of the components, and low outlet RH prevents
particles from plasticization and diffusing together. Other information such
as the inhalation device specifications can be taken into consideration when

determining the outlet conditions.

Having determined outlet temperature and RH, component’s vapor sorption
and plasticization behavior can be predicted. The glass transition
temperature of all components in outlet conditions can be calculated and
used to determine their mass fractions in order to achieve stability goals for
the final product. One should note that some of the components’ properties
such as solubility and pH can pose limitations on their mass fractions.
Moreover, calculating Peclet number of the components helps predict the
particle formation mechanism and morphology and affects the particle

design strategy.

The final step is to determine the inlet conditions of the spray drying process
using the information gathered in previous steps. The mathematical model
discussed in section 1.3 can be used to determine proper inlet conditions to
result in the target outlet conditions using the feed concentration and mass
fractions of the components along with thermal properties of the material

involved such as drying and atomizing gases.
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This methodology will be used in upcoming chapters to engineer

pharmaceutical particles for respiratory delivery.
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2. Spray Drying of Bacteriophages

2.1. Introduction

Bacterial infections have been treated by chemical antibiotics for decades.
However, many types of bacteria, referred to as “superbugs”, have become
resistant to most available antimicrobials due to genetic mutation [25]. This
phenomenon has been observed in several bacterial infections [26-28]
among which are bacterial pneumonia and cystic fibrosis. Burkholderia
cepacia complex and pseudomonas aeruginosa are two types of bacteria
affecting the lungs of cystic fibrosis patients. These two bacteria strains have

developed resistance to a wide range of antibiotics [26, 27].

Considering the casualties caused by bacterial infections and the emergence
of antibiotic-resistant bacteria, finding alternative treatments needs urgent
attention. Bacteriophage therapy [29-32] could be a good solution.
Bacteriophages are viruses that attack and infect bacteria. Figure 9 shows a
schematic of the general structure of a bacteriophage. Phages cannot
reproduce on their own; they need a host: a bacterium. They use their tail
fibers to attach themselves to the host and transfer their DNA from the head
into the bacterium. The newly formed bacteriophages will later destroy the
bacterium wall, be released to the outside, and each attack a new bacterium.

This is the basis of phage therapy [29].
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Figure 9 - General phage structure, inspired by [33]

Following is a summary of the information described in existing literature on

bacteriophage therapy [34].

Phage therapy has numerous advantages over chemical antibiotics. First and
most importantly, each phage infects only a specific type of bacteria. Phages
do not affect any of the human cells or the useful bacteria that live in the
human body; in fact, we constantly ingest bacteriophages, and there are no
side effects such as diarrhoea that can occur in treatment with antibiotics.
Moreover, phage therapy is a dynamic and intelligent type of infection
treatment since phages only reproduce as long as there are harmful bacteria
left to be killed, and they deteriorate after the infection is treated.
Furthermore, there is more than one type of phage active against each
bacterium, and even if a bacterium develops resistance against antibiotics
and specific types of phages, other phages exist in the nature waiting to be

found that can treat that bacterial infection [35].
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Despite all the advantages of bacteriophages over antibiotics, phage therapy
has a number of drawbacks too. To mention a few, the specificity of phages
can become an issue when the type of the bacterium causing the infection is
not known or where there is a number of bacteria involved. Moreover,
phages are harder to administer since they are more complex and larger than

chemical molecules [35].

Phages were discovered in early 20t century and tried for medical purposes
first on chickens and soon after on humans. Results showed profound
success in treating bacterial infections but whether it was due to phages was
unknown. Hence, after the invention of penicillin in 1940s, phage therapy
was abandoned everywhere except for the former Soviet Union and Poland.
Details can be found elsewhere [31]. Western scientists later revisited this

type of therapy only after the emergence of antibiotic-resistant bacteria.

Bacteriophages have been successfully used to treat respiratory tract
bacterial infections before. Respiratory delivery seems to be the most
efficient route of delivery to overcome some issues that we face when dealing
with lung infections. Researchers have shown that it is possible to deliver
enough doses of bacteriophages to the lung via nebulization [36]. However, it
is important to be able to stabilize the bacteriophages in dry powder form for
distribution purposes. Freeze-drying has been proved to be efficient enough
in developing phages in dry powder form. Since phages are susceptible to
thermal stress [37], low-temperature manufacturing methods, such as
freeze-drying, can be ideal; however, post-manufacturing processes e.g.

micronization are needed.

This study investigates the feasibility of encapsulating phages in specifically
engineered micro particles via spray-drying. The ability to design the internal
structure for the particles, which is the most important advantage of spray-
drying method, helps to improve dispersibility of the final product. Spray-

dried particles can also be designed in a way that provides protection against
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thermal stresses that phages undergo during the manufacturing process.
While normal spray-drying process has been proven to deactivate phages to
a large extent [38], low-temperature spray-drying may have less effect on

phages’ viability.

The results presented in this chapter have been published in a peer reviewed

journal [39].

2.2. Materials and Methods

2.2.1. Bacteriophages

Bacteriophages KS4-M, active against Burkholderia cepacia complex, and
©KZ/D3 cocktail, active against P. aeruginosa, were used in this study
because they have successfully been nebulized or lyophilized [34, 40] and are
easy to obtain in high titers. These bacteriophages are assigned to the
Myoviridae family due to their morphology (figure 10). The other Myoviridae
bacteriophage used in this study was KS14. Figure 16 shows its size and

morphology compared with the other two bacteriophages.

Bacterial host strains were used to grow bacteriophage lysis in plates
incubated at 30 °C overnight. Adding sterile water to the plates and putting
them on a platform rocker for 4 to 8 hours at 4 °C resulted in supernatant
containing bacteriophages, which were pelleted later through centrifugation.
The blend was then filter sterilized, passed through an endotoxin removing

column, and stored at 4 °C. Further detail can be found elsewhere [39].
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Figure 10 - Schematic of bacteriophages, reprinted from [39], with kind permission from John
Wiley and Sons.
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2.2.2. Excipients

Trehalose

In order to minimize the bacteriophages' viability loss due to thermal stress
and desiccation during the spray drying process [41, 42], a-a trehalose (CAS
number 6138-23-4) was used as the main component of each formulation
since it has been proven to have low toxicology risk and protect biological

material [43, 44]. It also helps increase the final product's shelf-life.
L-leucine

L-leucine was used in all formulations to enhance the dispersibility of the
final product from dry powder inhalers. It has been shown that L-leucine

reduces the cohesive forces between micro particles [45, 46].
Casein

Casein sodium salt from bovine milk (Sigma-Aldrich, St. Louis, MO) was used

in some formulations because it was suspected to have protective effect on
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bacteriophages. It has been shown that phages in milk can withstand higher
thermal stress than phages in water [47]. The protective effect cannot be due
to any fatty components in milk since this effect was also observed in skim
milk. Casein, as the main protein in dairy products, is the most probable

component that could have caused the protective effect.

