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PREPARATION OF BIOCOMPOSITES USING SPRAY DRYER AND
THEIR APPLICATIONS IN DRUG DELIVERY SYSTEMS

SUMMARY

Biodegradable and biocompatible polymers have been widely used in drug delivery
systems with an increasing interest. The main reason to drive biopolymers for top
material for drug delivery applications is after drug depletion, the carrier degraded in
the body to form products that are easily resorbed or eliminated. On the other hand,
the unwanted adverse effects have to be minimized and therapeutic improvement has
to be maximized at the same time for an effective and useful drug delivery tool. The
only way to obtain improved therapy is that creating very effective drug release in
the body and bio-based polymers could provide these vital necessities. Because of
these reasons, biopolymers are preferred for drug delivery systems.

The biodegradable polymers are a new class of controlled release polymers
developed for the interstitial delivery of drugs to their target site in human body over
periods ranging from days to years. These polymers can release molecules of any
size in a predictable fashion. Their degradation products are non-cytotoxic and
biocompatible. The only way to obtain improved therapy is that creating very
effective drug release in the body and bio-based polymers could provide these
vital necessities. Because of these reasons, biopolymers are preferred for drug
delivery systems.

Controlled drug delivery systems have become increasingly attractive options for
inhalation therapies. A large number of carrier systems have been developed and
investigated as potential controlled drug delivery formulations to the lung, including
drug loaded lipid and polymer based particles. However, there are some
extraordinary specifications should have for a drug delivery material. First of all,
polymers which are used in a drug delivery system, it has to be biodegradable and
biocompatible. For example, polycaprolactone, polyethylene glycol , polylactic acid,
chitosan, chitin, and polyglycolic acid and their blends or copolymers are widely
used for drug delivery systems because of controllable particle diameter, particle size
distribution, and biodegradation rate in human body.

Spray drying is transformation of material from solution state to powder form by
spraying feed into a hot air medium. The production of dried particles from a liquid
feed in a single processing step makes spray drying a unique and important process.
Since then, a tremendous development of the spray drying process with the
refinement in the hardware and equipment configuration and improved understanding
of fluid dynamics has made it versatile technique operational in diverse industrial
fields. Spray drying is widely used for the drying of heat-sensitive foods,
pharmaceuticals, and other substances mainly due to rapid solvent evaporation and
homogeneous particle size distribution. At last decade, spray dryers have been
preferred for pharmaceutical industry by combining drug delivery systems with
micro-particle uniform distributed polymeric materials. Furthermore, amorphous
solid dispersions, soluble complexes, encapsulated systems, solid self-emulsifying
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systems and nano-dispersions of poorly soluble drugs prepared by spray drying are
primary solubilization strategies.

The present work concerns the preparation and characterizations of biodegradable,
biocompatible biopolymer based composites and obtain uniform particle size
distribution at the same time. For achieving of the goal our study, we used
polycaprolactone, polyethylene glycol, chitosan, casein, and sodium alginate to
prepare drug delivery system and spray dryer will be our tool to obtain microspheres.
Triple mixture of the polymers are used such as polycaprolactone-polyethylene
glycol-chitosan, polycaprolactone-polyethylene glycol-casein, and polycaprolactone-
polyethylene glycol-sodium alginate. First of all, we are evaluated effects of spray
drying conditions and composition of the microencapsulating formulation. Secondly,
the most uniform distributed particle size microsphere are selected and drug active
ingredient is loaded to it. L-ascorbic acid is an active ingredient for the study. After
that, drug encapsulation and drug release studies are performed. Drug release
experiments are maintained at different pH solutions (pH 2.5, 7.4, and 9.6). Finally,
drug release kinetics are determined by widely used equations to describe the
degradation kinetics; Zero-order, First-order, Higuchi, Hixson-Crowell, and
Korsmeyer-Peppas. Furthermore, L-ascorbic acid release mechanism from
microspheres is also determined. Release profiles of three microspheres produced are
obeyed to previously developed kinetic models to perform possible release
mechanisms; The Korsmeyer—Peppas model is the best described each release
scenario.

Encapsulation and drug release ratio are easily adjusted by changing structure of
microspheres. Particularly, release behavior of microspheres are changed by
replacing biopolymers in the drug structure. By this way, released L-ascorbic acid
ratio in different release mediums are adjusted.

The main reason of using of ternary polymer mixture is that to obtain best
performance from a drug material because these polymer has some superior features
but they are not enough separately. The importance of the study is producing of a
stable and effective drug encapsulation system using ternary polymer mixture by
spray dryer Our study is proposed as an alternative or adjuvants for controlling
release of L-ascorbic acid. By this way, we can achieved higher drug loading and
drug release efficiency in our study.

XXii



PUSKURTMELI KURUTUCU iLE BiYOKOMPOZITLERIN
HAZIRLANMASI VE ILAC TASINIM SISTEMLERINDE KULLANIMI

OZET

Biyoteknolojik uygulamalarin 6nemli bir boliimiinii olusturan biyomalzeme iiretimi
giiniimiiz miihendislik teknolojisinin giincel konularindan biridir. Uretilen
biyomalzemelerin biyouyumlu olmasi, toksik ve kanserojen olmamasi, kimyasal
acidan kararli olmasi, yeterli mekanik dayanima sahip olmasi istenen
ozelliklerdendir. Seramik, metalik, polimerik ve kompozit malzemeler genellikle
biyomalzeme olarak kullanilmaktadir.

Biyopolimerler, toksik etki yaratmadan bozulabilmeleri ve biyouyumlu olabilmeleri
bakimmdan ilagtan yapay organlara bir¢ok alanda kullanilmaktadwr. Ila¢ tasmim
sistemlerinde biyopolimerlerin tercih edilme sebeplerine yukarida bahsi gegen
ozelliklerin yani sira mekanik ve fiziksel agidan kolay islenebilir ve dayanimlarmin
ayarlanabilir olmalar1 da eklenebilmektedir. Kullanildiklar1 biyolojik alanlara 6rnek
olarak ilag salim sistemleri, doku ve organ nakilleri ve ortopedik uygulamalar
verilebilmektedir. Biyopolimerlerin  kullanim alanlarina doku miihendisligi
uygulamalari, tarimsal uygulamalar, ambalaj sektorii, medikal uygulamalar ve
kontrollii ila¢ salinim sistemleri 6rnek olarak verilebilir. Biyopolimerlerin ilag
kapsiilasyon, viicutta tagimim ve kontrollii salinmasi ile 1ilgili sistemlerde
kullanilmalarinin sebepleri, ilaci tagiyip biraktiktan sonra kolaylikla viicutta absorbe
edilebilmeleri ve boylece viicuttan hizli bir sekilde atilabilmeleridir. Ayrica, viicutta
bozunmalariyla ortaya ¢ikan bilesenlerin toksik etkisi yoktur. Bunun yani sira fazla
dozda alimdan kaynaklanan ila¢ yan etkileri azaltilirken, ilac1 etkinlik bdlgesine
tagtyarak terapotik etkisinin arttirilmast oldukg¢a Onemli bir konudur. Ayrica,
ozellikle hassas ilag¢ etken maddelerin bozunmadan etkinlik bdlgesine tasmabilmesi
amaciyla enkapsiilasyonu ilag tagima sistemlerinin avantajlar1 arasinda sayilabilir.

f[lac tasima sistemi, bir etken maddenin ila¢ salmim siiresinin = ve hizinm
ayarlanabilmesini saglayan, boylece ilag yan etkisini minimize edebilmemize
yardimet1 olan arag veya formiilasyon olarak tanimlanabilir. Tla¢ tasima sistemleri ve
artan ilgilerinin sebebi diisik doz alminda bile viicutta yeterli etkiyi
saglayabilmeleridir. Ayrica ila¢ plazma konsantrasyonunun istenen siire ve
kararlilikta olmasina da yardimc1 olurlar. Genel olarak ilag tasima sistemlerinde etkin
salinim veriminin saglanabilmesi ve bahsi gegen listiin 6zelliklerin elde edilebilmesi
icin tek bir polimer degil de polimer karigimlar: kullanilir.

Ila¢ tasima sistemi olarak kullanilabilmesi igin herhangi bir polimerin belirli {istiin
yapisal 6zelliklerinin bulunmasi gerekmektedir. 1k olarak, kullamlacak olan polimer
tiirlerinin biyobozunur ve biyouyumlu olmalar1 gerekmektedir. Bu tiir polimerlere
ornek olarak polikaprolakton, polietilen glikol, polilaktik asit, kitosan, kitin ve
poliglikolik asit gibi polimerler ve bunlarin karigimlarindan yada kopolimerlerinden
olusan malzemeler yaygm olarak kullanilmaktadir. ikinci diger en énemli 6zellik ise
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ila¢ kapsiil maddelerinin partikiil boyutlarinin kontrol edilebilir ve yogunluklarinin
ayarlanabilir olmasidir ki viicutta her organ ve doku i¢in istenen oOzellikler
degisebilmektedir.

Piiskiirtmeli kurutucular malzemeleri akiskan formdan kuru tanecikli forma
doniistiiren ve bunu piiskiirttiigli akiskani sicak bir gaz ortaminda kurutan yapilardir.
Piiskiirtmeli kurutucular kurutma islemini ¢ok hizli yaptiklarindan ve homojen
partikiil boyut dagilimina sahip malzemeler iiretilmesine olanak tanidigindan dolay1
bircok farkli alanda kullanilabilmektedir. Kurutulacak maddelerin sicak havaya
nispeten daha kisa siire maruz kalmasi ve akiskanlastirilan havanin 1s1 transferi
kapasitesinin artmasiyla daha diisiikk sicakliklarda kurutma saglanabilmesi
dolayisiyla, 1s1ya hassas gidalarin ve ilaglarin iiretilmesinde piiskiirtmeli kurutucular
siklikla kullanilmaktadir. Ozellikle de son yillarda mikropartikiil temelli ila¢ tasima
sistemlerinin gelistirilmesinde tercih edilen bir yontem olmustur. Ayrica piiskiirtmeli
kurutucular ile suda c¢oziinlrliigii diisik olan ila¢ etken maddelerinin dahi
kapsiilasyonu yapilabilmektedir.

