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Preface

In February 2005, during my M.Sc. studies at the University of Turku, I was
asked out of the blue by Dr. Matti Murtomaa to work in the Laboratory of
Industrial Physics as a part-time research assistant. I was thrilled and honored
to get introduced to the inspiring crew and environment of our laboratory.

More of my dreams would soon after continue to be fulfilled. I spent the
academic year 2005–2006 in Japan to study the language, after to return to
Turku to finish my Master’s degree in physics. Little did I know that on the day
of my return in August 2006, I would have the pleasure to meet the love of my
life in the laboratory: Dr. Maija Nyström, who at the time was a fellow
undergraduate student. By June 2007, we were officially dating, and I had
joined her band. We would both go on working in the laboratory, to later
dissertate in the interdisciplinary fields of electrostatics and pharmaceutical
physics. On September 1st, 2008, I finally embarked on my Ph.D. journey.

Let us briefly dwell on the significance of science. Humanity has always
found a way to adapt or turn its course in times of crisis, to live another day.
That being said, the true will to change our ways often only emerges when but a
few choices remain. Currently, we are faced with unprecedented global
challenges – overpopulation, extinction of wildlife, and climate change, which
threaten loss of the Earth’s biodiversity, and an ecological collapse. It is
paramount for the future of our descendants and our planet that we deal with
these problems resolutely today. I am hopeful that this can be realized. Science
provides us with peaceful solutions to help us live our lives, and we have been
invested with the power to influence our fate by making rational decisions. We
can choose to partake in the effort by contributing to the advancement of
science, whether or not we get to witness the outcome.

So if you ask me, scientific research and access to established knowledge
hold more value now than ever before, and should not to be taken for granted.
In the recent times, we have had the opportunity to witness plenty of incidents
where the general public has been alienated from the meticulously established
scientific views, or blatantly disconnected from scientific efforts to improve
human lives – often for short-sighted personal gain of few. Of course, this is not
a new phenomenon. At times throughout the known history, irresponsible
misrepresentation or even demonization of science due to selfish reasons has
dangerously threatened to undermine scientific progress by fueling public
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tension over it. Human as such acts may be, regrettably they often are far from
humane. Our advanced society exists owing to our natural eagerness and
unrelenting efforts to explore and understand the world around us. Let us
continue to engage in critical thinking, to question, and to follow our innate
curiosity. Our collective discoveries – the fruits of science – belong to everyone.

In the form of this Ph.D. thesis, I am happy to contribute to the ocean of
humanity’s knowledge, if only a small vial – with a droplet of something new. I
sincerely hope my present and future work may serve for the incremental
betterment of humankind. I would like to take this opportunity to express my
gratitude to the people who have made the completion of this work possible.

I humbly thank my opponent, Prof. Lucian Dascalescu. Prof. Wamadeva
Balachandran and Dr. Leena Peltonen are acknowledged for reviewing the
thesis.

Dr. Matti Murtomaa and Prof. Jarno Salonen, you had faith in me, shared
your expertise, and provided me the freedom to pursue research in an excellent
environment – thank you. Matti, your whole-hearted pioneering spirit and
enthusiasm for electrostatics never fail to inspire those around you. Jarno, your
dedication in porous silicon research is likewise exceptional. I appreciate your
efforts as laboratory head to gather funding and to offer part-time work
projects in difficult times to support this Ph.D. project, as well as others.
Prof. Vesa-Pekka Lehto, as the head of the laboratory when I started out, you
believed in me, and I’m grateful. Thank you for sharing your insights, and for
providing funding to the project during the crucial first months.

The Graduate School of Materials Research (GSMR) is acknowledged for
three-year funding of the Ph.D. project throughout 2009-2011. The Finnish
Cultural Foundation, Varsinais-Suomi Regional Fund, funded the work for one
year. A minor grant received from Turun Yliopistosäätiö is also acknowledged.

I sincerely thank all of my past and present colleagues, in particular the
graduate students, who were always willing to help one another, and essential
in defining the pleasant tone and solidary mood of our laboratory. Special
thanks to Dr. Maija Nyström for the shared laughs, our fruitful discussions, and
the co-authoring which was crucial for the completion of this thesis; Dr. Martti
Kaasalainen, for the friendly support, long discussions, and collaboration;
Ermei Mäkilä, for selflessly sharing your time on countless occasions; Outi
Alanen and Janne Peltonen, for your uplifting resonance. For the work on the
electroencapsulation apparatus, thank you to Mika Aarnio, and our workshop
staff including Pasi Saarenmaa. The contributions from co-writers outside the

v

department are heartily acknowledged: Prof. Hélder Santos and his group;
Prof. R. Mohan Sankaran; Dr. Markus Peurla; and Dr. Markko Myllys.

To all of my friends – I have been most grateful for your company during
this work, you have given me your acceptance, and strength. I will never forget
you. Special thanks to all my bandmates in Korpikuusen Kyynel during these
years. The true veterans and staples in the band – Maija, Ville, and Antti – you
deserve my utmost megathanks. Our bond is strong and special... just like
heavy metal! Whenever we tell our stories in melody, or blow off our steam in
harmony, I am bound by the laws of physics no more.

Thanks to my relatives, and my wonderful in-laws for the welcoming
atmosphere and cheers. I feel at home with you.

To my family, thank you all for your support. Jyrki, as my big brother you
have always had my back, and you have always listened. I am glad to have
followed you to pursue my university studies in Turku. My sister Jaana, you
were the one to introduce me to mathematics early on. Maija & Lauri, I am
proud to call you my parents. I appreciate your love, your teachings, and the
freedom to choose my own ambitions. I am thankful that we were able to raise
a toast together to celebrate the completion of this Ph.D. thesis. My grandfather
Arvi Sevola has also been a great influence for me, and we often discussed my
early studies.

Finally, to my beloved fiancée Maija: For me, your beautiful smile is a
fundamental force. Your love, warm encouragement, and radiant positivity
have elevated me over the obstacles I have faced. From the bottom of my heart,
I thank you for patiently standing at my side throughout this undertaking –
sharing the countless moments of joy and hardship I’ve had, all the good times
and the bad. I cherish every drop of the invaluable wisdom and morale, and the
priceless humor you have sprinkled on me. For the pure joy of each day spent
with you, I am in bliss. For the privilege of having worked alongside you, I am
deeply honored. Yhes myö taistellaa.

Turku, December 2018
Jorma Roine
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Abstract

In bi-polar parallel nozzle electroencapsulation, two oppositely charged droplet
jets are produced by electrospraying (electrostatic atomization), a method of
extracting micro- or nanodroplets from a body of liquid using electrical forces.
The two species of droplets are attracted to each other due to Coulombic forces.
Upon contact, droplets of similar size can merge into a single-phase, or form a
core-shell capsule structure, depending on the mutual miscibility of the liquids.

In this work, an electroencapsulation setup was designed and experimented
for the single-step production of two types of drug carrier particles of 10–50 µm
in size: wrinkled, solid Eudragit L 100 enteric polymer micromatrix particles;
and spherical microcapsules consisting of a solid Eudragit E 100 polymer shell
and a liquid glycerol core. The carrier particle payload consisted of a model
drug (griseofulvin); or griseofulvin loaded, mesoporous silicon (PSi) nano- and
microparticles, which themselves are functional drug carriers. The goal was to
obtain the carrier particle payloads as either stable drug dispersions in a
disordered solid state, or non-agglomerated PSi nanoparticle dispersions, to
enhance the drug dissolution properties at release. The carrier formulations
would effectively render the payload in the form of an inert micropowder for
purposes of handling and dosing. In oral administration, the formulations were
to shield the payload from intestinal metabolism, and to restrain its release
until arrival to target pH-conditions.

The carrier particles were characterized to evaluate these properties. The
micromatrix particles were proven stable and gastro-resistant in vitro.
Griseofulvin dissolution and absorption properties improved significantly, the
latter especially for the drug loaded PSi payloads. Finally, the efficiency of the
asymmetric core-shell microcapsule production was optimized using Taguchi
techniques. In conclusion, electroencapsulation was found to be a potentially
feasible method to improve the oral bioavailability of poorly soluble drugs.

Furthermore, partially crystalline piroxicam microparticles were produced
by electrospraying, and characterized. The crystalline phase was shown to
consist of a previously unknown, stable polymorphic form of piroxicam. The
result suggests the method could provide a unique way to produce novel drug
polymorphs. Thus, it is possible that the dissolution properties of certain drug
materials could be improved sufficiently to facilitate oral administration,
without the necessity to use more complex formulations.

vii

Tiivistelmä

Vastakkaismerkkisin rinnakkaissuuttimin tehtävässä sähkökapseloinnissa
tuotetaan kaksi vastakkaisesti varautunutta pisarasuihkua sähköstaattisen
atomisaation avulla. Erimerkkisesti varautuneiden nesteiden pisarat vetävät
toisiaan puoleensa. Saman kokoluokan pisarat voivat siten yhdistyessään
sekoittua yhtenäiseksi faasiksi tai muodostaa kapselirakenteen kerrostumalla
toistensa päälle, riippuen nesteiden keskinäisestä sekoittuvuudesta.

Tässä väitöstutkimuksessa suunniteltiin sähkökapselointilaitteisto, jonka
avulla tuotettiin kahdenlaisia suun kautta annettavaksi tarkoitettuja
lääkekuljetinpartikkeleita 10–50 µm:n kokoluokassa: poimuisia Eudragit L 100
-polymeerimikromatriisipartikkeleita sekä pallomaisia mikrokapseleita, joissa
oli kiinteä Eudragit E 100 -polymeerikuori ja nestemäinen glyseroliydin.
Kuljetinpartikkelien hyötykuormana käytettiin griseofulviinia joko sellaisenaan
tai ladattuna mesohuokoisesta piistä (PSi) koostuvien mikro- tai
nanopartikkelien huokosiin. Yksivaiheisen tuotantoprosessin tarkoitus oli
parantaa lääkeaineen liukenevuutta sen vapautuessa kuljetinpartikkeleista. Siksi
puhtaan lääkeaineen haluttiin kapseloituvan kuljettimiin järjestäytymättömänä,
kiinteänä dispersiona. Lääkeainein ladatut PSi-partikkelit dispergoitiin
kuljetinväliaineeseen agglomeroitumattomina. Kuljetinpartikkelien tehtävinä
oli vakauttaa hyötykuorma ja helpottaa sen käsittelemistä, suojata kuormaa
ruoansulatuksen metabolialta ja lopuksi vapauttaa se tietyissä pH-olosuhteissa.