Tyvloxapol and Pluronic

Surfactants Tyloxapol [4-(1, 1, 3, 3-tetramethylbutyl phenol polymer with
formaldehyde and oxirane, CAS number 25301-02- 4] and Pluronic F68
(polyoxyethylene- polyoxypropylene block copolymer, CAS number 9003-
11- 6) were added to some formulations to aid in dispersion of

bacteriophages in the feed solution.

2.2.3. Formulations

Table 1 shows all the formulations that were spray dried and analyzed. Every
formulation mainly consists of trehalose and leucine. LTX and LTP contain
surfactants (tyloxapol and pluronic respectively), and LTC contains casein
sodium salt. The remaining mass fraction is the bacteriophage solution added

to each formulation before spray drying.

Table 1 - Formulations

Formulation Code LT LTX LTP LTC
Mass fraction, trehalose 0.77 0.76 0.76 0.76
Mass Fraction, leucine 0.19 0.19 0.19 0.19
Mass fraction, surfactant 0 0.02 0.02 0

Mass fraction, casein sodium salt 0 0 0 0.02
Feed concentration (mg/mL) 27 27.5 27.5 27.5

L, T, X, P, and C denote leucine, trehalose, tyloxapol, pluronic, and casein sodium salt
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Mass fraction of each excipient was determined using the results from a
recent study [48] on spray drying trehalose/leucine formulations for
respiratory delivery which suggests that a minimum amount of leucine is
required in order to achieve desirable properties in the final product of spray

drying.

Figure 11 shows a summary of the findings in the mentioned study.
According to these results, a minimum of 30% mass fraction of leucine is
required to achieve 100% leucine crystallinity. Leucine mass fraction of 19%
was chosen considering 20% leucine mass fraction still results in high
crystallinity percent and suitable morphology (fig 11) while providing more
trehalose content to protect the biological material and allocating some

fraction of the mass to the bacteriophages.

The top right part of the figure shows the surface concentration of L-leucine
and trehalose during evaporation of a 25% L-leucine formulation. Leucine
must have enough time after saturation to crystallize, and the surface
concentration of trehalose at the time when leucine reaches saturation must

be low enough to not to interfere with leucine crystallization.

The feed concentration was calculated using equation 8 assuming a target
aerodynamic diameter of 2 pm and a droplet diameter of 7 um (according to
Biichi B-90 manual for 4 uym mesh plate discussed in section 2.2.4). The
particle density was estimated as a function of leucine mass fraction based on
previously published studies on leucine particles [49, 50] and used in this

equation.
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Figure 11 - Leucine crystallinity. Reprinted from [48], with permission from Elsevier

2.2.4. Spray Drying

The spray drying process was performed on a Biichi B-90 laboratory-scale
spray dryer. This device produces a fine spray using a vibrating mesh
atomizer, which consists of a thin membrane with an array of either of 4, 5.5,
or 7 um holes and is driven by a piezoelectric actuator with ultrasonic
frequency, producing droplets in the size range of 3-15 um. The operating

principle of the atomizer is shown in figure 12.
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Figure 12 - Biichi B-90 atomizer. Reprinted from [51], with permission from Elsevier.

The spray is then subjected to a laminar drying gas flow in the drying
chamber. The laminarity of the drying gas flow is due to the porous metal
heater through which it is heated and results in drying times of the order of
milliseconds, which makes this spray dryer suitable for drying heat-sensitive
material. The solid product is finally collected in an electrostatic particle
collector, which is highly efficient in collecting particles of the size range
produced in this study, and scraped off the walls of the collector. A schematic

of the spray dryer can be seen in figure 13.
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Figure 13 - Schematic of Biichi B-90. Reprinted from [39], with kind permission from John Wiley
and Sons.
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The Biichi B-90 can spray dry a large variety of materials such as proteins
and amino acids with high manufacturing yields using small amounts of
liquid; hence, it is suitable for early stages of product development [52].
Figure 14 shows the Biichi B-90 spray dryer standing in a closed box with
controlled humidity.

Figure 14 - Biichi B-90 spray dryer

The inlet parameters of the spray drying process were set in order to achieve
desirable outlet parameters i.e. low outlet temperature (40-45°C)and relative
humidity (<7%). Low outlet RH was required to prevent potential glass
transition of the dry product. Low outlet temperature was required to
prevent degradation of the excipients. A glove box flushed with Nitrogen was
used to keep the RH under 5% throughout the collection process to prevent

moisture absorption.

To calculate the heat loss of the spray dryer, several tests were conducted on
the spray dryer with only drying gas flowing. The outlet temperature was
recorded with varying inlet temperature, and heat loss for each point was

calculated using air specific heat. A linear function was then fit through all
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data points. A computer model was then developed relating the inlet
parameters to outlet parameters using the equations derived in section 1.3
on mass and energy balance in the drying chamber. The inlet parameters
were then changed using the model in order to reach desirable outlet
temperature and RH. Inlet temperature of 75°C and drying air flow rate of

100L/min returned the target outlet parameters.