Saglikl bir gelisim, dis, kemik ve deri i¢in vazgecilmez bir bilesen olan C vitamini
olarak da adlandirilan L-askorbik asit (3-keto-L-gulofuranolaktan); demirin
absorblanmasi, kolajen sentezi, kan damarlarinin yapisal giiciiniin siirdiiriilmesi,
bazi aminoasitlerin metabolizmasinda ve adrenal bezlerin hormon sentezi ve
salgilamas1 gibi metabolik fonksiyonlarda gorev alan karbonhidrat benzeri bir
kimyasal maddedir. Ancak L-askorbik asit kolay okside olabilen ve bozulabilen bir
malzemedir. Oksijen varligi, sicaklik yiikselmesi, giines 15181 ve ultraviyole 1siklara
maruz kalma, bakir ve demir gibi agir metallerin varligi, gii¢lii asit ve alkali kosullar
gibi durumlarda bu oksidasyonun derecesi artmaktadir. Calismamizda L-askorbik
asidin bozulmadan ve stabil kalarak enkapsiile edilmesi amaglanmustir.

Bu ¢alismanin amaci, polikaprolakton, polietilen glikol, kitosan, kazein ve sodyum
aljinat polimerlerinin mikrokiirecik yapisinda hazirlanmasi ve ila¢ tasima sistemi
olarak kullaniminin incelenmesidir. Bu sayede biyobozunma, biyouyumluluk ve
kapsiiliin stabilitesi gibi problemler de tekli degil de li¢lii polimer kompoziti ile
asilabilmesi beklenmektedir. Bu amagla ilk asamada tiglii polimer karigimindan
olusan ¢ozeltiler piiskiirtmeli kurutucuda kurutularak mikrokiirecikler iiretilmistir.
Piiskiirtmeli kurutma isleminde giris sicakligi ve besleme debisi parametrelerinin
partikiil boyutu, partikiil verimi ve ylizey alani lizerine etkisi incelenmistir. Sonraki
asamada, tiretilen mikrokiireciklere ilag yliklemesi i¢in uygun kosullar belirlenmistir.
Ilag etken maddesi olan L-askorbik asit kullanilmistir. Son olarak ilag yiiklii
mikrokiireciklerin asidik, notral ve alkali ortamlarda ila¢ salmim ozellikleri
incelenmis ve ila¢ salimim kinetigi parametreleri belirlenmistir.

Ilk asamada, polimerik mikrokiirecikler elde etmek icin {iclii polimer karigimi
puskiirtmeli kurutucu ile kurutulmustur. Piiskiirtmeli kurutucuda ¢ozeltinin besleme
debisinin ve kurutma havasi sicakliginin degistirilerek mikroaprtikiiller morfolojisi
tizerindeki etkisi incelenmistir. En etkili kurutma parametreleri (sicaklik ve debisi)
kullanilan polimer karigiminin tiiriine gore degismistir. Cozelti besleme debisi ve
kurutma havasi sicakligi degistirilerek elde edilen mikropartikiillerin SEM ve
partikiil boyut analizleri yapilmistir. Uretilen mikrokiirecik termogravimetrik analiz
ile yapisal olarak incelenmistir.

Calismanin ikinci agamasi ilag yiiklii partikiillerin iiretilmesidir. Dolayl ilag yiikleme
metodu ile secilen mikrokiireciklere L-askorbik asit yliklemesi yapilmistir. Yiiklenen
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ilag miktarlar1 UV analiz ile belirlenmistir. ila¢ yiikleme kosullarinda mikrokiirecik
miktar1 ve L-askorbik asit ¢ozeltisi derisimleri degistirilmistir.

Calismanin son agamasinda ise L-askorbik asit yiiklii mikrokiireciklerin farkli pH
ortamlarinda kontrollii ilag salinimi incelenmistir. L-askorbik asit yiiklii partikiillerin
i¢ farkli pH ortaminda da sekiz saat siiresince ilag salmimini deneyleri
gerceklestirilmistir. En yiiksek ilag saliim orani 2 saat icerisinde % 93 ile pH 2.8
ortammda elde edilmistir. Ila¢ salinim miktarlar1 mikrokiirecik yapisma gore
degismektedir. Ayrica yapilan deneyler gostermistir ki mikrokiirecik yapist
degistirilerek ilacin en etkin olacagi salmim ortami da manipiile edilebilmektedir.
Boylece L-askorbik asit yiiklii ilaglarin insan viicudunda istenilen salinim stiresi ve
ilag salinim noktalar1 elde edilmesine olanak saglanabilmektedir.

Caligmalarimiz  siiresince elde edilen veriler 151¢inda sOylenebilir ki ilag
enkapsiilasyon malzemeleri se¢iminde tek polimere bagli kalinmasindansa birden
fazla polimer karisimindan olusan bir yapi kullanmak avantaj saglamaktadir. Bu
sayede ila¢ yiikkleme ve ila¢ salinim oranlar1 ayarlanabilmekte/degistirilebilmektedir.
[lacin istenilen salinim ortammda daha etken olmasi da saglanabilmektedir. Ayrica
piiskiirtmeli kurutucu kullanilarak mikrokiirecik eldesi de daha homojen ve diisiik
partikiil boyut dagilimina sahip yapilar elde etmemize olanak vermistir. Boylece
etkili enkapsiile sistemleri liretmemiz kolaylagmastir.

L-askorbik asit gibi kolayca cevresel etkenlerden dolay1 yapisal bozulmaya ugrayan
ancak hayati 6neme sahip ila¢ etken maddelerinin kaplanmasi ve tasmmmasinda
calismalarimiz  esnasinda  gelistirdigimiz ~ yontemlerin  kullanilabilir  oldugu
goriilmektedir. Calismamiz verimli ve stabil ilag sistemlerinin elde edilmesine
yardimci olabilecek bir yol 6nermektedir.
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1. INTRODUCTION

Nowadays, pharmaceutical industry has been focused on some specific
biodegradable and biocompatible polymers which are polycaprolactone (PCL),
polyethylene glycol (PEG), chitosan (CH), polyglycolic acid (PGA), polylactic acid
(PLA), sodium alginate (SA), and chitin [1]. Biodegradable and biocompatible
polymers have many advantages for drug delivery systems such as porous surface,
encapsulation efficiency, high drug release ratio, high stability, low side effects, and
good drug-encapsulation material interaction. Drug delivery research aims to
conveniently administer complex drugs to the target tissue in the biological system in
a more stable and reproducible controlled way so that it would achieve higher
activity at a minimal dose for prolonged period at the site devoid of side effects.
Entrapment of a drug into a polymeric system may protect the drug from
inactivation and help to retain its activity for prolonged durations, decrease its

toxicity, dosing frequency and offers flexibility in administration [2].

Particulate drug carriers can act as delivery vehicles for drugs through various routes
of administration [3]. On the other hand, the undesirable adverse effects have to be
minimized and therapeutic improvement has to be maximized at the same time
for an effective and useful drug delivery tool [4-7]. The only way to obtain
improved therapy is that creating very effective drug release in the body and bio-
based polymers could provide these vital necessities. Because of these reasons,

biodegradable polymers are preferred for drug delivery systems.

Drug encapsulation in colloidal delivery systems is an efficient approach to improve
the pharmacokinetics of hydrophilic drugs [8]. These carriers encompass a broad
range of dispersion systems ranging from submicron emulsions to colloidal particles,
such as biopolymers (PCL, PEG, CH, CS, SA, and starch) aiming to protect the
drug against degradation, sustain drug release, increase patient comfort by avoiding
repetitive bolus injections or the use of perfusion pumps and reduce side effects
[9-11].



It is always a fact that performance of a drug delivery system is about encapsulation
and release efficiency. One of the basic requirements for the controlled and balanced
release of the medicament in the body is its ideal spherical shape of polymeric
particles and narrow distribution of their sizes. The size and shape of the particles
play key role in their adhesion and interaction with the cell [12]. Another important
issue for drug delivery systems is that stability at outside of the human body and
sufficient degradation of drugs inside of human body. To overcome this problem,
mixture of biopolymer for drug delivery systems could be an enormous alternative
because biodegradation rate is easily adjustable by blends of polymers. At these view
of points, preparing of a drug easily biodegradable, biocompatible inside the body
and stable outside the body is the main problem and most important goal for

pharmaceutical industry.

L-ascorbic acid, commonly called vitamin C, is a highly abundant and essential
metabolite for plants and animals. It is an important dietary supplement for
some animals, such as primates and humans, which lack the capacity to
synthesize L-ascorbic acid. It has attracted considerable attention from the
scientific community due to their numerous beneficial effects for human health,
which include antioxidant and immune booster effects [13]. Unfortunately, while
L-ascorbic acid provides beneficial therapeutic effects, its stability also easily
effected temperature, sun-light and O,. Thus, encapsulation of L-ascorbic acid would

provide a stable and highly effective drug [12].

Spray drying is known to be a convenient one-step process for the continuous
conversion of liquid formulations into dry particulates, which is well-established
in many relevant branches such as the chemical, food or pharmaceutical industry,
due to the high flexibility to manipulate particle properties (e.g. size and
morphology) [14]. It is the process of contacting an atomized stream to be
dried with a gas stream that is at a higher temperature than the liquid stream. The
higher temperature of the gas stream causes evaporation of the liquid from the
droplets, forming particles. It results in microspheres with good quality, low fluid
activity (water etc.), easier handling, and storage [15-19]. Equipment is readily
available and production costs are lower than most other methods. Another
advantage of spray drying is that it is possible to control particle size and

morphology by varying process parameters and formulation. This is of great



importance for the preparation of powders for drug encapsulation. Recently, the use
of this process to manufacture hollow, micron and sub-micron particles has also been
demonstrated [15, 17]. Therefore, spray drying can be considered as an interesting
alternative to any other methods for the preparation of amorphous solid
dispersions, soluble complexes, encapsulated systems, solid self-emulsifying systems

and nano-dispersions of poorly soluble drugs [20-22].