Lääkekuljetinpartikkelien ominaisuuksia arvioitiin eri menetelmin.
Mikromatriisipartikkelit osoittautuivat stabiileiksi ja gastroresistenteiksi in
vitro. Vapautuneen griseofulviinin liukenevuus parani merkittävästi, kuten
myös sen imeytyminen – erityisesti PSi:hin ladattaessa. Epäsymmetrisen
mikrokapselituotantoprosessin tehokkuus optimoitiin Taguchi-menetelmin.
Sähkökapselointi todettiin lupaavaksi menetelmäksi suun kautta annettavien
niukkaliukoisten lääkeaineiden biologisen hyötyosuuden parantamiseksi.

Tutkimuksessa tuotettiin lisäksi sähköstaattisen atomisaation avulla osittain
kiteisiä piroksikaamimikropartikkeleita, joiden kiteisen faasin todettiin
koostuvan entuudestaan tuntemattomasta stabiilista polymorfista. Löydös
viittaa mahdollisuuteen, että uusia kiderakenteita voitaisiin tuottaa menetelmän
avulla muistakin lääkeaineista. Näin tälläkin menetelmällä olisi kenties
mahdollista parantaa joidenkin lääkeaineiden liukenevuutta riittävästi niiden
antamiseksi suun kautta, turvautumatta monimutkaisempaan formulointiin.
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x

A  Surface area, projection area
C  Concentration
Cpol  Polymer concentration
Cx  Concentration of substance x
CD  Drag coefficient
D  Capsule diameter
E  Electric field strength
Es  Surface electric field strength
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1. Introduction

Drug materials are usually administered via the oral route, if possible. The
method is relatively comfortable for the patient, cost effective, and provides
good dosing control. However, oral drug administration is not always feasible.
It has been estimated that most new promising drug candidates suffer from
poor physicochemical or pharmacokinetic properties such as low solubility,
slow dissolution rate in the intestinal lumen, poor permeation of the
gastrointestinal (GI) tract wall, and high first-pass metabolism [1–4]. As a
result, an adequate bioavailability of the drug may not be obtainable when the
drug is administered orally.

Strategies exist to address drug oral bioavailability issues, and the relevant
drug properties can be enhanced. For instance, the drug dissolution can be
improved by increasing the specific surface area of the drug in the formulation.
While simple milling or spray drying of the drug will often suffice, more
advanced methods are sometimes necessary [5]. Another method to improve
dissolution is by formulating the drug in a more energetic (disordered) solid
state, such as an amorphous state – though it is generally susceptible to stability
issues [6]. However, in solid dispersion formulations, a disordered solid state of
the drug can be stabilized while simultaneously increasing the drug surface area
[7]. The drug bioavailability requirements and concerns specific to the
medication scenario are determined by e.g. the relevant drug material or
combination of drug materials, the diagnosis, as well as both inter- and intra-
patient physiological variations [2,8]. With other factors to consider, such as
the targeted shelf life and cost of the formulation, it is obvious that a versatile
methodological palette to enhance oral bioavailability is necessary.

In this thesis, novel approaches are taken to improve the oral bioavailability
of poorly soluble drugs by means of electrospraying and bi-polar parallel nozzle
electroencapsulation techniques.
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Electrospraying is a method of dispersing a suitable bulk liquid into micro-
or nanodroplets by electrical forces [9]. The method can be used for the
production of crystalline or amorphous micro- or nanoparticles of a compound
dissolved to the electrosprayed liquid [10]. For electrosprayed particles of a
poorly water-soluble drug, dissolution is improved due to the large surface area.
Often more importantly, the dissolution properties can be significantly affected
by the drug solid state, i.e. its crystallinity and polymorphic form [5,11]. The
amorphous form often exhibits far better dissolution properties, as compared
to the known crystalline polymorphs [12,13]. But, the gains to the dissolution
properties can be nullified by the instability of the amorphous state [6]. In the
present work, a novel stable polymorphic form of piroxicam was produced by
electrospraying microparticles of the drug. The discovery presented
electrospraying as a potential crystal engineering approach to improve the
dissolution rate of a drug to a degree, while retaining a high stability [14,15].

The main focus of the present work was in investigating and optimizing bi-
polar parallel nozzle electroencapsulation as a single-step method to produce
formulations of solid, functional drug carrier microparticles that would be
chemically inert, physically stable, as well as mechanically durable, handleable,
and dosable. The purpose was to potentially enhance the oral bioavailability of
poorly soluble or otherwise problematic drug materials by means of stabilizing
and shielding the disordered drug dispersion, and thus retaining the improved
dissolution properties until its pH-controlled release at the optimal drug
absorption site.

The principle of the electroencapsulation technique was to impact
oppositely charged electrosprayed droplets, which mutually attract due to
Coulombic forces. From the combined droplets, two types of drug carrier
particles were obtained after excess solvent evaporation: core-shell
microcapsules consisting of a glycerol core and a solid Eudragit E 100 polymer
shell, and solid Eudragit L 100 polymer micromatrix particles. As the
micromatrix particle payload, a poorly soluble model drug was dissolved to the
electrospraying liquid, and the drug was enveloped in the particles as a stable,
disordered solid dispersion. Alternatively, the drug was pre-loaded into micro-
or nanoparticulate mesoporous silicon (PSi), in itself a promising candidate for
an orally administrable drug carrier material [16–18]. The PSi particle payload
was then electroencapsulated as non-agglomerated dispersions in the
micromatrix particles, or microcapsule cores. The electroencapsulated drug
carrier particles were characterized. The drug dissolution and permeation
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performances were evaluated in vitro for the micromatrix particles. Finally,
optimization of the electroencapsulation process parameters was considered in
particular for the asymmetric core-shell microcapsule production. In the
following paragraphs, the motivation and objectives for the experimental work
in each individual paper are specified and summarized briefly.

A variable geometry bi-polar parallel capillary electrospraying device was
designed and constructed for the electroencapsulation experiments, and
introduced in paper I. The design was based on a previously built
electrospraying device, which was used in paper II.

A substantial groundwork was conducted to select the materials for the
electroencapsulation experiments. Suitable electroencapsulation parameters
such as geometry, liquid flow rates Qi, and electrospraying voltages Ui, were
mapped for a wide range of electrospraying liquid compositions, consisting of
different combinations of various solvents, polymers, and additives. As a result,
two types of promising carrier particles were produced by electroencapsulation
and characterized in paper I: firstly, core-shell microcapsules, with an Eudragit
E 100 polymer shell that dissolves in the stomach pH conditions, and PSi
micro- or nanoparticles dispersed in a liquid glycerol core; and secondly, solid
micromatrix particles with griseofulvin loaded PSi nanoparticles dispersed to
an enteric polymer (Eudragit L 100) matrix.

During preliminary electrospraying experiments by Dr. Maija Nyström for a
previous work [13], partially crystalline particles, of which the X-ray diffraction
(XRD) patterns could not be identified, were produced by electrospraying a
chloroform solution of piroxicam. The unknown crystalline phase was highly
reproducible by electrospraying, but could not be produced by any attempted
alternate methods, such as exposing a chloroform solution of piroxicam to a
strong electrical field in an evaporation dish. The finding raised questions as to
whether a novel polymorphic form of piroxicam had been discovered by
electrospraying. The purpose of paper II was to answer these questions:
partially crystalline particles, with the crystalline phase of the suspected new
polymorphic form of piroxicam, were produced in various electrospraying
conditions, characterized extensively with emphasis on XRD methods, and
monitored for stability considerations.

A larger electroencapsulation chamber design was introduced in paper III.
The purpose was to improve the electroencapsulation collection efficiency, and
to enhance the solvent evaporation from the produced droplets, microcapsules
and micromatrix particles without the necessity of additional air flow, excessive
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depends on the density and mobility of ions; density of impurities, structural
defects, and molecular-ion traps that can generate localized energy states in the
forbidden band; as well as the band gap energy [20,29,30]. Semiconductor
materials have the insulator band structure but the band gap is relatively small,
so thermal or optical excitation of electrons is feasible [29].

An isolated charge distribution rearranges spontaneously until an
thermodynamic equilibrium configuration of the system is reached, equating to
a local potential energy minimum. Charge is redistributed within objects and
transferred between them by the realignment, relocation, and exchange of
charged particles, namely electrons or ions. For a conductor, where electron
movement is relatively unrestricted, any net charge accumulates to the surfaces
in electrostatic conditions, and surface charge density � increases with positive
surface curvature [31]. The charge distribution is uniform for a spherical
conductor surface far from other charge.

Mechanisms of charge transfer between objects are determined by the
physical state, conduction properties, and charge density of both the interacting
objects and the medium, contacts between the objects, adsorbed layers on
object surfaces, and available charge carrier species. As an example, nearly all
objects in atmospheric conditions are covered by at least a monolayer of water,
an excellent solvent capable of containing an electric double layer [32]. A
moisture layer thus generally acts as a potential barrier for electrons to some
degree [33]. Consequently, various ions that dissolve to the water film from the
object surface can be significant surface charge carriers, especially for insulators
[20,32].

2.1.4.1. Contact and Frictional Charging

Contact charging (contact electrification), or charge transfer between objects
that are brought to a non-sliding contact and subsequently separated, is a
surface phenomenon that is satisfactorily explained by the electron energy band
model (Chapter 2.1.4.) only for two conductors with ideal, uncontaminated
surfaces. When brought to contact, a difference between the work functions of
the conductors drive a transfer of electrons that results in a repeatable contact
potential difference between the conductors [34]. At conductor separation, a
charge backflow occurs by electron tunneling, and cuts off when the distance
between closest points of separation exceeds about 1 nm [35,36]. Assuming that
the total charge remains constant, the backflow nearly equalizes the conductor
potentials. Thus, between two initially equipotential conductors, the full
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contact charging cycle results in a most often negligible net charge transfer.
However, accumulated contact charge can be significant in a large number of
small conductors, such as metal powders [37,38].

Contact charging is vastly more complicated when one or both of the
contacting objects are insulators, particularly so for dielectrics [39,40]. With an
insulator involved, contact charging generally results in a significant amount of
charge being transferred between the contacting objects [34,39,41]. For
insulators, the probability of electron transfer varies greatly with local surface
energy state density. The process could be quite energy selective, as determined
by the contacting material [30]. The amount of electron energy states involved
in the contact charging is further limited by the actual contact area, influenced
by surface roughness, macroscopic contact area and contact pressure [39]. Bulk
states close to the surface may contribute to electron transfer to a limited degree
[42]. Importantly, surface contaminations may give rise to an electric double
layer or mobile surface ions (Chapter 2.1.4.), potentially hindering electron
transfer and diminishing its significance in the charging, in favor of ion transfer
[20,32]. Charge can also be transferred by exchange of nano-sized bits of
material [41].