2.2.5. Characterisation Tests

Aerosol Performance Test

The aerosol performance of the spray-dried powder was determined by
measuring three parameters: emitted mass fraction, mouth-throat mass
fraction, and total lung mass fractions. The Aerolizer®, a commercially
available dry powder inhaler (DPI), was used along with the Alberta
Idealized Throat [40] to determine these parameters. Hard gelatin capsules
(#3, Capsule Connections, Prescott, Arizona) were filled with powder doses
of 20-30 mg and loaded into the Aerolizer. The DPI was connected to the
Alberta Idealized Throat (using a custom fabricated connector) and operated
with a flow rate of 60L/min for 4s in each test. Each part of the throat replica
was coated with silicone in order to be able to assay the powder deposited in
the throat later. A low-resistance Respirgard filter was placed in the outlet of
the throat to collect the lung dose mass fraction of the powder. The powder
content in throat and the filter were extracted using water and assayed after
each test. A plaque assay was also done on the filter extract to determine the
efficacious dose of the bacteriophage content. An Anderson cascade impactor
was attached to the outlet of the throat replica to determine the aerodynamic
particle size distribution of the lung dose mass fraction. The impactor was
used with a flow rate of 60 L/min and cutoff aerodynamic diameters of 5.6,

4.3,3.4,2.0,1.1,and 0.51 pm.
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Electron Microscopy

Transmission electron micrographs were taken wusing a Philips/FEI
(Morgagni) transmission electron microscope (Department of Biological
Sciences, Advanced Microscopy Facility, and University of Alberta). Details

can be found elsewhere [39].

Scanning electron micrographs of each sample were taken using a Hitachi
SEM S-2500 (Hitachi Ltd., Tokyo, Japan). Samples were put on a carbon tape
covered aluminum pin stub and gold-coated to prevent particles from

charging during microscopy.

Biological Assay

An aqueous suspension medium was used to dissolve the powder to reach a
concentration of 50 mg/mL. The solution was then diluted, plated in soft agar
overlays containing the proper host strains, and incubated at 30 °C overnight

before the plaques were counted. Details can be found elsewhere [39].

2.3. Results and Discussion

Figure 15 shows the scanning electron micrographs of the four formulations
in table 1, from left to right: leucine-trehalose-pluronic (LTP), leucine-
trehalose-tyloxapol (LTX), leucine-trehalose (LT), leucine-trehalose-casein
(LTC). More than one micrograph was done on each formulation containing
different bacteriophages. The small mass fraction of bacteriophages did not
have a significant effect on the morphology of the particles. Hence, only four
representative micrographs are shown. Particles from all formulations were
spherical with internal voids, which make them well-dispersible and suitable

for respiratory applications.
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Figure 15 - Scanning electron micrographs. Reprinted from [39], with kind permission from
John Wiley and Sons.

Table 2 summarizes the manufacturing yields and aerosol performance

results of the four lead formulations. The type of the bacteriophage used

with each formulation did not have any significant effect on the results. All of

the manufacturing yields listed in table 2 are considered high or acceptable

for the small scale in which the study was done. However, one can note that

formulations containing surfactants i.e. LTX and LTP had significantly higher

yields than the other two.

Table 2 - Aerosol performance

Formulation Code LT LTX LTP LTC

Manufacturing yield (%) 62.5+5.3%  82.6+£5.685 78.1x4.1§ 59.2+3.8*
Emitted mass (% of capsule mass) NA 82.9+4.78§  91.7+9.5§ 82.7+4.5**
Mouth-throat fraction (% of emitted mass) NA 28.7+2.8%8  29.3+2.85 21.8+3.1**

L, T, X, P, and C denote leucine, trehalose, tyloxapol, pluronic, and casein sodium salt, respectively.
Error margins refer to a single standard deviation. n denotes the number of replicates.

$n=6, $$n=2, *n=18, **n=8

The emitted mass percent of all the tested formulations were calculated by

dividing the sum of the mouth-throat and the total lung powder masses by

the capsule powder mass:
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emitted mass (% of capsule mass)

_ mouth — throat mass + total lung mass « 100 (26)
h capsule mass

In all of the tests done on the three formulations containing surfactant or
casein sodium salt, the emitted dose exceeded 3/4t of the capsule mass,
which is higher than all commercially available DPIs [53]. Considering that
patients usually exceed the 60 L/min flow rate for the device used here (that
was also used in these tests) during inhalation [54], it is likely that the
emitted mass of these spray dried powders approaches 100% under typical

patient use.

Moreover, data from table 2 shows that almost 70% of the powder emitted
from the capsule travels all the way to the lung, and less than 30% of it
deposits in the mouth or throat. The powders containing casein sodium salt

had significantly higher lung fraction compared with the ones containing

surfactant.
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Figure 16 - Total lung mass in % of capsule mass. Reprinted from [39], with kind permission

from John Wiley and Sons.

Figure 16 demonstrates the total lung mass in percent of the capsule mass

for three different phage combinations in three different formulations for
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bacteriophage powders containing KS4-M or @KZ/D3 or a cocktail of phages
in different formulations. The formulation codes are explained in Table 1.
Error bars represent the standard deviation. While all of the formulations
result in higher lung fractions (>50%) compared with the results from
commercially available DPIs [53], LTC has the most consistent results for

different phages.

Figure 17 shows the particle size distribution of the lung dose fraction for
@KZ and KS4-M phages in LTC formulation for two selected bacteriophage
formulations in a leucine-trehalose-casein (LTC) formulation. The error bars
represent the standard deviation of duplicate tests. The mass median
diameters (MMADs) of particles were 2.48 and 2.81 pum for particles
containing @KZ/D3 and KS4-M respectively, which is in the size range
suitable for respiratory drug delivery i.e. 1-5 pum. There is only a minor
difference between the size distributions of the two powders. The increase of
the mass percent in the last stage of the impactor is most likely due to
particle bounce in the impactor which results in the accumulation of bounced

particles of all sizes from previous stages in the final stage.
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Figure 17 - Aerosol size distribution and MMAD. Reprinted from [39], with kind permission
from John Wiley and Sons.
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Figure 18 demonstrates the bacteriophages viability loss after the spray
drying process both separately and in cocktail using different formulations
during the process. The error bars represent the standard deviations. Phages
@KZ/D3 and KS4-M were spray-dried and tested in all four formulations.
@KZ/D3 phage cocktail was the most resilient to the thermal stress during
the process and had less than 0.5 log pfu/mL titer loss irrespective of the
formulation. Phage KS4-M had much lower titer loss in LTC than the other
three formulations. This led us to repeat the test for other phages as well: KS-
14 and a cocktail of @KZ/D3/KS4-M. Results from all the tests show that LTC
is the best formulation to preserve the bacteriophages from the stresses they
go through during the spray drying process. Titer losses less than 1 log

pfu/mL is considered acceptable in terms of manufacturing feasibility.
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Figure 18 - Titer loss of the phages. Reprinted from [39], with kind permission from John Wiley
and Sons.