On the basis of these remarks, aim of our work is encapsulation of L-ascorbic acid in
microspheres made by biocompatible and biodegradable polymers that are PCL,
PEG, CH, CS, and SA. (PCL-PEG-CS) in order to obtain (i) production of effective
and stable encapsulation material (ii) enhancing of encapsulation and (iii) increasing
of drug release ratio simulated with different pH mediums. We used ternary polymer
mixture to obtain best performance from an encapsulation material because a
combination of these materials could achieve superior characteristics than each
component individually and spray dryer was our tool to obtain microspheres.
Another importance of the study was encapsulation of L-ascorbic acid, essential
vitamin for humans. For achieving of the goal our study, we used PCL-PEG-CH,
PCL-PEG-CS, and PCL-PEG-SA to prepare drug delivery systems. First, we
evaluated effects of spray drying conditions and composition of the
microencapsulating formulation. Secondly, the uniform distributed particle sized
microsphere was selected and drug was loaded to it. L-ascorbic acid is the active
ingredient for the study. After that, drug encapsulation and drug release efficiencies
were calculated and best drying conditions were determined. Drug release studies

were accomplished at different pH mediums (2.8, 7.4, and 9.6).






2. SUMMARY OF LITERATURE

2.1 Biopolymers for Drug Delivery Systems

Polymers and polymer based materials have been widely used for biomedical
applications, particularly drug delivery systems, artificial tissues, and prosthesis. The
main reasons of highly preference of polymer on biomedical area are that higher
elasticity and strength, biocompatibility and biodegradability, adjustable
hydrophobicity and hydrophilicity, and porosity. Biocompatibility and
biodegradability are the most important factors that affect a materials using area on
biomedical applications. One of the main areas of usage of biodegradable polymers
is related to their clinical applications, and knowledge of the toxicity of the products
released during their biodegradation is certainly of great concern. In vitro
degradation tests in simulated physiological solutions are a means of forecasting the
interactions between body fluids and the biopolymer, and to study its stability and
degradation rate. Biocompatibility includes interaction between human cell and
drug, toxicity of a drug; biodegradability means throwing easily of drug from the
body [23].

The basic principles for development of drug delivery systems are easily integration
of active ingredient into drug, achieving of higher drug release ratios, and non-toxic
effects of drug capsule to cells after its biodegradation. The last ten years, production
of more effective, biocompatible, and biodegradable drug systems have been
increasingly interest for pharmaceutical industry [24-29]. Nowadays, polyester based
biopolymers are used for drug delivery and encapsulation systems and some
examples of these polymers are polycaprolactone, polyethylene glycol, polylactic
acid, polyglycolic acid, polyacrylic acid (PAA), poly(methyl methacrylate)
(PMMA), chitosan, chitin, casein, alginate, and starch [29].



2.1.1 Polycaprolactone as an encapsulation agent

PCL, a semi-crystalline linear aliphatic polyester approved by the US Food and Drug
Administration (FDA), has attracted much attention to be used in the controlled drug
delivery due to non-toxicity and low cost [30]. Besides, the degradation of
polycaprolactone does not result in an acid environment and its degradation products
can be solubilized by body fluids and removed by phagocytosis. PCL is prepared by
the ring-opening polymerization of the cyclic monomer e-caprolactone and structure
of polymer chain is shown in Figure 2.1.

O

Figure 2.1 : Polycaprolactone chain structure [27].

n

Some applications of PCL for biomedical area are surgical suture, bone and tissue
engineering systems, and drug delivery systems with other bio-based polymers. In
the past four decades, several studies have been published relating to the
biocompatibility of sutures made from aliphatic polyesters [27]. A block copolymer
of PCL with glycolide, offering reduced stiffness compared with pure polyglycolide,
is being sold as a monofilament suture by Ethicon, Inc. (Somerville, NJ), under the

trade name Monacryl [31].

Because of controllable biodegradability, easily shaped, and producible in different
porous size, PCL has more advantages than other biopolymers for biomedical
applications [32]. Due to a higher permeability of PCL, it is blended with other
polymers to improve stress, crack resistance, dyeability and control over release rate

of drugs.

Within the last decades, PCL polymers have been major area of interest to develop
controlled delivery systems especially for peptides and proteins [27]. The matrix
material of bioresorbable microparticles can be decomposed into non-toxic and low
molecular weight species concomitant with release of the drug which are then
metabolized or absorbed by the organism. It is no surprise that considerable research
interest is now focused on the application of biodegradable microparticles for

controlled drugs release. Among them, polycaprolactone is one of the more widely



utilized. The advantages of PCL include its high permeability to small drug
molecules, and its negligible tendency to generate an acidic environment during
degradation as compared to PLA and PGAs [33]. PCL microspheres can be prepared
by several different methods and spray drying is common technique, which is
reviewed by Freiberg and Zhu [34]. Uniform distributed microspheres and
production of drugs with effective encapsulation ratio are easily achieved by this

way.

2.1.2 Polyethylene glycol as an encapsulation agent

PEG is a bio-based polyether class polymer, although its monomer is toxic for
human tissues. PEGs (in Figure 2.2) are known as compounds with widespread

industrial and medical applications.
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Figure 2.2 : Polyethylene glycol chain structure [35].

Today, it is an indispensable material for drug industry and it is one of the
first polymers which are used for drug delivery systems. The advantages of PEG
than other polymers are it can be easily interacted active ingredients with weak
hydrogen bonds and contributes to development of stable drug delivery systems
[35, 36]. Furthermore, PEG based copolymers play a crucial role as a biomedical
material for biomedical applications, because of its biocompatibility,

biodegradability, thermo-sensitivity and easy controlled characters [37].

PEGylation (also often styled pegylation) is the process of both covalent and non-
covalent attachment or amalgamation of PEG polymer chains to molecules and
macrostructures, such as a drug, therapeutic protein or vesicle, which is then
described as PEGylated (pegylated) [38]. PEGylation is routinely achieved by
incubation of a reactive derivative of PEG with the target molecule. The covalent
attachment of PEG to a drug or therapeutic protein can "mask™ the agent from the
host's immune system (reduced immunogenicity and antigenicity), and increase the

hydrodynamic size (size in solution) of the agent which prolongs its circulatory time



by reducing renal clearance. PEGylation can also provide water solubility to

hydrophobic drugs and proteins.

A common method of preventing the biological adhesion of proteins and cells is to
coat the artificial surfaces with PEG polymers. This ability to generate protein-
resistant surfaces is often attributed to the fact that PEG chains are highly mobile and
flexible as well as hydrated. Due to the high mobility of the surface-attached and
swollen PEG chains, it is impossible for the protein molecules to penetrate onto the
surface layer, reach the surface, and then prevent a cell adhesion response to the
PEG-variant biomaterials with an adsorbed protein layer [39]. Surface-attached PEG
chains can assume a wide range of conformations after swelling in water, and they
required a certain volume. As the protein approaches the surface, it compresses the
PEG chain, which leads to an entropy loss of the polymer chains (reduction of the
degree of freedom) and accordingly to a decrease in the Gibbs free energy of the
system [40]. This makes the diffusion of the protein into the layer energetically
unfavorable. In particular, cell-repellent surfaces are only valid for very long PEG

chains in the so-called brush regime, based on a high grafting density.

2.1.3 Chitosan as an encapsulation agent

Chitosan is a poly-cationic biopolymer as shown in Figure 2.3 and it is generally
obtained by alkaline deacetylation of chitin, which is the main component of the
exoskeleton of crustaceans, such as shrimps [41]. It may also be chemically modified
to expand its properties and it has several advantages such as low cost and high
commercial availability [42-44]. Since chitosan consists of molecules with multiple
positive charges, this polysaccharide can interact with molecules that have negative
charges, such as glycosaminoglycans present in the extracellular matrix [44].
Moreover, it has another important feature, which is about higher antimicrobial
activity of chitosan. These features make chitin and chitosan ascendant in drug

delivery applications.

CH has structural characteristics similar to glycosaminoglycans. It has interesting
biopharmaceutical characteristics such as pH sensitivity, biocompatibility,
biodegradability, muco-adhesivity, low toxicity and low immunogenicity. Due to
these favorable properties, the interest in chitosan and its derivatives as tumor-

targeted drug-delivery carriers has been increased in recent years [42]. CH allows



specific chemical modifications to form a wide range of derivatives since it has
primary amine groups in the C-2 position and the hydroxyl groups in the C-6
position of its monomeric units. Chemically modified chitosan derivatives have great
utility in the formulation of tumor-targeted drug-delivery carriers.

OH OH w OH
HO A 0 Oﬁ
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Figure 2.3 : Chitosan chain structure [42].

CH is considered to be one of the most widely used biopolymers for nanoparticle
(NP) preparation because of its unique structural features [45]. It promotes cross-
linkage with wvarious cross-linking agents, such as glutaraldehyde, sodium
tripolyphosphate (TPP), geneipin, etc., to provide an efficient network to entrap the
drug molecules into the NPs. Since these NPs exhibit relatively long blood
circulation times and low uptake by the reticuloendothelial system due to their
smaller size, they can target the tumor sites through the disorganized and defective
vascular architecture in tumor tissue, known as the enhanced permeability and
retention effect. This is often referred to as passive targeting. One major limitation
with passive tumor targeting alone is its inability to achieve a sufficiently high level
of drug concentration at the tumor site, resulting in lower therapeutic efficacy and
eliciting adverse systemic effects. To further improve delivery efficiency and cancer
specificity, a strong emphasis has been placed on developing chitosan-based NPs
with active tumor-targeting ability. Active targeting can be achieved by
functionalizing chitosan and its derivatives with tumor-targeting ligands such as folic
acid, antibodies, peptides, hyaluronic acid, biotin and avidin, which can recognize

and bind to specific receptors that are unique to cancer cells.