True contact charge is principally a material property in ideal conditions –
measured in a vacuum for a single contact of repeatable force and duration,
between uncontaminated surfaces of consistent shape and morphology.
Different materials can be arranged in triboelectric series according to the
tendencies to charge either positively or negatively when contact charged with
another, particular material [38,43]. As an extreme example, PTFE (Teflon)
charges negatively when rubbed against virtually any other material [38,44,45].
However in general, triboelectric series are not unambiguous [20,38]. Lately,
nanogenerators based on triboelectricity have been researched [46].

In real contacts, sliding occurs; surfaces are imperfect; and external variables
such as temperature T, moisture, pressure p, and atmospheric composition
cannot be ignored. To describe more realistic contacts, the term frictional
charging is used of charge transfer between two objects that rub against each
other. In frictional charging, the contact area is larger in at least one of the
objects as compared to contact charging, and generally more charge is
transferred [41,44]. Friction charging is less dependent on the materials, and is
sensitive to the size and shape of the rubbed objects and contact areas, rubbing
velocity, contact pressure, and contact temperature [20,47,48].
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2.1.4.2. Induction Charging

As explained by Michael Faraday after performing his famous ice pail
experiment in 1843, conductive materials can gain charge by induction [49].
Two processes of induction charging is demonstrated schematically in Figure 1
for an initially neutral sphere. Following the upper row of images in the figure
from left to right, the proximity of a charged object, in this case a positively
charged rod electrode, causes an induced charge separation within the sphere
due to electrostatic forces. Grounding the sphere at this configuration allows
for negatively charged electrons to enter the sphere from the ground to fill
vacant electron states. Equivalently, the vacancies can be considered as positive
charges which flow to the ground. This charge transfer, or induction charging
of the sphere, ceases at net force equilibrium. At that point the net charge of the
sphere has become negative, and remains so once the sphere is disconnected
from the ground.

Figure 1. Two processes of induction charging a sphere with an initial net charge qs = 0.
The illustrated states show charge distributions at equilibrium. The intermediate
arrows indicate the reversibility of the transitions, with the signs of any changes in qs

indicated. The two transitions that involve induction charging are highlighted with a
top-to-bottom vertical bar.

In another scenario, shown in Figure 1 (transition to the bottom row), the
sphere is first contact charged positively by bringing it to contact with the rod
electrode. In the bottom row sequence of the figure, additional positive charge
is subsequently transferred to the sphere by induction charging. A nearby
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ground electrode induces charge separation in the sphere and the connected
rod, with negative charge flowing from the sphere via the rod electrode circuit
to the ground. After separating the sphere from the rod, the sphere is left with a
net positive charge greater than that gained earlier from merely contacting the
rod.

Many electrostatics devices and measurement instruments, such as Faraday
cages, Faraday cups, electrometers and electric field meters, are based on
induced charge separation [49–51]. A simple coaxial induction probe is capable
of simultaneously measuring the charge, size and distance of a passing object
[52]. Under suitable conditions, charged droplets can be extracted from a body
of a sufficiently conducting liquid by induction charging the liquid surface.
This phenomenon is discussed in Chapter 2.2 (Electrostatic Atomization).

2.1.4.3. Corona Discharging

The maximum charge density of an object is limited by several phenomena. For
practical purposes, the most common limiting factor is the air breakdown
strength – the electric field strength required for air ionization, which is
approximately Emax = 3 × 106 V/m for air at normal pressure, with lowest values
observed for dry as compared to humid air [53–55]. Above this limit, electrons
accelerated in the electric field can gain enough energy between collisions to
detach another electron from atoms they collide with. Thus, avalanches of
ionizing electrons (Townsend avalanches) are formed in the breakdown region
[56]. If the electric field above the surface of a charged object exceeds the
breakdown limit, the surface is discharged via the ionized air. This limits the
attainable charge density of any surface exposed to an air atmosphere to a
maximum of � = 2.6 × 10�5 C/m2, as obtained from Gauss’s law.

A corona discharge is a low-energy type point discharge that occurs in a
limited region of air or another ionizing gas next to an electrode of a high
positive curvature, if its associated non-uniform electric field locally exceeds the
breakdown strength of the gaseous medium [20,57,58]. Due to the ionization
(plasma formation) process, an aerial corona discharge emits a faint blue glow
and is thus traditionally dubbed St. Elmo’s fire among sailors and aircraft pilots
[59]. Charge is carried away from the corona discharge region and the sharp
corona electrode mostly by relatively slowly moving unipolar ions which share
the sign of the corona electrode. If the surrounding gas does not contain
enough electronegative atoms to capture the electrons ejected from a negative
corona discharge, it is also possible for slow electrons to remain a significant
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charge carrier species outside the discharge region. Surfaces and particles can
gain charge or be neutralized in the electric field of a corona discharge by
attracting charge carriers it expels [20,60]. A corona discharge produces no
sparking, unlike more energetic point discharges such as lightning [58].

2.1.4.4. Other Mechanisms of Charging and Discharging

The electrical conductivity � of a liquid depends on its ion concentration and
ion mobility. For example, water is normally an excellent conductor of
electricity,  because even tap water contains an abundance of dissolved salts in
the form of ions such as Na+, K+, Ca2+, Mg2+, F�, and Cl�. However, ultra-pure
distilled water only contains relatively very few OH� and H3O+ ions due to
auto-dissociation of H2O, and is actually a poorly conducting, albeit arduous to
obtain, liquid [61]. In any dielectric liquid, dissociated ions form electric double
layers at the liquid interfaces, even when the liquid body is on average
electrically neutral [62]. Charging occurs in the liquid whenever any of the
liquid interfaces are disrupted [20]. Poorly conducting (� of 10�9–10�3 µS/cm)
or isolated liquids can hold a net charge, provided that the liquid contains or
obtains enough dissociated ions to store the charge [20]. Liquid bodies that
contain dissociated ions may deform in an external electric field, in order for
Coulombic forces to reach balance with other external forces and the liquid
surface tension.

As discussed in Chapters 2.1.4.1 and 2.1.4.3, free charge carriers such as
electrons, ions, or macroscopic charged particles can be produced by gas
ionization, or by mechanical detachment of material from charged objects. In
addition, such charge carriers can originate from, for example, nuclear
reactions that produce alpha or beta radiation [63], electron field emission [64],
electron photoemission [65], or solute and dispersed material left over from
evaporated charged liquid droplets [66].

In a gas atmosphere that contains free charge carriers, highly charged
objects disconnected from the ground and voltage sources tend to neutralize
over time when no external electric field is present. Coulombic attraction draws
nearby free carriers of oppositely signed charge into contact with the charged
object, and charge is transferred via contact to achieve electrostatic equilibrium.
On the other hand, particles or objects in a gas can also be charged by diffusion
charging, due to random collisions with ions in thermal motion that have
sufficient kinetic energy to overcome the Coulombic potential energy barrier of
the particle or object in question. Diffusion charging can become significant for
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particles of ca. 3 µm or smaller in size. In principle, charge can build up to the
discharge limit by diffusion charging [20]. For notably larger objects, an
equilibrium charge is reached when charge transfer due to the opposing
mechanisms balance each other out.

In vacuum, the maximum charge density of an object is ultimately
determined by the electron field emission limit (cf. Chapter 2.2.3). At the
material specific electron field emission limit, the electric field strength at the
surface of the object is sufficient for tunneling and subsequent emission of
electrons from the object [64,67]. Electron field emission has been proposed as
a method of spacecraft neutralization [68].

2.2. Electrostatic Atomization

Electrostatic atomization of a liquid, or breaking up a liquid into a jet of
charged droplets by electrical forces [62,69,70], is the foundational electrostatic
phenomenon for the present work. The technique is synonymously dubbed
electrospraying [9], electrostatic spraying [71], electrostatic dispersion [72],
electrically forced jets [73], electroatomization [74], electrohydrodynamic (EHD)
atomization, or liquid atomization by electric means [69]. Electrospraying was
discovered in as early as 1750 when Abbé Jean-Antoine Nollet, an esteemed
French experimental phycisist and clergyman, experimented with
electrospraying of water and various liquors, and reported his observations
[75,76]. As the story goes, he noticed that if a person was to cut himself while
being electrified by a high-voltage generator, he would not bleed normally.
Instead, blood would spray from the wound (due to electrical forces) [62]. First
modern scientific studies on electrospraying were conducted in 1915 by J.
Zeleny [77,78]. In 1964, the physics of electrospraying were established by G. I.
Taylor [79].

2.2.1. Principles of Electrospraying Apparatus

In Figure 2, a simple electrospraying apparatus is shown schematically. Liquid
is driven at a controlled volume flow rate Q through a conducting capillary,
typically of an inner diameter di of 0.1–1 mm. The capillary is kept at a positive
or negative high potential and thus doubles as a high voltage electrode. A
controlled voltage U between the electrospraying nozzle and a nearby ground
electrode (extractor) generates an electric field which powers the
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2.2.2. Electrospraying Mode Characteristics

Electrostatic atomization can be conducted in different modes, as determined
by the electrospraying parameters such as liquid properties (conductivity �,
density �, viscosity �, surface tension �); liquid flow rate Q; electric field
strength E at the liquid surface, which in turn is influenced by the atomization
geometry and voltage U; other external forces acting on the liquid surface, such
as gravity or centrifugal forces; as well as atmospheric gas composition,
humidity, flow velocity, pressure p, and temperature T [62,70,71,105,111–116].
As many as over ten different spraying modes can be identified, characterized
by the shape and stability of the liquid meniscus, presence and permanence of
continuous jets, rate of droplet formation, as well as electrospraying current
characteristics [9,69,70,111,112,114–117]. The size and charge distributions of
atomized droplets depend primarily on the spraying mode, and secondarily on
the atomization parameters within that mode [70,74,111,112,116,118].

With no applied voltage (|U| = 0) in an electrospraying device of a fixed
geometry (e.g. that of Figure 2), operated at constant T and p on Earth’s surface
with the gravity field aligned to the electrospraying axis, liquid flowing at a rate
Q > 0 accumulates to a drop that hangs outside the capillary (Figure 3a).
Assuming that evaporation rate W from the hanging drop remains lower than
Q, the drop grows periodically to a critical size, above which the drop weight
surpasses the surface tension that binds the drop to both the capillary and the
liquid column inside the capillary. The essentially neutral drop is then detached
from the capillary due to gravity, and accelerated in the gravity field.