Figure 19 shows the total lung doses of each phage formulation in pfu.
Research has shown a minimum dosage of 3*10° pfu to be efficacious in mice
with lethal P. aeruginosa infection [55]. A single dose of 6*10> pfu of phages
has been proven to be effective for treatment of ear infection in human
caused by P. aeruginosa [56]. Figure 23 shows that the total dose of the

bacteriophages delivered to the lungs was likely high enough to be
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efficacious. In this figure the diamond represents the median (horizontal
line). Vertices show one standard deviation. The whiskers and closed

symbols represent the minimum and maximum and mean values.

1073 Powder infectivity titre in 10° pfu/mg:
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Figure 19 - In vitro total lung dose and powder titer. Reprinted from [39], with kind permission
from John Wiley and Sons.

2.4. Conclusions

Bacteriophages can be formulated into dry powder form via low-
temperature spray drying. Specific inlet parameters and formulations of low
toxicity risk material can be used to develop desirable internal structure for
the final micro-particles in order to improve dispersibility and resistance to
thermal stress. The final particles had desirable shape (wrinkled spheres
with internal voids) and size (mass median aerodynamic diameter of around
2.5 um for LTC formulation) for respiratory delivery. The manufacturing
yield of the process was high enough considering the small batch sizes used

for spray drying: a minimum of 55.4% and a maximum of 88.2% for different
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formulations. The process loss for all of the bacteriophages in all
formulations was less than 1 log pfu/mL, although different for each phage,
which is considered acceptable in terms of manufacturability. Powders
containing all phages had very high aerosol performance when aerosolized
using a commercially available DPI; the emitted mass in percent of the
capsule load even reached 100% in some cases. The in vitro lung doses
delivered from the capsules contained sufficient dosage of phages at a level

proved to be efficacious in animals.
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3. Spray Drying D-Amino Acids

3.1. Introduction

Bacteria can grow on almost every surface whether industrial or biological.
They usually form cell communities -referred to as biofilms- which help
them survive by protecting them from their surrounding environment [57-
59]. Biofilms, which are observed in 65% of bacterial infections in human
[60], can also aid bacteria by keeping them in a dormant state until
conditions are more suitable for their growth. Moreover, biofilms make
bacteria more difficult to treat since they contain high portions of persister
cells, which are in a dormant state and, therefore, very tolerant to antibiotics

[61, 62].

Several mechanisms can be employed to form biofilms depending on the
bacterium type and its environmental conditions; however, in all biofilms, an
extracellular matrix containing polysaccharide biopolymers, extracellular

DNA (eDNA), and adhesive proteins are used to hold bacteria together [63].

Pseudomonas aeruginosa bacterial biofilms are often observed in the lungs of
cystic fibrosis patients, providing protection against antibiotics and the
host’'s immune system [64-68]. Figure 20 demonstrates (A) biofilm in
bronchia of a CF patient treated with several periods of different antibiotics,
(B, C) bronchiole filled with bacteria, (D, E) intraluminar biofilms and (F)

intact bronchi wall. Although helping to keep maintain the lung’s function,
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even aggressive antibacterial treatments cannot fully eradicate the bacteria
in biofilms [69], and the main effective treatment is to eliminate the bacteria
before they form biofilms [70, 71]. Since identifying the disease in its early
stages may not always be possible, the need for a treatment for bacteria in

biofilms has emerged.

Figure 20 - P-aeruginosa biofilms. Reprinted from [72], with kind permission from John Wiley
and Sons

The sputum layer covering the lungs of cystic fibrosis patients provide
carbon and energy for P-aeruginosa to grow [73, 74]. Research has shown
that the amino acids existing in the sputum are also good nutritional sources
for P. aeruginosa bacteria [74, 75]. Amino acids, which are often referred to
as “building blocks of proteins” [76], can exist in many forms. However, the
most important amino acids that are found in living organisms are alpha
amino acids with the general structure of R-CHNHz(alpha)-COOH where R is
a side chain specific to each individual amino acid. In this type of amino acids,
both -COOH and -NH; groups are attached to the same carbon atom [76].
Alpha amino acids are chiral molecules, i.e., they cannot be superimposed on

their mirrored image. The terms enantiomers or optical isomers are used to
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refer to the two mirror images of any chiral molecules [77]. D- and L-alpha

amino acids are the two enantiomers of alpha amino acids (figure 21).
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Figure 21 - Amino acid enantiomers, inspired by [78]

L-isomers of alpha amino acids are the ones that naturally exist in living
organisms [76]. A recent study demonstrates that seven of 19 L-amino acids
found in the CF sputum layer enhance the formation of bacteria biofilms in
CF patients [79]. The fact that L-leucine is among these seven amino acids
may raise questions about the use of L-leucine as a dispersibility enhancer

for respirable therapeutics for cystic fibrosis.

D-amino acids can be found in some food and living organisms [80]. In fact,
some bacteria produce D-amino acids in their stationary phase [81]. These D-
amino acids will then change the structure of the proteins used to build the
cell walls in the bacteria [82]. The observation that bacterial biofilms
disassemble after a certain amount of time raised the question whether the
D-amino acids produced by the bacteria were a contributing factor [57].
Research showed that a combination of four D amino acids, D-tyrosine, D-
methionine, D-tryptophan, and D-leucine of 10 nM each can help disassemble
P. aeruginosa biofilms [83]. Also, higher concentrations of each of these D-

amino acids alone (3 uM D-tyrosine, 2 mM D-methionine, 5 mM D-
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tryptophan, and 8.5 mM D-leucine) were shown to be effective [57]. Figure
22 demonstrates how treatment by 100 mg/L1 D-tyrosine helped
disassemble biofilms on a membrane. The pre-cultured biofilm is shown

before (left) and after (right) the treatment.