CH is extensively studied in brain scaffold preparations and spinal cord implantable
systems [46]. Moreover, it has displayed multiple bioactivities in various
investigations carried out in the last decade. It is also widely employed in
nanoparticle preparation for transportation of loaded drugs to targeted organs in case
of cancer, diabetes, lung diseases and CNS disorders. CH and its degradation

products, at the molecular level, exhibits anti-Alzheimer mechanisms majorly by



prevention of phosphorylation of c-Jun N-terminal kinase caused by af-amyloid,
inhibition of pro-inflammatory cytokines and blockage of nitric oxide synthase [47].
Moreover, biodegradability, biocompatibility, flexibility in surface modification and
ease of multiple preparation methods are added advantages of chitosan, which makes
it an attractive nano-shells forming material to achieve successful delivery of drugs

and nucleic acids to brain interstices.

Various studies showed that the enzymatic grafting of some phenols onto CH
backbone such as chlorogenic acid or hexyloxyphenols using tyrosinase enzyme as
catalyst was effective to obtain water-soluble CH derivatives at physiological
pH [48]. These CH derivatives can be promoted to use in the pharmaceutical field for
the production of drugs. The same enzyme was also used to catalyze the enzymatic
covalent grafting of a de novo designed coil peptide onto chitosan to specifically
capture proteins tagged with the partner coil peptide such as the epidermal growth
factor (EGF). This enzymatic approach was considered as a method to obtain easily a
pure and safe product for biomedical applications such as gene delivery and
regenerative medicine. Moreover, the M. thermophila laccase was used to produce
CH derivatives by the grafting of oxidation products of ferulic acid and ethyl ferulate
onto CH particles in phosphate buffer at pH 7.5. This enzymatic process improved
the HUVEC cell adhesion on chitosan derivative films compared to CH film,
promising to use in tissue engineering [49] Microbial transglutaminase (MTGase)
was also used as enzymatic catalyst to bind collagen peptide with chitosan or with
carboxymethylated CH. The enzymatic grafting of collagen onto CH contributed to
enhance antioxidant properties and promote L929 fibroblasts growth. Consequently,
these CH derivatives could be potential wound dressings for clinical applications and
showed the potentiality to repair skin in cosmetic, biomedical and pharmaceutical
fields.

CH is also a treatment agent for humans with phenolic compounds on Fe toxic
effects. In fact, under certain physiological conditions, increased iron absorption
from the diet or due to genetic disorders like hemochromatosis, iron overload or the
presence of “free” iron occurs [50]. Free iron causes toxic oxygen agents in the body
via fenton chemistry. Another study discussed the use of Trametes hirsute laccase to
catalyze the grafting of phenolic compounds onto CH in sodium citrate buffer at pH

4.5. The microspheres prepared by those functionalized CH derivatives presented
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high iron-chelating abilities. These microspheres could be extensively investigated
for drug delivery vehicles for controlled release and targeting studies of almost all
class of bioactive molecules in medicine [50].

Peng et al. have prepared chitosan/afp-glycerophosphate thermo-sensitive hydrogels
for the sustained delivery of venlafaxine hydrochloride and studied the optimization
of the formulation [51, 52]. Release mechanism is investigated by applying various
mathematical models to the in vitro release profiles. Overall, drug release from the
hydrogel shows best fit in first-order model and drug release mechanism is diffusion-
controlled release. The results present that higher strength and glycerophosphate
concentration result in higher initial release and rate constant, which support the
hypothesis that the kinetic gelation mechanism of this system is nucleation and
growth  [53].  Furthermore,  biodegradable  poly(3-hydroxybutyrate-co-3-
hydroxyhexanoate) nanoparticles containing insulin phospholipid complex are
loaded in chitosan/B-glycerophosphate hydrogels for long-term sustained and
controlled delivery of insulin. In the in vitro release studies, only 19.11% of total
insulin is released from the nanoparticle-loaded hydrogel within 31 days. Most
importantly, the hypoglycemic effect of nanoparticle-loaded hydrogel following
subcutaneous injection in diabetic rats lasts for >5 days, much longer than the effect
caused by free insulin-loaded chitosan/B-glycerophosphate or other long-acting

insulin formulations.

At present, there are several reports available regarding the production and use of
chitosan nanoparticles as a delivery matrix for the release of pesticides in agriculture
[54]. As an example, Paula et al. prepared and characterized microspheres composed
of chitosan and cashew tree gum, which were used as carriers of the essential oil
of Lippia sidoides, which possesses insecticidal properties [55]. The findings
indicated the suitability of chitosan for use as matrices to carry bio insecticides
designed to control the proliferation of insect larvae. Similarly, microcapsules of
alginate and chitosan were prepared, characterized, and evaluated as a carrier system
for imidacloprid. The particles obtained were stable and imidacloprid was
encapsulated with an efficiency of around 82%. In release assays, it was shown that
the release time of the encapsulated insecticide was up to eight times longer,
compared to the free insecticide, and that alterations in the concentrations of alginate

and chitosan affected the release profile.
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2.1.4 Casein as an encapsulation agent

Caseins in Figure 2.4 are members of a paralogous group of unfolded
phosphoproteins, some of which share the ability to sequester amorphous calcium
phosphate through phosphate centers [56].

HO

Phe

Figure 2.4 : Casein from bovine milk chain structure [57].

From a product technological and dairy industry point of view the caseins are by far
the most important and valuable component of milk. The main dairy products as
liguid milk, cheese and yoghurt derive their textural, sensory and nutritional
properties from the caseins. Replacing caseins by plant proteins leads to products
with different textural and sensorial quality [58]. The protein fraction of the CS
micelles, which represents ~ 93% of its dry mass, is composed of four individual
gene product components, denoted os1-, as-, - and k-casein, which differ in primary
structure and type and degree of post-translational modification. The remainder of
the micellar solids consists of inorganic material, collectively referred to as colloidal

calcium phosphate or micellar calcium phosphate.

Horne indicated that treating the CSs as block copolymers is an approach that grew
out of studies of their behavior on adsorption to hydrophobic interfaces [59]. As
regards the self-association of these proteins, it is speculated that the hydrophobic
regions interact intermolecularly in solution, rather than compact themselves into a
folded form. This further implies that they have a certain rigidity that inhibits such
folding. Such intermolecular hydrophobic interaction leads naturally to the detergent-

like micellar structure observed for [-casein in many studies, with a central
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hydrophobic core and the hydrophilic peptides forming a hedgehog-like external

coating.

For structure and chemical properties CS micelles, Horne also described that from
the biofunctional viewpoint, the CS micelle is the ultimate level of self-association
that involves all of the CSs [58]. CS micelles differ from the polymers of the
individual caseins in one crucial aspect; they contain inorganic calcium phosphate as
small microcrystalline inclusions, termed nanoclusters. Because the casein molecule
has to be readily available to exert such control, this is offered by the proponents of
the rheomorphic hypothesis as a reason for its open, flexible structure. The
interaction would, therefore, conform to the inducible binding pathway where
folding follows binding to the appropriate ligand.

The widespread or universal distribution of micelles in milk, suggests that they have
some physiological or nutritional significance over the nutritional value of the

proteins per se. Two benefits are apparent [60]:

1. Calcium and phosphate are required for the development of teeth and bone
and growth rate is positively correlated with the concentrations of Ca and Pi.
However, calcium phosphate has low solubility at the pH of milk with which
it is supersaturated; therefore, calcium phosphate would be expected to
precipitate in the mammary gland, with the formation of etopic stones that
would block the ducts of the gland, resulting in the death of the organ and
perhaps of the animal. By forming micelles, casein maintains the excess
calcium phosphate in a colloidally stable state. Thus, the casein micelles may
be regarded as a device by which to enable the secretion of milk with a high
concentration of calcium phosphate in a “soluble” form.

2. Presumably, the micelles are designed to be coagulated in the stomach of the
neonate by chymosin, a proteinase designed for this function. Coagulation
delays the entry of milk constituents into the small intestine, thereby
improving digestibility. Furthermore, the coagulum acts as a buffer to
facilitate nursing at intervals that may be very long (24 h) for some species,

e.g., the hare.

Strube et al. showed that CSs are also usable for biofilm applications because of a

great potential of CS in many applications including biocompatibility, multi-
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functional surfaces, anti-fouling, and biodegradability [61]. In all previous coating
applications though, casein is simply used as a binder agent. The presented approach
brings a completely new aspect to the use of casein in this area, as it utilizes the
complex structure of the micelles and their ability to change its solubility. More
precisely, it mimics the natural process of the enzymatic casein cleavage, in order to
form biological coatings with high level of control. The crucial point is the cleavage
of the casein micelles in direct proximity to the support surface. This prevents
uncontrolled agglomeration and precipitation. Instead of that, the cleaved micelles
deposit on the support surface due to hydrophobic interactions.

Bovine CS is also used to obtain antimicrobial peptide (AMP) which has received
increasing interest due to the emergence of bacterial resistance and the potential
toxicity of chemical food preservatives [62]. There is increasing evidence that AMPs
act through different mechanisms, among which the membrane action mode.
Although the specific membrane action target of AMPs is not fully understood, it is
generally believed that the membrane binding process is the initial step when AMPs
exert bactericidal activity. Zhang et al. demonstrated in their study that the affinity
interaction between AMPs and the bacterial cell membrane plays a vital role in the

antibacterial action.