At zero gravity and low liquid momentum, the capillary does not drip liquid
if no other force to drive the liquid is present. Instead, the liquid wets the
capillary exterior surface, and proceeds to gradually engulf the device up to a
balance point, where total evaporation W = Q.
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Figure 3. Characteristics of the liquid meniscus, jet, and sprayed droplets for selected
electrostatic atomization modes, shown schematically: a) no electrification (reference),
b) dripping mode, c) microdripping mode, d) cone-jet mode, and e) multi-jet mode.
The atomization voltage |U| is increased through figures a–e, with all other
electrospraying parameters kept constant. These and other electrospraying modes are
sketched, imaged and described extensively in literature
[12,70,71,81,111,112,116,119,120].

2.2.2.1. Dripping and Microdripping Modes

With a low voltage |U| applied, the surface of the liquid protruding from the
capillary is charged by induced charge separation, and Coulombic forces act on
the charged surface of the liquid meniscus, adding to the effect of gravitational
force exerted on the liquid. As depicted in Figure 3b, with |U| > 0, droplets still
detach one by one, but do so at an increased rate in addition to being both
smaller and charged by induction, as compared to scenario of Figure 3a. The
liquid meniscus contracts and is swiftly replenished by new liquid after each
droplet detachment. Detached droplets are then accelerated by the electric field,
which quickly becomes the dominant force acting on the droplets in between
the electrodes as |U| is increased. With no radial repulsive forces from
neighboring droplets, each droplet follows roughly the same trajectory. This
simple form of electrospraying is known as the dripping mode, or descriptively
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geometry and voltage U; other external forces acting on the liquid surface, such
as gravity or centrifugal forces; as well as atmospheric gas composition,
humidity, flow velocity, pressure p, and temperature T [62,70,71,105,111–116].
As many as over ten different spraying modes can be identified, characterized
by the shape and stability of the liquid meniscus, presence and permanence of
continuous jets, rate of droplet formation, as well as electrospraying current
characteristics [9,69,70,111,112,114–117]. The size and charge distributions of
atomized droplets depend primarily on the spraying mode, and secondarily on
the atomization parameters within that mode [70,74,111,112,116,118].

With no applied voltage (|U| = 0) in an electrospraying device of a fixed
geometry (e.g. that of Figure 2), operated at constant T and p on Earth’s surface
with the gravity field aligned to the electrospraying axis, liquid flowing at a rate
Q > 0 accumulates to a drop that hangs outside the capillary (Figure 3a).
Assuming that evaporation rate W from the hanging drop remains lower than
Q, the drop grows periodically to a critical size, above which the drop weight
surpasses the surface tension that binds the drop to both the capillary and the
liquid column inside the capillary. The essentially neutral drop is then detached
from the capillary due to gravity, and accelerated in the gravity field.

At zero gravity and low liquid momentum, the capillary does not drip liquid
if no other force to drive the liquid is present. Instead, the liquid wets the
capillary exterior surface, and proceeds to gradually engulf the device up to a
balance point, where total evaporation W = Q.

17

Figure 3. Characteristics of the liquid meniscus, jet, and sprayed droplets for selected
electrostatic atomization modes, shown schematically: a) no electrification (reference),
b) dripping mode, c) microdripping mode, d) cone-jet mode, and e) multi-jet mode.
The atomization voltage |U| is increased through figures a–e, with all other
electrospraying parameters kept constant. These and other electrospraying modes are
sketched, imaged and described extensively in literature
[12,70,71,81,111,112,116,119,120].

2.2.2.1. Dripping and Microdripping Modes

With a low voltage |U| applied, the surface of the liquid protruding from the
capillary is charged by induced charge separation, and Coulombic forces act on
the charged surface of the liquid meniscus, adding to the effect of gravitational
force exerted on the liquid. As depicted in Figure 3b, with |U| > 0, droplets still
detach one by one, but do so at an increased rate in addition to being both
smaller and charged by induction, as compared to scenario of Figure 3a. The
liquid meniscus contracts and is swiftly replenished by new liquid after each
droplet detachment. Detached droplets are then accelerated by the electric field,
which quickly becomes the dominant force acting on the droplets in between
the electrodes as |U| is increased. With no radial repulsive forces from
neighboring droplets, each droplet follows roughly the same trajectory. This
simple form of electrospraying is known as the dripping mode, or descriptively
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as field-enhanced dripping. In this mode, with increasing |U|, the dripping
frequency increases (up to hundreds of Hz), the electrosprayed droplets get
smaller and the droplet specific charge q/m increases [62,69,70].

At a sufficiently high |U|, and low Q, it is possible, at least for droplets of
liquids such that � < 10-2 µS/cm, to become smaller than the inner diameter of
the nozzle (d < di) while the electrospray remains in the pulsating regime
[69,70,111]. Such small droplets can form at frequencies of up to tens of kHz,
and the liquid meniscus no longer contracts between droplet detachments
[69,70,111]. Below this arbitrary droplet size limit, the electrospray is said to
transition into microdripping mode (Figure 3c) [69,70,111].

Droplets electrosprayed in dripping or microdripping mode are quite
consistent in size, with median droplet size typically in the range of a few µm to
about 1 mm [70,111]. Following each event of electrospraying a main droplet,
several magnitudes smaller and highly charged satellite droplets are ejected
from both the meniscus and the main droplet due to vibrations and surface
instabilities of the liquid objects. Satellite droplets move slowly, evaporate
quickly and do not contribute significantly to the volume of electrosprayed
liquid. However, satellite droplets are capable of carrying a significant portion
of the electrosprayed charge (see Chapter 2.2.3) [121–123].

Dripping and microdripping modes of electrospraying can be used for
controlled deposition of microdroplets [124,125] – for instance microscale
EHD inkjet printing in which droplet detachment frequency can be regulated
by using pulsating voltage (droplet on demand) [126,127]. These modes have
also been used in microencapsulation of biotic or other type of materials
[128,129].

2.2.2.2. Cone-Jet Mode

The most important electrospraying mode is the cone-jet mode (CJM), as
judged by the amount of research and applications associated with it
[9,10,118,130–138,13,62,71,83,84,86,91,113]. The (stable) CJM is characterized
by the steady axisymmetrical conical shape assumed by the liquid meniscus,
which in this mode is often dubbed the Taylor cone [71,90,111,132,138]. The
Taylor cone can be straight-sided, concave or convex depending on the polarity
and magnitude of U, the electrospraying geometry, and liquid properties [111].
As depicted in Figure 3d, in CJM a fine, stable, and continuous liquid jet is
ejected from the apex of the Taylor cone. Forces acting on the highly charged
surface of the jet cause varicose instabilities due to which the jet quickly
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disintegrates into very small (typically d = 0.1–100 µm) main droplets of a
remarkably narrow size distribution, accompanied by a host of much finer
satellite droplets; all of which are charged by induction
[9,74,83,112,136,138,139]. The main droplets form at a very high frequency
(from a few kHz up to several MHz) [70,118], and constitute nearly the entirety
of the electrosprayed liquid volume [71,132,136,140]. The thusly dense jet
disperses due to mutual Coulombic repulsion of the charged droplets [141,142].
As with dripping modes, the charge carried by satellite droplets can be relevant,
however [140].

The CJM is initiated for applicable liquids in suitable conditions (details
discussed in Chapter 2.2.4) when |U| is increased from the (micro)dripping
mode regime to the CJM onset voltage |Uc| [71,86,111,112]. Transition to the
CJM can be very distinct in some cases, whereas in others, an intermediate
pulsating mode may emerge amidst the transition from dripping mode to a
stable CJM (Chapter 2.2.2.3). As the electrospray enters CJM, the liquid
meniscus assumes the stable Taylor cone form, and both the atomization
current I and droplet frequency increase abruptly [83,112,143,144]. In CJM, the
measured I for a single Taylor cone is typically in the order of 10–100 nA
[71,144,145]. As |U| is increased within the CJM regime, the Taylor cone
remains stable but contracts axially. Simultaneously, the electrosprayed droplet
size decreases and droplet charge increases, albeit to a comparatively
insignificant degree (Chapter 2.2.4). The CJM voltage regime is affected by a
weak hysteresis effect – once initiated, CJM is maintained even if |U| is
decreased slightly below the original onset level |Uc| [71,131,136,146].
Additional control to the electrosprayed liquid volume can be gained by single-
event electrospraying, utilizing very low flow rates and pulsed voltages with a
stepping high enough to bypass the hysteresis effect [147].

Many applications have been found to benefit from the bottom-up
miniaturization among other useful properties that accompany electrostatic
atomization in CJM. The technique can be used for the production of micro-
and nanoparticles as small as a few nanometers in size [10,12,136,139,148,149],
including particles composed of pharmaceutical materials for the purpose of
preparing or manufacturing drug delivery systems (see also
Chapters 2.2.5 and 2.4) [83,84,134,150–154]. Other biomedical applications
include e.g. a handheld electrospray gun [137]. In EHD printing applications,
high resolution patterns down to tens of nanometers in size can be achieved
[155,156]. Painting similarly benefits from the attainable fine and uniform
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values of � as high as 103 µS/cm when electrospraying a liquid of low �, and jet
diameters are considered to be of the order of 10 nm for liquids of � in the
order of 104 µS/cm [71,119]. The CJM regime generally shifts toward lower Q
with increasing K (cf. Equation 6) [71]. Some authors have proposed that no
upper limit of K for CJM exists per se, but instead the produced droplets
become so small that detecting them by light scattering becomes increasingly
difficult [146].