Figure 22 - Biofilm disassembly. Reprinted from [82], with permission from Elsevier

Considering that L-leucine, a common dispersibility enhancer, contributes to
P. aeruginosa biofilm growth [79] while D-leucine helps disassemble them,
this study mainly investigates the feasibility of substituting L-leucine with D-
leucine in aqueous formulations for spray drying. Since D- and L- isomers
have nearly identical physical properties, D-leucine was spray dried using
the same approach used earlier for spray drying L-leucine-containing
solutions. It is essential that the final product containing D-leucine has as
good an aerosol performance as the dry powders containing L-leucine. We
also added D-methionine to some formulations in order to further investigate
the feasibility of developing dry powder containing all four D-amino acids
that have been proven to be effective against P. aeruginosa biofilms in CF
patients. Several characterization tests were done on each powder to assess

whether the final products are suitable for pulmonary delivery.
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3.2. Materials and Methods

3.2.1. Amino Acids

L-leucine (CAS number 61-90-5) from Acros Organics and D-leucine (CAS
number 328-38-1) from Sigma Aldrich were used in aqueous formulations.
The mass fractions of each amino acid, as can be seen in table 4, were

determined based on the information provided in the previous chapter.

D-methionine (CAS number 348-67-4) from Sigma Aldrich was added to
some formulations as the first step to investigate the feasibility of spray
drying the combination of the four D-amino acid discussed before, the

properties of which can be found in the table 3 [84].

Table 3 - Properties of the discussed D-amino acids

D-amino acid type D-Leu D-Tyr D-Trp D-Met
Solubility (mg/mL) 20 0.45 10 30
Melting point (°C) 293 300 282-285 136
Boiling point (°C) --- 351 --- 278
Molecular weight (g/mol) 131.173 181.189 204.23 149.211
True Density (g/cm3) 1.293 --- --- 1.206

3.2.2. Excipients

Trehalose (CAS number 6138-23-4) from Fisher BioReagents was used in all
formulations due to its successful performance in previous studies as a

protective agent [39]. Details can be found in the previous chapter.
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3.2.3. Formulations

L-leucine, D-leucine, and D-methionine were spray dried in aqueous
solutions containing trehalose. Mass fractions of each material in all
formulations are listed in table 4. These mass fractions were calculated using
the model discussed in the introduction chapter to achieve high aerosol
performance. T, L, D, and M denote trehalose, L-leucine, D-leucine, and D-

methionine respectively.

Table 4 - Formulations

Formulation TL TD TDM
Mass fraction, trehalose 0.8 0.8 0.8
Mass fraction, L-leucine 0.2 NA NA
Mass fraction, D-leucine NA 0.2 0.1
Mass fraction, D-methionine NA NA 0.1

3.2.4. Spray Drying

The Bilichi B-90 spray dryer was used to develop dry powder from each
formulation. Refer to the previous chapter for details on the spray dryer and
process conditions. In summary, each sample solution was spray dried for
one hour with an inlet temperature of 75 °C and drying gas flow rate of 100

L/min.
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3.2.5. Characterization Tests

Scanning Electron Microscopy

Small amounts of each sample powder were put on a carbon-tape covered
aluminum pin stub and gold-coated to prevent charging of the particles
throughout the imaging process. Cautions were taken to protect particles
from absorbing humidity, which could fuse them together and affect the
results of the study: samples were prepared in a glove box with 0% relative
humidity and kept in a desiccators cabinet -until carried to the testing area in
closed containers with desiccants. Then, high-resolution images of the
structure and surface texture of the micro-particles were taken at several
magnifications from 500x to 10,000x using a JEOL 6301F field emission

scanning electron microscope.

Density Measurement

Compressed bulk density (CBD) of each powder sample was measured using
the University of Alberta Density Tester [85]. This device was developed in
the particle engineering group of University of Alberta to measure the bulk
density of pharmaceutical dry powders under a range of pressures and
controlled temperature and relative humidity, which is important to prevent
any changes in densification behavior of the sample. The University of
Alberta Density Tester needs less than 0.15 cm3 of powder, which makes it
suitable for characterisation tests in the early stages of drug development.
The pressure on a known mass of powder in a small cavity increases by an
automatic actuator controlled with NI Lab view. The collected data is
processed into a density vs. pressure graph. Figure 23 shows a picture of the

device.
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Figure 23 - UAlberta Density Tester

Raman Spectroscopy

A custom Raman system developed in the particle engineering group of
University of Alberta [86] was used to analyze the solid state of each sample.
Operating with very small amounts of powder ie. <1.5mg and under
controlled temperature (21+1°C) and relative humidity (<5%), the crystalline
and amorphous content of the powder samples were determined using this
device. Details of the methodology used in the system can be found

elsewhere [86].

Modulated Differential Scanning Calorimetry

To further investigate the crystalline and amorphous content of the powders
and the glass transition temperature of the components, modulated
differential scanning calorimetry was done on each powder sample using a
TA Instrument Q1000 differential scanning calorimeter. Standard aluminum

pans with four pinholes in the lids were filled with ~4 mg of powder, and
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then equilibrated and kept isothermal at 20°C for 30 minutes. Samples were
then heated to ~20°C above T at a rate of 10°C/min and rapidly cooled down
at a rate of 20°C/min to evaporate the water content and reduce the enthalpic
relaxation endotherm. Samples were again equilibrated and kept isothermal
at 20°C for 30 minutes, and then heated to a high temperature. The mDSC
conditions for each test can be found in tables 5 and 6. T, M, L, and D denote

trehalose, D-methionine, L-leucine, and D-leucine respectively.

Table 5 - mDSC methodology

Sample T TL, TL, TD
1st equilibration temp. (C) 20 20 10 20
1stisothermal time (min) 30 20 30 20
1st heating high temp. (C) 150 130 130 NA
1st heating Rate (C/min) 10 10 10 NA
Cooling low temp. (C) 20 20 20 NA
Cooling rate (C/min) 20 20 10 NA
2nd equilibration temp. (C) 20 20 10 NA
Modulation (every 60s) NA +0.318C +0.08C +0.318C
2nd jsothermal time (min) 30 20 30 20
2nd heating high temp. (C) 250 250 180 250
2nd heating rate (C/min) 10 2 0.5 2

Table 6 - mDSC methodology for formulations containing D-methionine

Sample M TMy TM, TDM
Equilibration temp. (C) 20 20 20 20
Equilibration time (min) 20 20 20 20
Modulation (every 60s) +0.318C +0.318C +0.318C +0.318C
[sothermal time (min) 20 20 20 20
Heating high temp. (C) 270 250 180 180
Heating rate (C/min) 2 2 2 2
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Aerosol Performance Tests

The aerosol performance of each spray-dried powder was determined in the
same way described in the previous chapter: emitted mass fraction, mouth-
throat mass fraction, and total lung mass fraction were measured using the
Aerolizer® along with the Alberta Idealized Throat. Gelatin capsules, as
described before, were filled with powder doses of 20 mg containing D-
amino acids and loaded into the Aerolizer®. The DPI was then connected to
the silicone-covered Alberta Idealized Throat and operated with a flow rate
of 60 L/min for 4s in each test with the filter connected to the outlet of the
throat. The only modification made in this study was putting the whole
assembly in an environmental chamber with constant temperature of 25 °C

and relative humidity of 30%.