2.1.3 Sodium alginate as an encapsulation agent

Alginates are anionic biopolymers extracted from 100% organic sources like brown
seaweeds. Sodium salt of alginate is also extremely versatile and adaptable
biomaterial, with great potential for use in biomedical applications such as drug
encapsulation materials. Their extracellular matrix-like features as seen in Figure 2.5
have been key factors for their choice as biopolimers for cell delivery at tissue
regeneration and for drug delivery at encapsulation systems. A variety of strategies to
decorate them with other biofunctional components to modulate their biophysical
properties has been developed recently, which further allow their tailoring to the

desired application [63].
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Figure 2.5 : Alginate chain structure [63].

SA is of the most popular natural polymers which has been investigated for wound
dressing application incorporating with polyvinyl alcohol (PVA) polymer as either
main or additional component to the dressing structure due to its high water swelling
ability which impacts the local wound environment beyond moisture management
[64]. Kim et al. have used PVA/alginate hydrogel containing nitrofurazone for
wound dressing purposes, where they have used the freeze-thawing method to
crosslink PVA/SA blended polymer [65]. They have reported that the increase of SA
concentrations in PVA hydrogel films, increased the swelling ability, elasticity, and
thermal stability of PVA/SA hydrogel films while, significant decreases in gel
fraction%, and mechanical properties of PVA/SA hydrogel film were found with
increased SA contents. They have also conducted the bio-evaluation of PVA/SA
hydrogel films, and they revealed that increased SA contents resulted in the protein
adsorption in  vitro increases, indicating the reduced blood compatibility.
Furthermore, in vivo experiments showed wound size reduction in rats, indicating a
better wound healing ability proportionate to the amount of SA incorporated into
PVA hydrogel films.

Levic et al. have made an efficient encapsulation matrix for d-limonene
encapsulation using crosslinking of PVA/SA by the freeze-thawing method,
followed by a calcium ionic interaction between alginate and CaCl, solution but
these hydrogels do not apply for wound dressing but for food processing application
[66]. This study showed that increasing SA concentration decreased the gelation (%),
maximum strength and break elongation, but it resulted in an increment in the
swelling ability, elasticity and thermal stability of the hydrogel film. However, SA
content had an insignificant effect on the release profile of clindamycin from the
PVA/SA film, whereas PVA/SA-clindamycin improved the healing rate of artificial

wound in rats.
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Tarun and Gobi presented a new concept for the synthesis of the nanocomposite web
of calcium alginate and PVA with varying proportions using an electrospinning
technique for wound healing application [67]. They have demonstrated that the
blended nanofiber composite web which has the maximum calcium alginate content,
showed the maximum water vapor transmission rate indicating the PVA/SA
nanofiber web helps in maintaining the local moist environment for accelerating
wound healing. Furthermore, in vivo experiments on rats exhibited apparently new
epithelium formation without any harmful reactions, when the wound is covered with
the PVA/SA nanofiber. This study has classified wound dressing material formation
which is based on PVA/SA into three categories as follows: (a) dressings containing
a significant proportion of SA to improve the gelling properties of the dressing in
use, (b) dressings obtained by the freeze-dried PVA/SA film or y-ray irradiation
techniques, and (c) dressings formed depending on the bond between an exuding
wound and an ion-exchange reaction, occurring due to the calcium ions in the

dressing and sodium ions in the serum or wound fluid [64].

Stulzer et al. showed encapsulation efficiency of SA in microparticle system to
provide controlled drug release [68]. In this study, SA and CH is used microparticle
agent for encapsulation of a high molecular weight molecule rifampicin. The
microparticles are prepared by gelatinizing method during a 30-min period in contact
with the precipitating solution and were then filtered, washed with distilled water and
dried at room temperature. The results obtained showed that the SA/CH
microparticles represent an efficient system for the controlled-release of rifampicin.
At acidic pH, the release of 20% of the drug occurred in 2 h, and at pH 6.8 a rapid

increase in the release rate was observed up to 100%.

Kim et al. are described with detailed models using of SA hydrogels for bone tissue
engineering applications in their paper [69]. Alginate hydrogels or scaffolds can be
prepared by diverse range of cross-linking agents that are majorly calcium-based
substances. When sodium alginate is placed into the calcium-based ion, the calcium
ion replaces the sodium ion in the polymer; each calcium ion is cross-linked with two
moieties of polymer strands. Alginate scaffolds are being actively explored for their
ability to facilitate the regeneration of other tissues and organs, including skeletal
bone, skin, nerve, liver and pancreas. Different kinds of methods including

lyophilization, electrospinning and cross linking, have been extensively studied to
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prepare the alginate scaffolds. Traditional method to produce the alginate biopolymer

scaffold is freeze dry-lyophilization method.

Bioactive glasses comprise of glass-ceramic biomaterials and are extensively studied
materials for implantation in the human body to repair/replace the defective or
diseased bone. Mishra et al. prepared the scaffold viz. bioactive glass-polyvinyl
alcohol-alginate biocomposite materials by surfactant foaming, having low-density
0.92 g/cm? along with pore size 200-500 um [70]. Synthesized biocomposite shows
excellent biocompatibility with fibroblast cells with compressive strength of
1.64 MPa and elastic modulus of 18 MPa. In another study, Luo et al. reported
mesoporous bioactive glass and concentrated alginate paste scaffolds by 3D plotting
techniques [71]. Addition of mesoporous silica material increased the mechanical
strength, apatite mineralization and cytocompatibility properties of the composite
scaffold. In addition, dexamethasone was incorporated for the delivery purpose for
better bone regeneration. Compressive strength of 50% mesoporous bioactive
glass/alginate scaffolds was reported to be significantly higher than pure alginate
scaffolds. Enhanced mineralization and protein adsorption was observed on addition
of bioactive glass in alginate. Furthermore, human periodontal ligament fibroblast
and osteosarcoma cells were viable, adhered and proliferated well on the alginate-
nanobioactive glass composite scaffolds in comparison to the control alginate

scaffolds.

Different kinds of biocomposite materials have been established to improve the
bioactive properties of the scaffold via chemical modification, including the
immobilization of functional cell-adhesive ligands and bioactive molecules such as
enzymes, drugs and cytokines. SA is widely utilized in medical area for tissue
engineering and regeneration due to its biocompatibility, non-thrombogenic nature,
easily handled from nature, mild and physical gelation process, and the resemblance
of its hydrogel matrix texture and stiffness to that of the extracellular matrix. The use
of bioactive molecules (growth factors, cytokines, and stem cell mobilizing factors)
has always been of interest in the field of therapeutic myocardial regeneration. The
effects exerted by these molecules are relevant to almost every target in regeneration
strategies, such as cell survival and proliferation, vascularization apoptosis
inhibition, progenitor/stem cell migration, and directed stem/progenitor cell

differentiation. In addition, systemic administration requires high doses of the protein
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in order to achieve optimal concentration at the specific target site, due extremely
low protein stability in the circulation which leads to fast elimination of the protein.
Moreover, most of these molecules have pleiotropic functions, emphasizing the need
for careful, local and time-adjusted interventions. Thus, biomaterials could be
engineered to produce a sustained delivery system for bioactive molecule
combinations. Due to the Cohen and Ruvinov, in such a system, the biomaterial will
provide structural temporary matrix support and direct the formation of functional
tissue in situ [72]. Simultaneously, it will serve as a temporary depot for sustained
delivery and presentation of bioactive molecules with spatial and controlled
distribution of the desired agent to induce multiple reparative/regenerative processes.
In general, due to low protein adsorption and its highly porous and hydrophilic
nature, the pristine unmodified alginate matrix yields fast and unpredictable protein
release kinetics. Thus, several modification designs and engineering schemes were

applied for the use of alginate in protein delivery.

2.2 L-Ascorbic acid as an active ingredient

L-ascorbic acid is a naturally occurring organic compound with antioxidant
properties. It was originally called L-hexuronic acid, but when it was found to have
vitamin C activity in animals. It is a lactone which contains six carbons and an
essential vitamin for humans because of antioxidant properties and cofactor
agent in enzymes [73]. Chemical structure of L-ascorbic acid was shown in Figure
2.6.

HO OH
H —
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Figure 2.6 : Structure of L-ascorbic acid [73].

L-ascorbic acid appears in so many biologic applications in human body, for

example in bone, teeth, cartilage, and skin as collagen agent; in enzymes as cofactor
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agent [74]. However, it is a very sensitive material and pH, temperature, oxygen,

metal ions, UV, and X-ray radiation can easily damage its structure.

L-ascorbic acid is a required nutrient for a variety of biological functions. Humans
and other primates have lost the ability to synthesize ascorbic acid due to a defect
in L-gulono-1,4-lactone oxidase, an enzyme that catalyzes the conversion of L-
gulonolactone into ascorbic acid [75]. Humans, primates, and a few other animals
(e.g., guinea pigs) depend on the diet as a source of L-ascorbic acid to prevent the L-
ascorbic acid deficiency disease, scurvy, and to maintain general health. Another
healthy effect of L-ascorbic acid can be attributed to its biological functions as a
cofactor for a number of enzymes, most notably hydroxylases involved in collagen

synthesis, and as a water-soluble antioxidant.
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Figure 2.7 : L-ascorbic acid acts as a cofactor for prolyl 4-hydroxylase [76].
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It can also function as a source of the signaling molecule, hydrogen peroxide, and as
a Michael donor to form covalent adducts with endogenous electrophiles in
plants. One of them the functions and the underlying mechanisms is illustrated in
Figure 2.7 [75].

Since the discovery of L-ascorbic acid, the number of its known biological functions
is continually expanding [77]. Both the names ascorbic acid and vitamin C reflect its
antiscorbutic properties due to its role in the synthesis of collagen in connective
tissues. L-ascorbic acid acts as an electron-donor keeping iron in the ferrous state
thereby maintaining the full activity of collagen hydroxylases; parallel reactions with
a variety of dioxygenases affect the expression of a wide array of genes as well as via
the epigenetic landscape of cells and tissues. In fact, all known physiological and

biochemical functions of L-ascorbic acid are due to its action as an electron donor.