If � is high enough, emergence of a corona discharge at the tip of the liquid
meniscus becomes probable, which destabilizes or prevents CJM
electrospraying in air [71,82,171]. A maximum value of as low as � � 50 mN/m
has been reported for stable CJM electrospraying [146]. On the other hand,
accounts of successful experiments of electrospraying glycerol (� = 63 mN/m),
and even water (� = 73 mN/m) in CJM set the maximum � limit higher
[69,78,87,111,175]. The lowest observed limit values of � are likely consequence
of unsuitable electrospraying parameter combinations, influenced decisively by
the high �. When the electric field strength Es at the surface of the liquid
meniscus apex surpasses the breakdown strength of the surrounding gas, a
Corona discharge is triggered at the liquid apex. The occurrence of such an
event naturally depends not only on �, but on various parameters. The
electrospraying geometry crucially affects the susceptibility of Es to the size or
shape variations of the meniscus, such as contraction, elongation, or varicose
and kink perturbations. The nozzle diameters di and do together with the liquid
wetting properties determine the width of the meniscus base, which affects the
meniscus length. Therefore, di and do influence the distance of the liquid apex
from the counter electrode, and thus Es at the liquid apex. With increasing �,
charge conducts to the liquid surface at a higher rate, and the jet is driven
increasingly more by normal forces as opposed to tangential stress, which leads
to more frequent and forceful surface disruptions. Consequently, local
variations of Es develop, which effectively decreases the Corona discharge
threshold value of � [10,82]. An often used methodology to circumvent Corona
discharging is smoothing of sharp edges at the nozzle tip and application of a
downward flow of insulating sheath gas, such as CO2, around the sharp liquid
apex to cover it [82,115,171,186,188].

Many common solvents and oils, such as ethanol, chloroform, ethylene
glycol, acetone, and glycerol are readily electrosprayable in CJM over a
relatively wide range of electrospraying parameters [78,111,133]. Other liquids,
such as various vegetable oils, may require additives to adjust the liquid
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properties, such as K or � [74,189]. However, establishing a stable CJM on
water is more demanding, because the high � and high K (reported K values
include Ktap water = 300 µS/cm, Kdeionized water = 3.3 µS/cm, Kdistilled water = 1.1 µS/cm)
can easily trigger a Corona discharge [71,82,111,146,183,186,190,191]. Due to
these and other properties of water, such as its high polarity and abundance of
dissociated ions (Chapter 2.1.4.4), the sign of the electrospraying potential U
significantly affects the obtainable electrospraying modes and their respective
stable voltage regimes. The CJM is obtainable for water at positive polarity, but
the voltage regime tends to be narrow [51,82,111,190,192]. A colloidal
suspension can be electrosprayable, if its medium consists of an
electrosprayable liquid [9,12,193].

Density � is not an important limiting factor to CJM electrosprayability on
its own at atmospheric pressure – superfluid liquid helium (� = 0.147 g/cm3 at
T = 2.2 K) and liquid metals (e.g. Au, � = 19.3 g/cm3) alike are applicable for the
technique [10,92,110,194,195]. Similarly, liquids of relative permittivity in the
range of at least 1.9 � �r � 182 have been found to be electrosprayable in CJM
[74,107,191]. Therefore, for the majority of liquids, �r does not single-handedly
constitute an obstacle to electrosprayability.

In suitable conditions, a jet of a considerably high � liquid protruding from
the Taylor cone does not disintegrate into droplets, i.e. the Taylor cone no
longer produces an electrospray. A sufficiently high � can be obtained for
example by dissolving a long-chained polymer in a high concentration to the
liquid. Electrospinning technique exploits this phenomenon to produce
extremely thin (5–1000 nm thickness) polymer threads and fibers, in contrast
to the ultrafine droplets and particles produced by the closely related technique
of electrospraying [73,178,196–206].

2.2.4.2. Droplet Size and Atomization Current

As discussed in Chapter 2.2.2.2, the main droplets electrosprayed in CJM are
very monodisperse, but never absolutely so. In addition, the main droplets are
accompanied by satellite droplets. Therefore, the electrosprayed droplet size
distribution cannot be described by a delta distribution. The droplet volume
median diameter dmed is, however, a good measure of the most probable size of
droplets electrosprayed in CJM [71]. For clarity, in this work the meaning of
droplet size d in the context of CJM electrospraying is taken to be dmed.
Consequently, these quantities will be used interchangeably where no danger of
confusion exists.
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beneficial for steering their flow in targeted deposition techniques [158,159]. In
dry powder production, droplets are often electrically neutralized immediately
after being ejected from extraction electric field [113,136,219]. The benefits of
such in situ neutralization include, most importantly, elimination of Coulomb
fission, which is necessary to achieve a consistent residual particle size
[10,113,136]. Moreover, neutralization eliminates external Coulombic forces
and mutual Coulombic repulsion acting on the droplets and particles. In some
setups, this could improve the particle collection efficiency, as well as reduce
agglomeration of the deposited particles that could occur due to local surface
charge domains in an insulating collection dish or substrate, such as a Petri dish
or a nylon filter [13,219–221].

The different neutralization methods utilized in electrostatic atomization
include Corona ion source neutralizers (cf. Chapter 2.1.4.3)
[10,113,138,186,219,222]; radioactive sources such as Po210, Am241, or Cm242 for
neutralization of small droplets [136,191,223]; X-ray photoionization for
neutralization of residual particles [221,224]; or operation of two electrosprays
of opposite polarities, with the oppositely charged droplets attracting each
other, merging and mutually neutralizing by charge transfer (cf.
Chapter 2.3.2.1) [9,225]. The rate of spontaneous aerial discharge
(Chapter 2.1.4.4) is generally too low to result in any significant neutralization
of a droplet electrosprayed in CJM, with a typical droplet size of 10 nm to
100 µm and air-time of the order of 0.1–100 s.

2.3. Electroencapsulation

A material which is either vulnerable to the surrounding environment, affects
its surroundings adversely, or is in a metastable or difficult to handle physical
state or form, can be physically confined and chemically isolated from its
surroundings by encapsulating it in an envelope or matrix composed of shell
material  [7,226–231]. Encapsulation can render the payload (core material)
mechanically easier to process and chemically inert [7,9]. For example,
successfully encapsulating droplets of a liquid dispersion of nanoparticles in
solid shell capsules of diameter D � 10 µm effectively increases the size scale of
the handled objects by orders of magnitudes. For purposes of handling, storing,
processing, and dosing, the encapsulated payload could then be processed as a
dry powder, with the surface properties of the shell material [9,232,233]. An
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encapsulated solid may assume a disordered, metastable physical state
(cf. Chapter 2.4.1) – for example in the form of a molecular, amorphous, or
nanocrystalline solid solution or dispersion [7,234,235]. In the spatial
confinement of a solid dispersion, the diffusion mobility of the core material
molecules is remarkably diminished or suppressed. Consequently, precipitation
and crystal growth are subdued or inhibited. Therefore, by encapsulation of the
core material into a solid dispersion, its disordered physical state can be
stabilized to endure even stressful external conditions over extended periods of
time [7,235]. The core material release kinetics and trigger conditions (melting,
rupture or dissolution of the shell material, diffusion) are controllable by
adjustments of capsule properties such as its size, composition, and structure
[7,226,229,230].

Electroencapsulation is a process of encapsulation assisted by electrical
forces, i.e. by use of electrospraying in CJM [9,236]. Other modes of
electrospraying, such as the dripping mode, can be used for
electroencapsulation as well, but will not be discussed in this work [128].

2.3.1. Material prerequisites

In electroencapsulation, the core material can be solid, liquid or gaseous. Solid
or gaseous payload materials must be dissolved or dispersed to a liquid or
colloid formulation, prior to electrospraying. The shell material, in order to
form either the capsule envelope or the matrix, and to be electrosprayable in
CJM, consists of a liquid or a solid dissolved in a liquid phase
[9,12,232,236,237].

The core and shell materials can be introduced to a common electrospraying
liquid, or they can be formulated into separate core and shell electrospraying
liquids. In correspondence, electroencapsulation can be used for fabrication of
two types of micro- and nanocomposite materials: micro- or nanomatrix
particles consisting of a payload (core) material as a uniformly distributed solid
solution or solid dispersion in a suitable solid matrix (shell) material; and core-
shell micro- or nanocapsules with a solid, liquid or gaseous core enveloped in a
solid (or liquid) shell layer; [9,12,232,236,238–240].

In order for droplets of two species of liquids to successfully form core-shell
capsules, the core and shell liquids must be immiscible and mutually wettable.
The droplet of higher surface tension liquid is then enveloped by the droplet of
lower surface tension liquid upon bringing the two into contact: �c > �s [232].
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encapsulated solid may assume a disordered, metastable physical state
(cf. Chapter 2.4.1) – for example in the form of a molecular, amorphous, or
nanocrystalline solid solution or dispersion [7,234,235]. In the spatial
confinement of a solid dispersion, the diffusion mobility of the core material
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and crystal growth are subdued or inhibited. Therefore, by encapsulation of the
core material into a solid dispersion, its disordered physical state can be
stabilized to endure even stressful external conditions over extended periods of
time [7,235]. The core material release kinetics and trigger conditions (melting,
rupture or dissolution of the shell material, diffusion) are controllable by
adjustments of capsule properties such as its size, composition, and structure
[7,226,229,230].

Electroencapsulation is a process of encapsulation assisted by electrical
forces, i.e. by use of electrospraying in CJM [9,236]. Other modes of
electrospraying, such as the dripping mode, can be used for
electroencapsulation as well, but will not be discussed in this work [128].

2.3.1. Material prerequisites

In electroencapsulation, the core material can be solid, liquid or gaseous. Solid
or gaseous payload materials must be dissolved or dispersed to a liquid or
colloid formulation, prior to electrospraying. The shell material, in order to
form either the capsule envelope or the matrix, and to be electrosprayable in
CJM, consists of a liquid or a solid dissolved in a liquid phase
[9,12,232,236,237].

The core and shell materials can be introduced to a common electrospraying
liquid, or they can be formulated into separate core and shell electrospraying
liquids. In correspondence, electroencapsulation can be used for fabrication of
two types of micro- and nanocomposite materials: micro- or nanomatrix
particles consisting of a payload (core) material as a uniformly distributed solid
solution or solid dispersion in a suitable solid matrix (shell) material; and core-
shell micro- or nanocapsules with a solid, liquid or gaseous core enveloped in a
solid (or liquid) shell layer; [9,12,232,236,238–240].

In order for droplets of two species of liquids to successfully form core-shell
capsules, the core and shell liquids must be immiscible and mutually wettable.
The droplet of higher surface tension liquid is then enveloped by the droplet of
lower surface tension liquid upon bringing the two into contact: �c > �s [232].
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The envelopment can be complete if the capsule does not contact another solid
or liquid surface (except for possible gelatinizing or polymerizing baths), and if
an adequate volume of shell liquid is present to cover the whole surface of the
core droplet. The capsule shell can finally be solidified, either by cooling and
subsequent phase transition of the shell material [227]; by chemical reactions
such as gelatinization, or polymerization [9,236,239,241]; or, with a suitable
polymer dissolved to the shell material, by evaporation of excess solvent
[9,236,242].