The powder content in throat and the filter were extracted using water and

assayed for amino acid content after each test.

Size Measurement

Each powder sample was tested on a TSI Aerodynamic Particle Sizer® (APS)
in combination with a Small Scale Powder Dispenser (SSPD). The Small-Scale
Powder Disperser was used to generate the aerosol and convey it to the APS
for particle sizing. Following, is a brief explanation of how this device works.
A stepper motor turns a circular turntable. There is a round abrasive paper
with three rings of different radii glued to the turntable. For each test, a small
amount of the powder sample was put to the outer ring of the abrasive paper
using a brush provided with the device. The stainless steel capillary tube just
above the turntable aspirates the powder particles from the surface and
conveys them into the venturi throat as a result of the filtered dry air flowing
into the venturi at high pressure. Shear forces due to the velocity difference

in the capillary tube and the venturi throat deagglomerate the particles
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entering the APS which must be located on top of the disperser. The unused

powder is filtered and the filtered air exhausted.

This device can disperse aerosols with particle size range of 1 to 50 um
aerodynamic diameter. It cannot deagglomerate particles smaller than 1um
efficiently. We knew from previous studies that the approximate
aerodynamic diameter of the particles in our powder samples is 2-3 pm. The
range of rotation speed for the turntable was 0.25 to 3.3 rev/hour either

clockwise or counter clockwise.

The Aerodynamic Particle Sizer® uses a time-of-flight technique to measure
the aerodynamic diameter of particles in the range of 0.5 to 20 um real-time.
The custom optical system used in the APS allows the device to detect and
differentiate particles entering the detection area simultaneously, which
results in more accurate size measurement. This is how this device works:
The particles are accelerated in the nozzle depending on its aerodynamic
diameter: the larger the particle, the lower its acceleration. The light
scattered by each particle is collected, focused, and converted to an electric
signal. Each particle in the measurement range generates a signal with two
crests the peak-to-peak distance of which determines the aerodynamic

diameter.

3.3. Results and Discussion

The scanning electron microscopy showed that all formulations containing L-
or D-amino acids had proper morphology for pulmonary drug delivery.
Figure 24 demonstrates the morphology of trehalose (upper left),
trehalose/L-leucine (upper right), trehalose/D-leucine (lower right), and
trehalose/D-leucine/D-methionine (lower left) formulations. The images
shown in this figure are only representatives of multiple images that were

taken from each sample in three different magnitudes. Particles containing
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one or both L- and D-amino acids had hollow and wrinkled structure, while
the samples containing only spray dried trehalose were composed of solid
spheres. This can be explained by the particle formation theory described in
section 1.2. The L- or D-leucine content of the droplets reaches saturation on
the surface of the droplets much sooner than trehalose considering that
Peclet number is higher than 1 for leucine and lower than 1 for trehalose.
With low trehalose concentration at the surface and enough time for leucine
to crystallize, a leucine shell forms and results in hollow and wrinkled
particles. Pure trehalose, however, forms solid spheres since the solid
content redistributes evenly throughout the droplet evaporation process and
does not form a shell. As explained in previous chapters, solid particles do

not have good aerosol performance.
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Figure 24 - Morphology of the spray-dried formulations

The density measurements were done on trehalose/L-leucine and
trehalose/D-leucine formulations for a range of pressures. The results, which

can be seen in figure 25, showed that the two spray dried samples had very
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similar densities: 725.6 kg/m3 for trehalose/D-leucine and 704.8 kg/m?3 for
trehalose/L-leucine under 35 kPa pressure, the pressure at which the
powder is compressed enough to reveal the compressed bulk density
without breaking the individual particles and compromising their true
density. The similar compressed bulk density implies that the aerosol

performance of the two powders can be similar as well.

This method of density testing has the advantage of applicability to small
powder samples. Tapped density testing is another technique to measure the
powder bulk density but it requires large amounts of powder. Moreover, in
the scale of pharmaceutical particles, inter-particle forces interfere gravity

which is the basic concept behind tapped density testing.
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Figure 25 - Compressed bulk density of TL and TD formulations

Raman spectroscopy showed crystalline L- and D-leucine and amorphous

trehalose content in the powders as expected.
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Figure 26 (top) demonstrates the results from Raman spectroscopy on the
raw (crystalline) L- and D-leucine. The spectra are very similar for the two
materials. The bottom part demonstrates the Raman spectra for the L- and D-
leucine content of the spray dried L- and D-leucine/trehalose formulations.
This was achieved by subtracting the spectra for amorphous trehalose from
the spectra of the powder samples. The matching peaks of the subtracted
spectra and the spectra from raw materials suggest that the D- and L-leucine
content of the powder samples are crystalline. This was expected since
leucine reaches surface saturation early enough in the droplet evaporation

process to have enough time to crystallize.

A~
3. D-leucine (Cry)
@®
~—"
>
=
c
L-leucine (Cry)
(0]
'
c
—~
. D-leucine/Trehalose - Trehalose (amo)
=
@©
N
>
=
(7))
C L-leucine/Trehalose - Trehalose (amo)
()
e
c

0 200 400 ‘800 800 1000 1200 1400

Raman Shift (cm-1)

Figure 26 - Raman spectroscopy results for L- and D-leucine
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Figure 27 demonstrates that the D-methionine content of the spray dried

trehalose-D-methionine is crystalline since the Raman spectra peaks matches

the ones from raw crystalline D-methionine.
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Figure 28 - Raman results for spray dried D-methionine
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Figure 28 demonstrates Raman spectra of raw and spray dried D-methionine.
Comparing the peaks of the spectra results in the conclusion that spray dried
D-methionine is not the same state as raw D-methionine i.e. crystalline and is

partly amorphous.