The repeatedly ageing effects of oxidants has led to negative impression on prolong
lifespan, so antioxidant dietary is suggested recently. L-ascorbic acid is an essential
antioxidant in human diets and is widely used for supplementation. It is one of the
most important water soluble and easily handled antioxidants; ever since the free
radical theory of ageing was discovered forward 50 years ago [78]. Therefore,
humans and animals depend on their diet as a source of L-ascorbic acid to prevent
scurvy, produce essential enzymes and maintain general health. It is included
primarily through the consumption of herbals such as fruit, vegetables; some
artificial drinks and supplements. It has been shown to be important for the synthesis
of collagen, carnitine, and catecholamines; the impaired production of which leads to
the symptoms associated with scurvy. The health promoting effects of L-ascorbic
acid can be attributed to its biological functions as a co-factor for a number of
enzymes, such as hydroxylases involved in synthesis of collagen in the body, and as
a water-soluble antioxidant for anti-ageing. It donates two electrons from a double
bond between the second and third carbons of the 6-carbon molecule as seen in
Figure 2.7. It is hypothesized that by donating its electrons, L-ascorbic acid prevents
proteins and other cellular compounds from being oxidized, so it helps anti-ageing
[79].

There has been considerable interest regarding the association of L-ascorbic acid
with the common cold. Banerjee et al. studied effect of L-ascorbic acid on prevention

of influenza and they indicates in their article that mega doses of L-ascorbic acid
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(3 g/d) have been shown to prevent cold and flu symptoms in students 18-30 y of
age; on the other hand, lower doses of L-ascorbic acid have not been shown to
prevent cold symptoms in a number of trials [80]. They indicates that doses of L-
ascorbic acid in excess of 1 g/d taken shortly after onset of a cold symptom did not
decrease the duration or severity of cold symptoms in healthy adult volunteers when
compared with a L-ascorbic acid dose lower than the minimum recommended daily
intake. In a controlled trial of 226 patients with influenza A, 114 patients received L-
ascorbic acid 300 mg/d, and 112 patients served as controls; outcomes measured
were development of pneumonia and duration of hospital stay. Pneumonia was
reported in two subjects in the treatment group and 10 in the control group, and
hospital stays for influenza or related complications averaged 9 d in the L-ascorbic
acid group and 12 d in the control group.

Another interest of usage area for L-ascorbic acid is anti-tumor treatments because of
its antioxidant effects [81]. By disarming biologically damaging molecular fragments
known as free radicals, L-ascorbic acid can fight devastation effect of aging and
many chronic diseases. Free radicals also offer benefits, however, such as ridding the
body of germs and damaged cells. By curbing these activities, a new animal study
finds, antioxidants can aid cancer growth. Because of these reasons, it has become
the ost wanted antioxidant of the nutritional world [82]. Free radicals of reactive
oxygen and nitrogen species that have potential to damage nucleic acids and promote
carcinogenesis and they are generated in response to high concentration of L-
ascorbic acid can catalyze lipid peroxidation and are cytotoxic to cancer cells. Within
the body, antioxidant levels act as a signal, controlling cell division. In healthy cells
and benign tumors, oxidants tend to increase cell proliferation, whereas antioxidants
inhibit it. By contrast, the malignant tumor environment can be so strongly oxidizing
that it is damaging and triggers cell death by apoptosis. In this case, antioxidants may
help tumor cells proliferate and survive, by protecting the cells against oxidation and
stimulating the malignancy to grow. L-ascorbic acid presents a double-faced
character in that it exhibits a pro-oxidant activity arising from its routine antioxidant
property. Apart from reducing oxidizing sources like H,O,, L-ascorbic acid also
reduces metal ions like Fe** and Cu®", the process during which free radicals are
generated. This reaction in which L-ascorbic acid generates highly reactive free

radicals in presence of transition metal ions is called Fenton reaction [81].
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2Fe®* + L-ascorbic acid — 2Fe?* + DHA (2.1)
2Fe?" + 2H,0, — 2Fe** + 20H + 20H* (2.2)

These hydroxyl radicals are reported to interact with DNA inducing its damage by
causing breaks in phosphodiester backbone and modification of DNA bases. This
property of pro-oxidant activity inducing cytotoxicity has been employed in many
studies in the prevention and treatment of cancers and is proposed to be dose-
dependent.

2.3 Drug Encapsulation Techniques

New drug delivery technologies are revolutionizing the drug discovery; development
and creating R&D focused pharmaceutical industries to increase the momentum of
global advancements. In this regard, novel drug delivery systems (NDDS) have many
benefits, which includes improved therapy by increasing the efficiency and duration
of drug activity, increased patient compliance through decreased dosing
frequency and convenient routes of administration and improved site specific

delivery to reduce the unwanted adverse effects.

The basic principles for development of drug delivery systems are easily integration
of active ingredient into drug, achieving of higher drug release ratios, and non-toxic
effects of drug capsule to cells after its biodegradation. The last ten years, production
of more effective, biocompatible, and biodegradable drug systems have been
increasingly interest for pharmaceutical industry [18,23]. Nowadays, polyester based
biopolymers are used for drug delivery and encapsulation systems and some
examples of these polymers are PCL, PEG, PLA, PGA, polyacrylic acid (PAA),
poly(methyl methacrylate) (PMMA), chitosan, chitin, and starch [83].

It is another important issue for drug delivery systems is that stability at outside and
sufficient degradation of drugs inside of human body. To overcome this problem,
polymeric based drug delivery systems could be an enormous alternative because
biodegradation rate is easily adjustable by blends of polymers [84]. In this way,
stability, effective biodegradation rate, and higher drug release contents for a drug

could be achieved simultaneously.
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Stability of a drug is depends on protection capacity of active ingredient, thus if a
polymer is used for an encapsulation system, it interact temporarily stable between
active ingredient to deliver system on targeted cells before releasing.

At these view of points, preparing of a drug, which is easily biodegradable,
biocompatible inside the body and stable outside the body, is the main problem and

most important goal for pharmaceutical industry.

Encapsulation may be defined as a process to entrap one substance within
another substance, thereby producing particles with diameters of a few nm to a
few mm. The substance that is encapsulated may be called the core material, the
active agent, fill, internal phase, or payload phase. The substance that is
encapsulating might also be called the coating, membrane, shell, carrier material,
wall material, external phase, or matrix. Two main types of encapsulates might be

distinguished, i.e., the reservoir type and the matrix type [12].

The most widely used encapsulation techniques and some related applications are

summarized in Table 2.1.
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Table 2.1 : Main conventional techniques used for the encapsulation of bioactives

and food ingredients [85].

Technique Concept Examples of applications
Drying of the encapsulated
material dispersed in the shell
material. :
Encapsulation by starch Encapsulation of flavor
Spray drying ’ compounds, polyphenols

polysaccharides, maltodextrins
and/or proteins. This technique
produces particles between 10
and 100 pum.

and vitamins

Spray cooling/chilling

Incorporation of the core
material in the warm and
liquefied shell material (often-
vegetable oils). Relatively low-
cost encapsulation technique.
Through product atomization,
and consequently cooling,
micro-capsules are formed.

Encapsulation of flavor
compounds, minerals,
vitamins and probiotics

Freeze drying

Co-lyophilization of the core
and the shell materials after a
homogenization process.
Normally this technique
produces non-uniform
particles.

Encapsulation of flavor
compounds, fatty acids
and probiotics

Extrusion

Formation of core material
droplets that became
microparticles after immersion
in a hardening bath with the
shell material. Normally the
shell material is a glassy
carbohydrate matrix. The core
material may be released in a
high temperature medium. The
encapsulation efficiency is
small, moreover the produced
particles show high stability
and an extended shelf-life.

Encapsulation of flavor
compounds, vitamins and
food ingredients (lactic
acid)

Spinning disk

Passage through a spinning
disk of a suspension of the core
material in the shell material.
During processing, the shell
material forms a thin film
around the core material
particles. Production of
particles from 20 um to few
millimeters of diameter.

Encapsulation of cells
(yeast)
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Table 2.1 (continued) : Main conventional techniques used for the encapsulation of
bioactives and food ingredients [85].

Technique

Concept

Examples of applications

Supercritical fluid

This technique is similar to
spray drying, except that the
shell material and the core

Encapsulation of heat-
sensible cores as vitamins

extraction material are nd nolvohenol
solubilized/dispersed in a and polyphenols
supercritical fluid.
Solid particle encapsulation
(100 um to few mm). The shell Encapsulation of
Fluidized bed material is atomized onto core  acidulates, vitamins and

material fluidized by an
upward stream of air.

cells

Co-crystallization

Spontaneous crystallization of
a supersaturated solution of
sucrose simultaneously with
the addition of the core
material, forming a crystalline
irregular network, allowing the
encapsulation into the pores of
the network.

Encapsulation of acids,
flavor compounds,
antioxidants and minerals

Co-acervation

Phase separation of one or
many polyelectrolytes from a
solution and deposition of the
colloidal particles around the
active ingredient suspended or
emulsified in the same reaction
media. When hydrocolloids are
used, they can be cross-linked
using appropriate chemical or
enzymatic agent.

Encapsulation of fatty
acids and flavonoids

Liposomes

Spherical particles consisting
of a membranous system
formed by one or more
concentric bi-layers of lipids
(often phospholipids). They
can be used in the entrapment,
delivery and released of water-
soluble, lipid-soluble and
amphiphilic materials.

Encapsulation of vitamins,
enzymes and peptides

Inclusion

Supra-molecular association
through non-covalent
interactions of a ligand
(“encapsulated” compound)
into a cavity formed by a
“shell” material (e.g.,
cyclodextrins).