In general, the highest usable concentrations of any dispersed or dissolved
solids can be a limiting factor to the process yield. Excessively high
concentrations of dispersed solid materials may promote agglomeration of the
dispersed particles in the electrospraying liquid, while solute concentrations
approaching the solubility limit in the electrospraying liquid could result in a
premature solidification or crystallization of the solute at the electrospraying
needle tip. Consequently, the electrospray CJM operation may become instable
or intermittent, which eventually risks clogging the electrospraying nozzle
[9,113,119,240]. Miscible or dispersed liquid components can be added to the
formulations as needed. However, any liquid formulations or their co-extruded
combinations to be electrostatically atomized during the electroencapsulation
process must meet the requirements for electrospraying in CJM, discussed in
Chapter 2.2.4.1 for single-phase liquids.

2.3.2. Electroencapsulation methods

To support extensive use of electroencapsulation in the production of
nanostructured solid solution matrix particles as well as micro- and
nanocapsules for a diversity of applications, several electroencapsulation
methods have been studied [9,12,128,232,236,242]. Different material
combinations and liquid formulations allow for experimenting with the
creation of versatile micro- and nanocomposite matrix or capsule structures.
The range of capsule sizes producible by electrospraying is wide, and capsules
as small as 150 nm can be obtained, while retaining a narrow size distribution
[240,243]. The electrospraying configurations of some relevant
electroencapsulation methods, which utilize either a single electrospraying
nozzle or a pair of parallel or coaxial electrospraying nozzles operated in CJM,
are depicted schematically in Figures 5a–c and will be briefly discussed in the
chapters to follow.
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Figure 5. Schematically shown electrospraying configurations for electroencapsulation
by the use of a) a single nozzle, b) parallel nozzles, and c) coaxial nozzles operated in
CJM. In b), the extractor electrodes are visible.

By selection of the electrospraying configuration and adjustment of the
electrospraying parameters (Chapter 2.2.2), a feasible encapsulation efficiency
can potentially be achieved together with suitable payload release trigger
conditions and release profiles from the produced micro- and nanostructured
materials for various applications, while maintaining capsule integrity, stability,
and functionality in the desired conditions [153,154,232,237,238,240,243–245].
These properties can be beneficial for instance in food processing, cosmetic
industry, and textile industry applications for the addition, protection and
controlled release of coloring or active ingredients (e.g. flavors, dyes, enzymes,
vitamins, or fragrances) [9,227,236,245–247]; in pharmaceutical applications
such as targeted delivery and controlled release of drugs, living cells, viruses, or
genetic material [128,153,154,219,233,237,240,242,248]; or in controlling the
efficiency of insecticide targeting [9,249].
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electroencapsulation process is highly empirical in nature due to the wealth of
variables generally involved in it.

The process yield can be scaled up in principle by increasing the numbers of
core and shell liquid nozzles nc and ns in the parallel nozzle
electroencapsulation setup, although a bipolar array would be more complex
than a nozzle array comprised of a single polarity [9,89,91,93,95–102,236].
With roughly similar electrospraying parameters for each nozzle of the same
type of electrospray, the total atomization currents could be coarsely balanced
by weighing the numbers of operational nozzles according to ncIc = nsIs.
However, the voltages would generally need to be increased as nozzles of
opposite polarities are brought closer together, and in different parts of an
electrospraying array, the electrospraying parameters would need to be tweaked
due to differing geometry-dependent proximity effects [12,99]. As a result, the
electrospraying currents Ic and Is would likely vary by nozzle position in an
array [89,99,102]. Coarse current balancing by adjusting nc/ns could still be
applicable, if proportional variations of Ic and Is by position in the array can be
assumed to be similar, and if the array is sufficiently large that the proportion
of edge nozzles can be considered small.

The parallel nozzle configuration is feasible for the production of solid
nano- or micromatrix particles, with the payload (core) material loaded in the
particles as a solid solution or a solid dispersion [7,240,252,254–256]. As in the
single nozzle process (Chapter 2.3.2.1), the payload material is dissolved in the
electrospraying liquid together with the matrix (shell) material
[153,240,244,251]. In a basic arrangement, identical liquids are electrosprayed
from both nozzles, using identical electrospraying parameters (except for the
polarity). Thus, droplet yield can be doubled as compared to the single nozzle
configuration. The droplets electrosprayed from each nozzle exhibit the same
size and charge magnitude distributions, apart from possible effects of charge
polarity on either distribution. Thus, external neutralization is not necessarily
needed, as the atomization currents are generally balanced, and oppositely
charged droplets are mutually neutralized partially or completely through
charge transfer as they are attracted to one another by Coulombic forces and
come to contact [258]. Droplet contacts prior to solidification lead to merging
of the droplets. Solidified matrix particles with residual charge continue to
attract droplets and particles of the opposite charge, until neutralized.
Atomization current bias can be rectified as necessary by tweaking a parameter
in one of the nozzles, most importantly the liquid properties and the core or
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shell liquid flow rates, Qc or Qs (Equations 12, 15, and 18). In summary, the
basic matrix particle production in the bi-polar parallel nozzle configuration, as
compared to the corresponding single nozzle process, is essentially a scale up
that also implements particle neutralization.

The bi-polar parallel nozzle configuration can be utilized to carry out
chemical reactions in aerosol form between the oppositely charged
electrosprayed droplet species, i.e. to produce microreactors. Two different
reactants, or a reactant and a catalyst, can be electrosprayed from oppositely
charged nozzles. As the bipolar droplets are attracted to each other and
coagulate, a chemical reaction initiates within the merged droplet. For instance,
a Bakelite monomer suspension and a polymerizing catalyst (H2SO4) were
electrosprayed from separate nozzles by G. Langer and G. Yamate, and the
Bakelite polymerized in the aerosol droplets that combined with H2SO4 droplets
[232]. Other chemical reactors have been later designed using the parallel
nozzle electrospraying configuration [10,225]. A specific advantage of
electrosprayed microreactors is that the chemical reactions can be very fast and
efficient due to the small size scale [10,258]. The technique has also been used
for micro-mixing ceramic compounds, e.g. zirconium and titanium, inside
coagulated droplets [258].

H. Fu et. al. have produced coagulated, spherical dual drug nanoparticles
using the bi-polar parallel nozzle configuration, by electrospraying the two
different drug solutions from separate nozzles [259]. F. Mou et. al. have
demonstrated that electroencapsulation by using the bi-polar parallel nozzle
configuration is a feasible technique for building Janus particles –
compartmentalized colloids with two sides of different chemistry or polarity
[260,261].

By careful co-formulation of the two different electrospraying liquids,
micromatrix particles of various morphologies and compositions with a
mixture of several different payload and matrix materials could potentially be
produced with the bi-polar parallel nozzle configuration in a single-step
process, even when a single liquid that simultaneously contained all of the
materials was not suitable for electrospraying [9,12,232,236,237,240].

A more comprehensive presentation of a typical simple (nc = ns = 1) parallel
nozzle experimental electroencapsulation setup is provided in Chapter 3.2.1.
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2.3.2.3. Co-Axial Nozzles

The electroencapsulation principle for core-shell capsule production utilizing a
pair of co-axial electrospraying nozzles is depicted schematically in Figure 5c.
The immiscible core and shell liquids are electrosprayed together in CJM, with
the core liquid readily enveloped axially by the shell liquid. The shell and core
liquids can both be comprised of a single phase or a colloidal suspension. One
of the liquids can be highly dielectric, as long as the second liquid is sufficiently
conductive [9,227,236]. Charged, spherical core-shell capsules form
immediately after droplets are electrosprayed from the tip of the composite
Taylor cone. The capsule shell layer is then solidified as necessary, and the
capsules are either neutralized prior to collection or collected on an oppositely
charged electrode [9,12,236,237,242,248,262,263]. Capsule size and structure
are determined most importantly by the non-volatile material concentrations in
the electrosprayed liquids, liquid properties, the liquid flow rates Qc and Qs

[237,238,248,262,264–266].
The number of co-axial nozzles can be increased for more complex capsule

structures. Multilayered particles have been electrosprayed using tri-axial and
even tetra-axial needles [12,237,267–269]. For an increased yield, the number
of co-axial nozzle units can in principal be increased, and the units can be
arranged in arrays similarly to single nozzle electrosprays [89,91,93,95–102].

Further, layered ceramic-ceramic encapsulation has been achieved using the
co-axial configuration, for example by electrospraying alumina and zirconia
suspensions to form ceramic-ceramic composite droplets [270].

2.3.2.4. Other Methods

In addition to the electrospraying configurations discussed so far, multi-
channel needle electrospraying configurations have been utilized for the
production of asymmetric and multiphase particles and nanocolloids, such as
Janus particles, or compartmental particles of various shapes and compartment
configurations [12,271–274].

In principle, electroencapsulation could possibly be performed using an
exotic electrospraying configuration that omits capillary needles (cf.
Chapter 2.2.1). However, such techniques will not be necessary to consider for
the scope of this work.
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2.4. Oral administration of Solid Drug Materials

Oral drug administration is often the preferred method for delivering drug
materials and other therapeutic molecules to the circulatory system due to the
relative comfort, low cost, and ease of dosage control associated with the
method [275,276]. For a drug to produce the desired therapeutic effect, its
bioavailability, the fraction of the administered dose that reaches the
circulatory system without chemical degradation or decomposition, has to
suffice. An orally administered drug needs to be absorbed in a specific part of
the gastrointestinal (GI) tract; the principal absorption site for most drugs is
located in the upper and middle parts of the small intestine, the duodenum and
the jejunum [277,278]. To be absorbed, the drug must first be dissolved in the
part of the GI tract leading to the absorption site [4]. All the while, the
molecular integrity (chemical stability) of the drug must be retained [279].

Unfortunately, as many as 95% of the promising new drug candidates suffer
from poor physicochemical or pharmacokinetic properties, which greatly limits
the bioavailability of the drug when administered orally. Such disadvantageous
drug properties include low stability, low solubility and low dissolution rate in
the intestinal lumen, poor permeation of the GI tract wall, and high intestinal
or hepatic first-pass metabolism [1–4,280,281].

The discussion in the following chapters focuses on the physicochemical
and pharmacokinetic properties relevant for the oral bioavailability of solid
drug materials, as well as formulation methodology to improve these
properties.