The DSC run on spray dried trehalose (figure 29) showed an endothermic
change in the heat flow which corresponds to a glass transition at 119.8C.
This number matches the glass transition temperature reported for trehalose
in literature [87, 88]. This illustrates that spray dried trehalose is in

amorphous state and undergoes glass transition when heated.
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Figure 29 - DSC result for spray dried trehalose

Figure 30 demonstrates the result from modulated DSC on two samples of
spray dried trehalose/L-leucine. Endothermic changes seen in the reversing
heat flow charts in both tests show glass transition temperatures of around

119 C for both samples while non-reversing endothermic changes
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correspond to enthalpic relaxation: the process of a non-equilibrium glassy
system approaching to equilibrium which results in change in the

thermodynamic properties of the system e.g. enthalpy [89].
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Figure 30 - mDSC results for trehalose/L-leucine
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Modulated DSC on spray dried D-methionine did not show any glass
transition temperature (figure 31) indicating that D-methionine was all

crystalline in the spray dried particles.
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Figure 31 - mDSC result for D-methionine

Figure 32 shows the results from mDSC on two different batches of spray
dried trehalose/D-methionine. The first test only showed one reversing
endothermic change at around 119°C which corresponds to glass transition
of amorphous trehalose content in the particles. The non-reversing
endothermic change at 50°C is due to the evaporation of the water content,
and the second non-reversing endothermic change indicates an enthalpic

relaxation.
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The second batch, however, had two distinctive glass transition
temperatures: ~100 and ~119°C attributing to D-methionine and trehalose
respectively. The mass fractions of D-methionine and trehalose used in the
two formulations were similar but they were spray dried using different
spray driers: the first batch was spray dried on Biichi B-90 and the second
batch on Biichi 191. This might be the reason of the different states of D-
methionine. Nevertheless, it does not affect the morphology or aerosol
performance of the target particle consisting of all four D-amino acids since it
is going to be used only in very small mass fractions, and D-leucine is the

main component contributing to the aerosol performance of the particles.
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Figure 33 - mDSC result for Trehalose/D-leucine/D-methionine

The last sample consisted of trehalose, D-leucine, and D-methionine. Figure
33 shows the mDSC result for this sample. Only one glass transition

temperature, i.e., that of trehalose was observed at ~119 °C meaning that the
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D-leucine content of the particles existed in the amorphous state. The non-
reversing endothermic change attributing to water content evaporation can

also be seen in the mDSC curve.

Table 7 shows the summarized results of the aerodynamic diameter
measurements using the APS and the aerosol performance tests. The particle
size for the two formulations containing L- or D-leucine was in the desirable

size range for pulmonary delivery.

Table 7 - Summary of size measurements and aerosol performance tests

Formulation TL TD TDM
Particle MMAD, pm 3.82+0.04 3.25+0.03
Emitted mass, % of capsule mass 75.75%£8.16 72.92+22.52 79.19+16.84
Lung dose fraction, % of emitted mass 63.66+16.37 62.0+7.81 36.99+14.88

Figures 34 and 35 demonstrate a representative size distribution for two
powder samples: one consisting of trehalose/L-leucine and one consisting of
trehalose/D-leucine. The expanded data on all the size measurements done

on all of the powder samples can be found in table 8 of the appendix.
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Figure 35 - Size distribution for TD

Tables 8, 9, 10, and 11 in the appendix contain all the data found in the
aerosol performance tests on three formulations: L-leucine/trehalose, D-
leucine/D-methionine/trehalose, and D-leucine/trehalose. More tests need

to be done on the formulations with the two D-amino acids.

3.4. Conclusions

D-leucine is a suitable substitute for L-leucine in aqueous solutions for low-
temperature spray drying. Aqueous solutions containing one of L- or D-
leucine, trehalose, and in one case D-methionine were spray dried in order to
develop respirable pharmaceutical dry powder. SEM images showed hollow
and wrinkled particles for all three formulations, which is desirable for good
aerosol performance of the final powder. Density measurements were done

on trehalose/L and D-leucine powders, and the results were similar.
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Modulated DSC and Raman spectroscopy results showed crystalline amino
acids and amorphous trehalose. Both L- and D-leucine formulations had
similar MMAD suitable for respiratory delivery (3.82+0.04 and 3.25%£0.03 pm
respectively). All lung dose fractions measured as percent of mass emitted
from the capsule were acceptable (63.66+16.32%, 62.00+7.81%, and
36.99+14.86% for trehalose/L-leucine, trehalose/D-leucine, and
trehalose/D-leucine/D-methionine  respectively).  Overall, = D-leucine
containing particles had very similar morphology, structure, size, density,
and aerosol performance to particles containing L-leucine, which makes it a

proper substitute for L-leucine in aqueous solutions for spray drying.
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4. General Conclusions

This study was motivated by the growing need for effective substitutes for
antibiotics considering that more and more bacteria are developing
resistance to most antibiotics due to genetic mutation. Bacteriophages, as live
agents each of which are active against a specific type of bacteria and can also
mutate as the bacteria do, have long been considered an alternative

treatment for bacterial infections.

The first part of the study investigated the feasibility of encapsulating
specific bacteriophages i.e. KS4-M and KS-14 (active against Burkholderia
cepacia complex) and a cocktail of ®KZ /D3 (active against P. aeruginosa) into
microparticles for respiratory delivery to treat cystic fibrosis patients. Low-
temperature spray drying was done on a Biichi B-90 spray dryer with
carefully determined process parameters to avoid chemical degradation of
the bacteriophages. All bacteriophages were dissolved in aqueous solutions
of different excipients: trehalose as a bulking agent which protects phages
against thermal stress, L-leucine as dispersibility enhancer, and optionally a
third excipient. Acceptable process loss (less than 1 log pfu) was achieved in
all formulations. SEM images from all the resulting powders showed hollow
and wrinkled particles, which is the suitable morphology for high
dispersibility. The powers were also tested for aerosol performance and size
distribution using an Aerolizer® inhaler and Alberta Idealized Throat or an
Anderson cascade impactor. Total lung mass of 69.7% of capsule mass and
MMAD of 2.5-2.8 um was achieved for the lead formulation i.e. trehalose/L-
leucine/Casein sodium. Data proved the feasibility of spray drying