Encapsulation of vitamins,
flavor compounds and
essential oils
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Liposomes, micelles and microparticles (as seen in Figure 2. 8 (a), (b), (c),
respectively) are the most attractive ways to produce effective drug delivery systems.
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Figure 2.8 : Schematic representation of the structures of (a) liposomes, (b)
micelles, (c) microparticles [86].
It is always a fact that performance of a drug delivery system is about encapsulation
and release efficiency. One of the basic requirements for the controlled and balanced
release of the medicament in the body is its ideal spherical shape of
polymeric particles and narrow distribution of their sizes. The size and shape of
the particles play key role in their adhesion and interaction with the cell. The

most important problem for polymer based drug delivery systems is lower drug
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loading and drug release efficiency [87]. On the other hand, drug loaded

microspheres have to be lower particle size (about 10 um) and well distributed.

Emulsion solvent evaporation technique is widely used in the field of particulate
carriers’ development. It consists of the formation of a simple or a double emulsion
and the subsequent evaporation of the organic solvent which leads to the
precipitation of the polymer and the obtaining of the particles. More precisely, first,
the polymer is dissolved in a volatile and non-miscible organic solvent such as
chloroform, ethyl acetate, toluene, tetrahydrofuran or dichloromethane. This organic
phase is then dispersed by high-speed homogenization or by sonication in an aqueous
phase that contains a surfactant. Once an oil-in-water (o/w) emulsion is obtained, the
evaporation of the organic solvent allows its diffusion to the outer phase leading to
the formation of the particles. This method of simple emulsion solvent evaporation is
generally used for the encapsulation of hydrophobic drugs. Besides, drug delivery
systems which are obtained by oil/water emulsion based mixture, has man
disadvantages. The main reason of this problem is using of toxic organic solvents in
these systems, so it could have a potential harmful effect on human body.
Furthermore, organic solvents-active ingredients interactions may have adverse side
effect for drugs [88]. Thus, using water as a solvent for drug preparation has become
more important since last decade. Contribution of water on zero toxicity and higher
biocompatibility of drugs for human cells makes it more important for drug

delivery synthesizing systems.

Novel technologies are required for delivery of new drug molecules in order to
reduce their side effects, optimize their efficacy, and enhance patient compliance.
Due to the Farokhi et al., recently, the use of nanotechnology has led to the
development of many novel carriers capable of controlled release and targeted
delivery of a wide range of small molecules, proteins, peptides, and genes [89].
These devices can have many different structures, including quantum dots,
dendrimers, fullerenes, ferritin, and nanoparticles. Among them, nanoparticles based
on biodegradable and biocompatible polymers have potential applications in cancer
therapy and as sustained drug delivery vehicles. These carriers can also be designed
as low toxicity systems with suitable physical and chemical structures and specific

targeting properties.
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Another important study about nanoparticles on drug delivery systems by Hua et al.
are described that improved oral drug delivery design has drastically improved the
colonic bioavailability of drugs, that is, these formulations are effective at reaching
and releasing drug specifically in the colon [90]. However, in order for a drug to
have therapeutic efficacy it must be localized to the site of action within the colon.
Conventional oral formulations can be adversely affected during active inflammatory
bowel disease (IBD) or following intestinal resection, and have limited efficacy and
specificity for diseased colon tissue versus healthy colon tissue. In addition, despite
coverage of the colonic surface (including diseased tissue), there is no guarantee that
the drug is effectively taken up into the tissue and cells at the site of inflammation.
Pharmaceutical strategies utilizing nano-delivery systems as carriers for active
compounds have shown promising results in addressing the physiological changes in
IBD, and exploiting these differences to enhance specific delivery of drugs to
diseased tissue. Therefore the use of nanotechnology in formulation design may
further improve the efficacy of therapeutics by allowing inflammation-specific
targeting and uptake within the colon. Furthermore, reducing the size of drug
delivery carriers to the nanometer scale has been shown to improve colonic residence

time in inflamed intestinal regions and provide additional benefits for IBD therapy

Nano-delivery systems have been designed to passively or actively target the site of
inflammation. These systems have been shown to be more beneficial than
conventional formulations, because their size leads to more effective targeting, better
bioavailability at diseased tissues and reduced systemic adverse effects. Hence, nano-
delivery systems have been found to have similar or improved therapeutic efficacy at
lower drug concentrations in comparison to conventional formulations [91].
Although size is an important factor in targeting the colon, additional strategies to
enhance drug delivery to inflamed intestinal mucosa and achieve maximal retention

time in tissues are being explored.

Liposomes are most commonly studied and used encapsulation systems because of
fabrication of liposomes form food-grade components using relatively simple
laboratory-scale methods [92]. On the other hand, liposomes production is really
hardo to scale indusctrial level. Furthermore, their poor physical stability under the
environmental conditions is another problem. In additionally, encapsulation

efficiency of liposomes is generally low for hydrophilic active ingredients, Because
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of these reasons mentioned above, liposome productions are not effective and

economic at large scale.

Microencapsulation has been defined as “the technology of packaging solid, liquid
and gaseous materials in capsules at micro-scale that release their contents at
controlled rates over prolonged periods of time” [93]. Microencapsulation technique
is used in various applications like pharmaceutics, cosmetics and food industries. In
food applications, several purposes are targeted; firstly, the stabilization of the
encapsulated product against damage caused by external conditions such as light or
heat during processing during storage; secondly, flavor release control; thirdly, colur
and taste protection; finally, reactive species separation [94]. Microencapsulation
within spherical microparticles possesses many benefits over other encapsulation
geometries, including a high surface area to volume ratio, a high resistance to
mechanical stress, a relatively short diffusion path length, and access to a number of
implantation sites by injection. Moreover, while microencapsulation process,
chemical structure of the active ingredient and/or food compounds should not be
changed. With this aim in mind, the challenges that must be met by encapsulation are
multiple: i) increasing stability of encapsulation, ii) not effecting on sensitivity of

drug compounds, iii) improving the release ratio of drug compounds.

Hag et al. and Kowalczuk et al. indicate that the mechanism of microencapsulation
can occur within unimolecular micelles in three different ways [95, 96]. The guest
can be encapsulated in the core, in the shell, or at the interface of the core and the
shell of unimolecular micelles as shown in Figure 2.9 (a), (b), (c). In addition to this,
it was found that unimolecular micelles, although they represent single-molecule
micelles per se, do not necessarily transport their cargo in a unimolecular fashion.
Instead, the microencapsulation can occur in a fourth way, whereby the guest is
encapsulated within aggregates of several unimolecular micelles (Figure 2.9 (d)).
The fourth microencapsulation mechanism is therefore not unimolecular but

supramolecular.
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a) Encapsulation b) Encapsulation
into the core into the shell

c) Encapsulation
on the core-shell
interface

d) Encapsulation
into aggregates

Figure 2.9 : Four different microencapsulation mechanisms in core—shell
architectures [95].

Depending upon the mechanism of transport, the size of the micro-carrier could also
vary, which is an important factor that needs to be considered for the design of a
successful drug delivery system. For instance, transport through supramolecular self-
assembly results in larger aggregates. In general, the size of the micro-carriers that
transport through unimolecular mechanisms varies from a few nanometers to tens of

nanometers depending on the molecular weight of the system.

The reservoir type has a shell around the active agent. This type is also called
capsule, single-core, mono-core or core-shell type. Application of pressure can lead
to breakage of the reservoir type of encapsulates and thus to the release of its
contents. Poly- or multiple-core type of encapsulates with several reservoir
chambers in one particle also exist. The active agent in the matrix type is much
more dispersed over the carrier material; it can be in the form of relatively small
droplets or more homogenously distributed over encapsulation. Active agents in the
matrix type of encapsulates are in general also present at the surface, in contrast to

those in the reservoir type [96-100].

Inhalation of powder compounds is an attractive concept minimizing the side effects
by its pulmonary selectivity. Controlled drug delivery systems have become

increasingly attractive options for inhalation therapies. A large number of carrier
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systems have been developed and investigated as potential controlled drug delivery
formulations to the lung, including drug loaded lipid and polymer based particles.
However, there are some extraordinary specifications should have for a drug delivery
material [101].

Heng et al., Peltonen et al., and VVehring were also showed encapsulation composite
or material should be in amorphous phase for physical stability of drugs [102-
104]. Because of good biodegradation behavior in human body and
contribution on homogeneous distribution of active ingredients in matrix of
amorphous polymers, they are preferred in pharmaceutical industry. In addition,
these studies showed that amorphous composites could be easily obtained by spray
dryer. Another positive impact of using of spray dryer is that achieving lower
particle diameter, well distributed microspheres and as possible as higher surface

area in only one process.

In the study of Bee et al. was demonstrated that ester and ether bonds
contained polymer are more effective for using of encapsulation material such as
cellulosic and lingo-cellulosic polymer chitosan, chitin etc. [105]. Moreover, they
were emphasized that when developing solid-dispersion formulations of poorly
soluble active ingredients, one must do the following: comparison of the functional
groups of both polymer and active ingredients; comparison of solubility parameters
with polymer and active ingredients; analyzing the permeability of active
ingredients in the polymer matrix. Consideration of only one parameter is not a
good approximation to produce a stable drug because all factors such as
solubility, permeability, toxicity, productibility, efficiency, and interaction
between polymer and active ingredients must be handled at the same time. On the
other hand, Taylor et al. also showed that polymer hygroscopicity is another
important parameter for physical stability of drugs [106]. Absorption of moisture
from air of a drug means that initiation of phase separation in the drug, so
activity and stability of drug decreases dramatically. Thus, using of highly
hydrophobic polymer should be a must in encapsulation materials. For these
systems, water was found to disrupt drug-polymer interactions, which, coupled
with the ability of water to increase molecular mobility, led to phase

separation.
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2.4 Drug Release Mechanism and Kinetics

Drug release has been an important topic in the field of drug delivery for decades.
With advancement in material design and engineering, novel materials with
increasing complexity and more functions have been introduced into the
development of drug delivery devices and systems [107]. Both naturally derived and
synthetic macromolecules are extensively used in controlled drug release to
maximize bio-efficacy. Control release is a useful tool to maintain constant drug

levels in the human body.