2.4.1. Solid State of Pharmaceutical Materials

Solid matter is structurally rigid – the atoms are bound to each other tightly
and closely in a durable arrangement, unlike in liquids and gases. As observed
macroscopically, solids differ from liquids and gases in that solid matter has a
definite volume and shape, it does not flow, and it exhibits elastic stiffness
against shear stress. The atoms in a solid are immobile, although they do
oscillate around fixed points at any temperature above 0 K. The arrangement of
these fixed points constitutes the atomic structure. The atomic structure of a
solid can be either crystalline (periodically ordered) or amorphous (disordered)
[282–285].
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A crystal is a solid composed of atoms arranged in a pattern periodic in
three dimensions. This pattern is called the crystal lattice [282,285,286]. A
crystalline solid may consist of a single crystal, or more often a polycrystalline
aggregate that is composed of individual crystals (crystallites or grains). Crystals
and crystallites can vary greatly in size, upward from the nm-range
[282,287,288]. Most inorganic solids are naturally crystalline, including metals,
covalent compounds (e.g. minerals, some ceramics), and ionic compounds
(salts) [285]. Many compounds exhibit polymorphism – they can exist in more
than one crystal structure (polymorphic form) [282,289,290]. In some cases,
polymorphic forms can be distinguished by dramatic differences in physical
properties, such as morphology, stability, mechanical strength, or dissolution
rate [11,14,291]. Similarly, some elements (i.e. C) also exist in several crystal
structures. This phenomenon is known as allotropism [292,293]. A stable
crystal structure represents a local potential energy minimum of the atom
system [14,285]. An external activation energy can trigger either crystallization
or recrystallization, a solid state transformation where the atoms rearrange into
the existing or another polymorphic form [282,294–296].

In amorphous solids (or glasses), the atoms lack any vestige of long-range
order. The topologically disordered structures of amorphous solids are
stochastic in nature, although the short-range structure is not completely
random – the atoms have well-defined closest distances of approach, and hence
amorphous solids have definite, radially distributed structures relative to the
center of an average atom [284,286]. The amorphous structures can be
described well by stochastic-geometry models such as the random-close-
packing model (metallic glasses), the continuous-random-network (covalently
bonded glasses), and the random coil model (organic polymers) [284]. The
amorphous form of a substance is generally more energetic than the crystalline
form(s) [285,297]. Thus, the amorphous form is most often unstable or
metastable [6,235,297,298].

Crystallinity, the extent to which a solid is crystalline, most often lies
between the extremes of an ideal single crystal and a completely amorphous
solid. Crystals and crystallites always bear defects, manifesting as various kinds
of point, linear, and planar discontinuities or deviations from the ordered
structure. As an example, polycrystalline solids are of very high crystallinity but
are strictly speaking not completely crystalline, since the layers between
crystallites are disordered. The crystallite boundaries represent discontinuity

45

surfaces of the crystal structure, and the layers in between crystallites can be
viewed as planar defects, or amorphous regions [282,299].

2.4.1.1. Drug Structural Stability

Most drug materials tend to form crystals in room conditions, and are
formulated in a crystalline form in drug products [14,289]. The amorphous
drug form is structurally unstable, thus it tends to crystallize spontaneously
(Chapter 2.4.1). Similarly, some of the polymorphic forms may tend to
recrystallize into a structurally more stable polymorphic form. To stabilize the
solid form of the drug completely or to a certain extent, the drug can be
dispersed as crystalline or amorphous particulates across the volume of solid
excipient (e.g. a polymer) particles, in a solid dispersion formulation
(Chapter 2.4.3) [7,234,240]. At the extreme dispersity, the drug is dispersed in a
molecular form, to form a solid solution with the excipient (Chapter 2.4.3)
[7,300]. The rate of solid state transformation depends not only on the
structural energy difference of the solid states, but also on the dispersity and
mobility of the drug molecules in the formulation [14,296,301]. The drug
molecular mobility depends on the excipients and spatial confinement of the
drug in the formulation, as well as the storage conditions (T, p, and humidity)
[6,302,303]. The storage conditions influence the stability of the drug
amorphous form, and the comparative structural stability of polymorphic
forms [235,289,297,304,305].

 The crystallinity and polymorphic form of the drug can crucially affect its
physico-chemical properties, such as the dissolution rate [14,289,306].
Therefore, a solid state transition of an unstable form of the drug, for instance
crystallization of an amorphous form due to incorrect storage conditions, could
lead to a diminished dissolution in oral administration, posing a bioavailability
barrier that could ultimately result in an inadequate therapeutic effect of the
drug (Chapter 2.4.2).

At temperature T, the Gibbs free energy difference �G = �H � T�S
obtained from solubility and melting data is a quantitative measure of the
stability relationship between polymorphs, where the enthalpy term �H results
from the structural (lattice) energy difference between polymorphs, and the
entropy term T�S results from disorder and thermal vibration difference [297].

The reduced stability of the amorphous form is due to a generally higher
free energy G, as compared to the crystalline forms. The excess free energy G of
amorphous solids can be obtained from solubility or vapor pressure data,
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addition, the micronized powder may agglomerate to a degree in some cases,
which negates the benefit of comminution [7].

Lately, electrospraying of a drug solution has been shown to be a valid
single-step method for the production of amorphous or crystalline drug micro-
and nanoparticles [10,12,315]. The size, crystallinity, or even porosity of the
electrosprayed drug particles have been shown to be adjustable in many
scenarios by varying the electrospraying parameters [9,13,83,113]. In several
studies, various electrosprayed bio- and drug materials have been shown not to
degrade in the process [9,12,113,242,316,317].

Improving sink conditions in the intestinal lumen to reduce C on the right-
hand side of Equation 20 is beneficial for maintaining the dissolution rate
dC/dt at a high level for further dissolving drugs [318]. Of course, the effect on
drug bioavailability directly depends on the pharmacokinetic nature of the sink.
Changes in hydrodynamics to influence h are difficult to implement in vivo [7].
Moreover, D varies between subjects and event within subjects according to the
fed and fasted state [300]. The total drug dissolution can be improved to some
extent by administrating the drug in a fed state, which increases the time
available for dissolution, and could also improve the dissolution rate [7,319].

2.4.2.2. Intestinal Drug Permeation

The rate of intestinal drug permeation (transepithelial transport), i.e. the flow
of the dissolved drug molecules through the intestinal wall, is proportional to
the drug concentration gradient across the membrane, and the intestinal
permeability of the drug [3,4,281,308]. Thus, ample drug dissolution is
advantageous for reaching sufficient drug permeation. Drug permeability
depends on the drug lipophilic and hydrophilic properties, and the properties
of the membrane at the permeation site such as pH, mucus production, and
intercellular Ca content [4,281,320].

Drug permeation acts to enforce sink conditions in the intestinal lumen,
while benefiting the drug bioavailability (Chapter 2.4.2.1). Therefore in certain
scenarios, enhancing the drug permeability can also significantly improve the
drug dissolution rate in the GI tract. Consequently, research has been
conducted to improve drug permeation i.e. by the use of suitable excipients
[321,322]. According to the dissolution model of Equation 20, the effect of
increasing the permeation rate to the drug dissolution rate remains quite
limited, unless the permeation rate is initially significantly lower than the
dissolution rate. Furthermore, if the intestinal fluids at the permeation sites
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saturate, and if the drug bioavailability is limited by its permeation rate rather
than the dissolution rate, then attempts to increase dissolution rate without also
either boosting sapp or enhancing the intestinal permeability to improve sink
conditions would yield no further benefit to bioavailability.

2.4.2.3. First-Pass Metabolism

In the course of transit towards the circulatory system, an orally administered
drug material eventually comes to contact with or dissolves to the digestive
fluids in the GI tract. Thus, the drug is exposed to intestinal metabolism, which
can be catalyzed by various enzymes mainly in the oral cavity, stomach, and the
small intestine [320,323,324]. Drugs that go on to permeate the GI tract wall are
further exposed to hepatic metabolism, before allowed to the circulation for the
first time [4,320,325]. These degrading and decomposing biotransformation
processes constitute the most important phases of drug first-pass metabolism,
which can severely limit the drug oral bioavailability [5,281,323,325].

2.4.3. Drug Carrier Formulations to Improve Oral Bioavailability

Traditionally, orally administered solid drug formulations consist of compacts
(tablets) of micronized drug material and excipients. Several compacts can be
packaged in a dosage form to a pH-sensitively soluble capsule for an extra layer
of protection and release targeting.

These kinds of basic dosage formulations may not provide adequate oral
bioavailability for drugs of unfavorable physicochemical or pharmacokinetic
properties, such as poor solubility. The limiting physicochemical or
pharmacokinetic properties can be improved for example by nanosizing and
amorphization of the drug (Chapter 2.4.2), to approach a sufficient drug
bioavailability for the oral route of administration to become feasible. In such
advanced formulations, it is often subsequently necessary to stabilize the drug
solid state for the duration of the drug product being stored, and furthermore
during the initial stages of oral administration until the drug is released. Solid
state stabilization by physical confinement of the drug material can be carried
out in many ways: by utilizing excipients as drug stabilizing binders to form
eutectic mixtures [7,326], solid dispersions [240,309], or amorphous solid
solutions [7] (Chapter 2.4.3.1); by integrating the drug molecules into the
crystal structure of the drug carrier material to form crystalline solid solutions
[7] (Chapter 2.4.3.1), or co-crystals [327,328]; or by loading the drug to a
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biocompatible carrier host, such as suitable porous Si micro- or nanoparticles
[16,276,329,330] (Chapter 2.4.3.2).

2.4.3.1. Drug Solid Dispersions and Solid Solutions

The solid state and dispersity of a drug can in many cases be sustained or
stabilized by formulating the drug as a (phase separated) solid dispersion or a
solid solution [7,235,300,331–335]. Originally conceptualized by Sekiguchi and
Obi in 1961 [326], a phase separated drug solid dispersion consists of
amorphous or nanocrystalline drug particulates distributed uniformly across
the volume of a binding and stabilizing excipient (solvent), such as a suitable
hydrophilic polymer [7,240]. Some widely used solvent polymers include e.g.
polyvinylpyrrolidone (PVP), and polyethylene glycols (PEGs)
[5,300,332,333,336]. A molecularly dispersed drug (solute) forms a solid
solution with the solid solvent [7,300]. In amorphous solid solutions, the solute
molecules are dispersed homogenously in a disordered, rigid network formed
by the solvent molecules (cf. Chapter 2.4.1) [7,300]. Crystalline solid solutions
are substitutional or interstitial: the solute molecules substitute solvent lattice
molecules or occupy interstices in the solvent lattice, depending principally on
the relative size difference of the solvent and solute molecules [7,300]. A solid
solution is analogous to a liquid solution in the sense that both consist of a
single phase of matter [7]. The fundamental difference between solid and liquid
solutions is found in the mobilities of both the solute and the solvent molecules.