bacteriophages for respiratory delivery.
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Since L-leucine is a nutritional source for P. aeruginosa biofilms in cystic
fibrosis patients while D-leucine deteriorates the biofilms, the second part of
the study looked into the possibility of substituting L-leucine with D-leucine
in an aqueous solution of trehalose for spray drying while maintaining good
aerosol performance. Considering similar physical properties of the two
isomers of leucine, similar results for trehalose/L- and D-leucine particles
were expected. Mass fractions used in this part of the study were the same as
trehalose/L-leucine formulation in the first part i.e. 80:20% w/w, and the
same process parameters were used for low-temperature spray drying. SEM
images showed similar morphology for particles from the two formulations
as mDSC and Raman spectroscopy results revealed similar structure:
crystalline L- and D-leucine and amorphous trehalose. They also had similar
MMAD (3.82+0.04 and 3.25%0.03 pm respectively) and compressed bulk
density (704.8 and 725.6 kg/m3 at 35kPa pressure respectively). The aerosol
performances of both powders were similar and acceptable: 63.66+16.32
and 62.00x7.81% of capsule mass for trehalose/L- and D-leucine. The

feasibility of substituting L-leucine with D-leucine was proven.

In the next step, D-methionine was added to the trehalose/D-leucine
formulation in 80:10:10% w/w in an attempt to achieve a formulation
containing four D-amino acids proved to be effective against P. aeruginosa
biofilms in low concentrations. SEM images showed similar particle
morphology to trehalose/D-leucine particles, mDSC and Raman spectroscopy
proved the existence of crystalline D-methionine, and aerosol performance

test resulted in acceptable (36.99% of capsule mass) total lung delivery.
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Appendix

Table 8 - Details of size measurement data

Count Distribution Average St Deviation Mass Distribution =~ Average St Deviation
Trehalose
Median (um) 1.9 1.9 1.9 0.00 414 427 - 4.205 0.09
Mean (um) 2.16 2.17 2.165 0.00 462 516  --- 4.89 0.38
Geometric mean (um) 1.85 1.86 1.855 0.00 41 442 - 4.26 0.22
Geometric St Deviation 176 1.75 1.755 0.00 161 172 - 1.665 0.07
Trehalose/D-Leucine
Median (um) 1.58 1.59 1.57 1.58 0.01 323 329 3.24 3.25 0.03
Mean (pm) 1.75 1.77 1.75 1.76 0.01 3.37 344 331 3.37 0.07
Geometric mean (pm) 1.54 1.55 1.54 1.54 0.01 3.05 3.1 3.03 3.06 0.04
Geometric St Deviation 1.66 1.66 1.66 1.66 0.00 156 156 1.3 1.55 0.02
Trehalose/L-Leucine
Median (um) 1.64 1.67 1.66 1.66 0.02 381 386 3.78 3.82 0.04
Mean (um) 1.9 1.93 1.9 1.91 0.02 423 431 415 4.23 0.08
Geometric mean (um) 1.63 1.65 1.63 1.64 0.01 3.75 3.81 3.69 3.75 0.06
Geometric St Deviation 1.74 1.74 1.73 1.74 0.01 1.63 164 1.62 1.63 0.01
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Table 9 - Details of aerosol performance, LT formulations

Loaded dose Leu throat mass Leu filter mass Emitted mass Lung dose Lung dose
(mg) (mg) (mg) (% of capsule load) (% of emitted mass) (% of capsule load)
20.2 1.54 1.15 66.58 42.75 28.47
20.3 1.6 1.22 69.46 43.26 30.05
20.6 1.77 1.29 74.27 42.16 31.31
22.29 0.44 2.53 66.62 85.19 56.75
Trehalose/ 19.29 0.85 2.27 80.87 72.76 58.84
L-Leu 20.02 0.62 2.36 74.43 79.19 58.94
21.54 0.68 2.89 82.87 80.95 67.08
22.52 1.43 2.77 93.25 65.95 61.50
19.26 1.09 1.83 75.80 62.67 47.51
19.96 1.12 1.81 73.40 61.77 45.34
Average 20.60 1.11 2.01 75.75 63.66 48.57
St Deviation 1.15 0.46 0.64 8.16 16.37 14.32
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Table 10 - Details of aerosol performance, DMT formulations

Loaded dose Leu throat mass Leu filter mass Emitted mass Lung dose Lung dose

(mg) (mg) (mg) (% of capsule load) (% of emitted mass) (% of capsule load)

19.58 1.77 1.3 86.56 42.34 33.19
Trehalose/ 19.54 1.45 1.62 53.99 52.76 41.45
D-Leu/D-Met 21.94 3.14 0.66 91.61 17.36 15.04

19.7 1.6 0.88 72.58 35.48 22.33
Average 20.19 1.99 1.11 76.19 36.99 28.00
St Deviation 1.168 0.77 0.42 16.84 14.88 11.66
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Table 11 - Details of Aerosol performance, DT formulations

Loaded dose Leu throat mass Leu filter mass Emitted mass Lung dose Lung dose
(mg) (mg) (mg) (% of capsule load) (% of emitted mass) (% of capsule load)
21.20 0.92 1.42 55.19 60.68 33.49
21.50 1.18 1.72 67.44 59.31 40.00
21.10 1.44 1.98 81.04 57.89 46.92
20.00 0.92 1.37 71.56 59.83 42.81
19.80 0.94 1.46 75.76 60.83 46.09
20.70 1.04 1.26 69.44 54.78 38.04
20.10 1.21 1.04 55.97 46.22 25.87
19.90 0.63 0.89 38.19 58.55 22.36
;figilose/ 21.20 0.28 0.66 22.17 70.21 15.57
21.09 0.95 1.89 67.33 66.55 4481
20.98 1.83 2.14 94.61 53.90 51.00
19.94 1.21 1.69 72.72 58.28 42.38
22.10 0.81 3.43 95.93 80.90 77.60
21.40 1.28 2.82 95.79 68.78 65.89
20.10 1.02 1.68 67.16 62.22 41.79
19.60 1.36 2.82 106.63 67.46 71.94
20.63 1.37 2.87 102.76 67.69 69.56
Average 20.67 1.08 1.83 72.92 62.00 45.65
St Deviation 0.72 0.34 0.77 22.52 7.81 17.38
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