In phase separated solid dispersions and solid solutions, the drug
particulates are held in place mechanically to a degree by the solid structure.
More importantly, the surface molecules of drug particulates and single drug
molecules are bound to the excipient by chemical interactions (e.g. hydrogen
bonding), constricting or even practically halting the long-range movement of
drug molecules (Chapter 2.4.1.1) [313,337,338]. Thus, the processes of drug
particle agglomeration and solid state transformation can be slowed down, or
prevented altogether (Chapter 2.4.1.1) [94,300,305,339,340]. In effect, the drug
is temporarily suspended in either a disordered state (molecular dispersion or
amorphous particulate dispersion); or a state of reduced order (nanocrystalline
particulate dispersion), as compared to the bulk or micronized powder states
[7,94,335,341]. Furthermore, solid dispersion and solid solution formulations
can maintain a significantly increased surface area A of the dispersed drug
material available for dissolution for an extended period of time. Consequently,
the dissolution rate of a poorly soluble drug from solid dispersion or solid
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solution formulations can be greatly enhanced (Chapter 2.4.2.1) [333,342,343].
However, it can be challenging to formulate a sufficiently stable solid dispersion
or solid solution of a specific drug in order to prevent its crystallization and
retain the enhanced drug dissolution properties over extended periods of time
in storage [344,345].

Drug solid dispersion and solid solution formulations can be prepared for
example by spray-drying [300,334], freeze-drying [300,335,346], or by the hot-
melt method [5,300,345]. Lately, electrospraying has emerged as an alternative
method in the production of solid dispersion and solid solution drug
formulations. By electrospraying a common solution or melt of the drug and
excipients, and subsequent solvent evaporation or cooling, very small and
monodisperse drug loaded matrix particles can be produced in a single-step
electroencapsulation process, as further discussed in Chapter 2.3
(Electroencapsulation) [94,153,154,240,252,253,256].

Orally administered solid dispersion and solid solution formulations of a
drug are designed to maintain the solid state and dispersity of the drug until it
is released or directly dissolved to the fluids in the GI tract. The drug release
triggering conditions and release kinetics, and thus the in vivo release site and
drug release rate, are influenced by the composition, size, porosity and
morphology of the carrier particles, the solid state and distribution of the drug
material within the carrier particles, as well as biological factors
[7,253,300,347]. Drug release targeting can minimize unnecessary exposure of
the drug to intestinal metabolism, as well as possible drug-induced side effects
to the gastric walls [323,324,348]. The dissolved drug concentration C at the
absorption site can be maximized by drug release targeting to promote drug
absorption [277,278,349]: the release of a poorly soluble drug from a solid
solution often supersaturates the gastrointestinal fluid locally (Chapter 2.4.1.2),
potentially enhancing the transepithelial transport of the drug (Chapter 2.4.2.2)
[300].

2.4.3.2. Drug Loading to Porous Silicon Particles

The feasibility of mesoporous (pore size 2–50 nm) silicon (PSi) micro- and
nanoparticles as functional drug carriers to enhance the oral bioavailability of
various poorly soluble, poorly permeable, or otherwise problematic drug
materials have been researched extensively, with promising results [16–
18,276,302,329,350–360]. The surface chemistry, porosity, and pore size of PSi
micro- and nanoparticles can be modified and controlled in the manufacturing
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stage  [17,276,329,354,355,361]. Thus, the PSi particles can be tailored to favor
adsorption of certain molecules or cells [17,276,329]; the drug release rate can
be controlled [329,362]; all the while making the PSi particles biocompatible
[353,355,357]. The ratio of PSi surface area available for drug loading to the
mass of the PSi particles can be as high as 100–800 m2/g [276,361].
Temperature sensitive drugs such as proteins and peptides (e.g. insulin) can be
loaded to the pores of PSi particles without risking thermal degradation, as
loading is possible in room temperature solutions [17,276,354,363,364]. In
addition, the photonic properties of PSi can potentially be harnessed for
tracking the drug delivery process [329].

The drug loaded in the PSi pores is effectively dispersed as clusters separated
by pore walls. At high enough drug payloads in the PSi pores, the drug partially
begins to crystallize on the surface of PSi particles during the loading process,
which is usually avoided by moderating the loading degree, or remedied by
rinsing the particles after loading [350,365]. The total free surface area A of a
drug loaded to the pores of PSi particles can be very large, although it is
inevitably smaller than the PSi total surface area available for drug adsorption.
In sufficiently small pores, the crystallization of the drug molecules may be
prevented by spatial confinement exerted on the drug molecules by the pore
walls, and the loaded drug remains at least partially in an amorphous form
[302,351,365]. These qualities, together with the wetting properties of the PSi
particles in certain cases [17], can result in a greatly increased dissolution rate
of the loaded drug (Chapter 2.4.2.1) [17,276,302,351]. In addition, the
permeation of the loaded drug across Caco-2 and Caco-2/HT29 intestinal-
derived cell monolayers have been reported to improve in some scenarios
[18,352,354,366].

Nanoparticles in general tend to form aggregates due to Van der Waals
attraction and other interactions [367–369]. Thus, the physical handling and in
vivo dosing of PSi nanoparticles remain a considerable challenge. Another
difficulty lies in the optimal drug release targeting from PSi. In certain
scenarios, the drug can be prematurely released, which could unnecessarily
extend the exposure of the drug to intestinal metabolism (Chapter 2.4.2.3)
[370].
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3. Experimental

3.1. Materials

3.1.1. Model Drugs

Griseofulvin is an antifungal drug first isolated in 1939 [371]. Classified as a
Biopharmaceutics Classification System (BCS) class II (low aqueous solubility,
high permeability) drug, the low dissolution rate of griseofulvin limits its GI
absorption, and therefore oral bioavailability [372]. The apparent solubility of
crystalline griseofulvin in H2O at room temperature is ca. 8–10 µg/ml within a
wide dispersion concentration range, practically independently of the pH
[17,307,373–376]. Griseofulvin has a high tendency to crystallize, even at room
temperature and low humidity, and its crystallization rate is very fast
[296,377,378]. Because of these properties, griseofulvin (Orion Pharma,
Finland, and Sigma-Aldrich, U.S.A.) was selected as a model drug for
electroencapsulation in micromatrix particles (papers I and III).

Piroxicam is non-steroidal anti-inflammatory drug of BCS class II [372,379].
Piroxicam exhibits tautomerism and polymorphism [380,381]. Previously, the
crystal structures of three polymorphs have been calculated and verified
experimentally: form I, form II, and form III [290,381–384]. In addition, �1-
form (previously also �-form) has been reported, but its existence has not been
verified [383,385]. Finally, the structure of piroxicam monohydrate crystal has
been calculated and verified experimentally [386]. Form I is the most stable
form in ambient conditions, and used for electrospraying liquid formulation in
paper II (Hawkins Pharmaceuticals, U.S.A.).
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stage  [17,276,329,354,355,361]. Thus, the PSi particles can be tailored to favor
adsorption of certain molecules or cells [17,276,329]; the drug release rate can
be controlled [329,362]; all the while making the PSi particles biocompatible
[353,355,357]. The ratio of PSi surface area available for drug loading to the
mass of the PSi particles can be as high as 100–800 m2/g [276,361].
Temperature sensitive drugs such as proteins and peptides (e.g. insulin) can be
loaded to the pores of PSi particles without risking thermal degradation, as
loading is possible in room temperature solutions [17,276,354,363,364]. In
addition, the photonic properties of PSi can potentially be harnessed for
tracking the drug delivery process [329].

The drug loaded in the PSi pores is effectively dispersed as clusters separated
by pore walls. At high enough drug payloads in the PSi pores, the drug partially
begins to crystallize on the surface of PSi particles during the loading process,
which is usually avoided by moderating the loading degree, or remedied by
rinsing the particles after loading [350,365]. The total free surface area A of a
drug loaded to the pores of PSi particles can be very large, although it is
inevitably smaller than the PSi total surface area available for drug adsorption.
In sufficiently small pores, the crystallization of the drug molecules may be
prevented by spatial confinement exerted on the drug molecules by the pore
walls, and the loaded drug remains at least partially in an amorphous form
[302,351,365]. These qualities, together with the wetting properties of the PSi
particles in certain cases [17], can result in a greatly increased dissolution rate
of the loaded drug (Chapter 2.4.2.1) [17,276,302,351]. In addition, the
permeation of the loaded drug across Caco-2 and Caco-2/HT29 intestinal-
derived cell monolayers have been reported to improve in some scenarios
[18,352,354,366].

Nanoparticles in general tend to form aggregates due to Van der Waals
attraction and other interactions [367–369]. Thus, the physical handling and in
vivo dosing of PSi nanoparticles remain a considerable challenge. Another
difficulty lies in the optimal drug release targeting from PSi. In certain
scenarios, the drug can be prematurely released, which could unnecessarily
extend the exposure of the drug to intestinal metabolism (Chapter 2.4.2.3)
[370].
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3. Experimental

3.1. Materials

3.1.1. Model Drugs

Griseofulvin is an antifungal drug first isolated in 1939 [371]. Classified as a
Biopharmaceutics Classification System (BCS) class II (low aqueous solubility,
high permeability) drug, the low dissolution rate of griseofulvin limits its GI
absorption, and therefore oral bioavailability [372]. The apparent solubility of
crystalline griseofulvin in H2O at room temperature is ca. 8–10 µg/ml within a
wide dispersion concentration range, practically independently of the pH
[17,307,373–376]. Griseofulvin has a high tendency to crystallize, even at room
temperature and low humidity, and its crystallization rate is very fast
[296,377,378]. Because of these properties, griseofulvin (Orion Pharma,
Finland, and Sigma-Aldrich, U.S.A.) was selected as a model drug for
electroencapsulation in micromatrix particles (papers I and III).

Piroxicam is non-steroidal anti-inflammatory drug of BCS class II [372,379].
Piroxicam exhibits tautomerism and polymorphism [380,381]. Previously, the
crystal structures of three polymorphs have been calculated and verified
experimentally: form I, form II, and form III [290,381–384]. In addition, �1-
form (previously also �-form) has been reported, but its existence has not been
verified [383,385]. Finally, the structure of piroxicam monohydrate crystal has
been calculated and verified experimentally [386]. Form I is the most stable
form in ambient conditions, and used for electrospraying liquid formulation in
paper II (Hawkins Pharmaceuticals, U.S.A.).
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