Drug release from polymeric carriers involves several mechanisms [107]. Depending
on the polymeric structure, the drug might be released by diffusion through the
polymeric matrix or through pores present in the carrier. Erosion of the carrier
surface or bulk erosion can also lead to drug release. The high surface area to volume
ratio of polymeric carriers contributes to a rapid drug release from the matrix which
is called a “burst”. This phenomenon can be reduced by drug complexation with
various agents before encapsulation as well as by adding lipid aid excipients to the
formulation [108]. Complexing agents or lipid aid excipients interact with the
encapsulated compound and these interactions increase encapsulation efficiency as

they decrease the burst.
Types of controlled drug release systems are listed below:

1. Dissolution controlled systems
a) Encapsulation dissolution controlled system.
b) Matrix dissolution controlled systems.
2. Diffusion controlled systems
a) Reservoir controlled systems.
b) Matrix controlled systems.
3. Dissolution and diffusion controlled release systems
4. Water penetration controlled systems
a) Swelling controlled systems
b) Osmotically controlled systems.
5. Chemically controlled release systems
a) Erodible systems

b) Drug covalently linked with polymer
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6. Hydro gels

7. lon - exchange resin controlled release systems

2.4.1 Dissolution controlled release systems

The dissolution of a drug administered in the solid state is a pre-requisite for efficient
subsequent transport within the human body. This is because only dissolved drug
molecules/ions/atoms are able to diffuse, e.g. through living tissue [109]. In this
system, dissolution is the rate controlling step which is shown in Figure 2.10
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Figure 2.10 : Dissolution of a solid drug particle in an aqueous liquid [109].

The drug release occurs by dissolution and/or erosion of encapsulation material

matrix. It is of two types and they are;

a) Encapsulation dissolution controlled system

b) Matrix dissolution controlled system

On the first method, the drug particles are encapsulated by microencapsulation
technique by coating agents like cellulose, CH, PEG, PLA, polymethacrylates, waxes
etc. the dissolution rate of capsulation depends upon the solubility and thickness of

the coating.

Matrix systems depend on dispersion of active ingredients homogeneously into the
release medium. Waxes such as beeswax, carnauba wax, hydrogenated castor oil are
employed as matrix systems release agents and they allow controlled release of

active ingredients by altering the porosity of rate.
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2.4.2 Diffusion controlled release systems

Diffusion is a process of moving molecules from a solution of high concentration to
low concentration. There are two basic devices that are driven by diffusion in
controlled release systems. In these devices, the drug is released either by passing
through the pores or between polymer chains, and these are the processes that control
the release rate. Diffusion controlled release devices;

a) Reservoir diffusion system
b) Matrix diffusion system

Active ingredients are dispersed homogeneously into the matrix diffusion systems
(monolithic devices), and it is released by diffusion from the polymer into the release
mediums as shown in Figure 2.11. The release rates of monolithic devices decrease

as a function of time and distance.

MATRIX (“MONOLITHIC”) DDS

DRUG is dispersed DRUG
uniformly in non-
degradable matrix.

_—

Increasing time

DRUG

DRUG
DRUG

DRUG
DRUG

Figure 2.11 : Matrix diffusion systems [110].

Reservoir  diffusion systems are also called as membrane-controlled
systemssurrounds the active ingredients and released drugs by diffusion through the

release mediums (Figure 2.12).

RESERVOIR DDS

DRUG DRUG reservoir is

saturated (unit
activity).
DRUG

Rate-controlling membrane has
constant thickness (x), diffusivity (D)

DRUG and solubility coefficient for drug

Figure 2.12 : Reservoir diffusion system [110].
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2.4.3 Dissolution and diffusion controlled release systems

In dissolution and diffusion controlled release systems, the drug core is
coated/capsulated in a partially soluble membrane. Pores in the encapsulation system
are generated due to dissolution of parts of the membrane which;

e Drug dissolution performed by entry of aqueous medium into the
encapsulation system

e Allowing diffusion of drug out of the encapsulation system.

An example of obtaining such an encapsulation system is using a mixture of
biopolymers like PCL, PEG, CH, CS as in our study.

2.4.4 Water penetration controlled systems

Water diffusion (penetration) into the system is obtained by controlling on the
penetration of water into the system. On the other hand, swelling controlled release
systems are determines as drug is initially dry and when it is placed in the body
absorb water or other body fluids and swell. Swelling-controlled devices usually
incorporate drugs in a hydrophilic polymer and/or gels that are stiff or glassy when
dry, but swells when placed in an aqueous environment (Figure 2.13). A typical oral
capsule or pill (obtained commercial) is usually a swelling-controlled device. These
drugs are easy to handle and produce, but the release rates are often not steady and

effective.

A typical oral tablet (“pill”)

DRUG-loaded, dry hydrogel H,0

o--
HI

Figure 2.13 : A typical swelling controlled release system [111].
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2.4.5 Osmotically controlled release systems

Osmotically controlled release systems (Figure 2.14) are used to encapsulate
osmotically active drug or a combination of an osmotically inactive drug with an
osmotically active salt e.g. NaCl within a semi permeable membrane made from

biocompatible polymer, e.g. cellulose acetate. Osmotically controlled release systems
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generates osmotic pressure, so active ingredient in the core is pumped out
continuously with a prolonged period of time. This type of drug system dispenses

drug solutes continuously at a zero order rate.

Rigid, water-permeable memhrane
controls delivery rate.,

Saturated DRUG solution exits ONLY
through hole in cuter membrane

Figure 2.14 : Elementary osmotic released system [112].
2.4.6 Chemically controlled release systems

Chemically controlled release systems are different drug release systems mentioned
above. They change their chemical structure, when exposed to biological fluid.
Mostly, biodegradable and biocompatible polymers are used for chemically
controlled release systems by degradation of polymer structure as a result of
hydrolysis and/or erosion of the polymer chains into biologically safe and

progressively smaller moieties. It is of two types and they are;

e Erodible systems

e Pendent chain system

In erodible systems, drug release mechanism occurs by erosion of polymer. Erosion

may be two types as seen in Figure 2.15 and they are;

a) Bulk erosion process

b) Surface erosion process

Bulk Erosion Swrface Erosion

() (b)

Figure 2.15 : Drug release (a) bulk erosion, (b) surface erosion [113].

36



Bulk erosion is polymer degradation may occur through bulk hydrolysis of the
polymer which means entire polymer matrix are degraded by this way. On the other
hand, surface erosion is polymers like polyorthoesters and polyanhydrides etc. occurs
degradation only at the surface of the polymer, resulting in a limited drug release
ratio that is proportional to the surface area of the delivery system.

Pendent chain systems consist of copolymers, polymeric blends and composites with
the drug attached to the backbone chains. The drug is released from the entire core
by hydrolysis or enzymatic degradation of the linkages. Zero order can be obtained
and the cleavage of the drug is the rate controlling mechanism. Example for

polymers used in pendent chain systems like chitosan, PEG etc.

2.4.7 Hydrogels controlled release systems

Hydrogels are water swollen three-dimensional structures handled by primarily
hydrophilic polymers. Because of chemical or physical cross-links, they are insoluble
in water. The physical cross-links include crystallites, entanglements or weak
associations like hydrogen bonds or Vander Waals forces. These cross-links supply
strength, physical integrity and network structure. Chemically instable and weak
active ingredients, proteins and peptides are encapsulated and easily handled by
hydrogels . Because of their nature and different specifications, hydrogels can be
used in many different types of controlled release systems. This unique diffusion-

controlled release mechanism as shown in Figure 2.16.

Evolution of supersaturation
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Figure 2.16 : Hydrogels in controlled drug release systems [114].
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Hydrogels regulate the dissolution of encapsulated active ingredients (mostly
amorphous) from the hydrogel matrix to maintain an elevated level of release for a
prolonged period of time [114].

2.4.8 lon exchange resins controlled release systems

lon-exchange resins controlled release systems are produced to provide the
controlled release of an ionic (or ionizable) active ingredients. The system is
prepared by absorption of an ionized drug into the ion-exchange resin granules such
as Amberlite, and consequently, particles are filtrated from the alcoholic medium; at
final stage, the drug loaded granules are coated with a water permeable polymer, e.g.
a modified copolymer of polyacrylic and methacrylic ester or homopolymer like
PEG, and then spray drying the coated powders to handle the polymer capsulated

drug resin preparation.

Prolong drug release in long time and release efficiency of the ion-exchange resin
controlled release systems depend on combination of the principle that positively or
negatively charged pharmaceuticals with appropriate resins to yield insoluble
polysalt resinates. Release mechanism for anionic and cationic ion-exchange

resinates are demonstrated below [115].

R—SO;H* + H,N—A & R—503 —H;N — A (2.3)
R—N*H;0H™ + HOOC —B & R—N*H; — 00C — B + H,0 (2.4)
H,N — A - basic drug, R — SO; H* — cationic exchanges, HOOC — B — acidic drug (2.5)
R — NHj OH™ - anion exchange resins (2.6)

A cationic active ingredients are combined with an anionic ion-exchange resin e.g. a
resin with a SO3™ group. Hydronium ion (H¥) in the gastrointestinal fluid penetrates
to the durg material and activites the system for release of cationic drug from the

core complex.

An active ingredients are combined with a cationic ion exchange resin, e.g. a resin
with a [N(CHz3)3"] group. Chloride ion (CI") in the gastrointestinal fluid penetrates the
to the durg material and activites the system for release of anionic drug from the core

complex.
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2.4.9 Release kinetics

The mathematical models are used to evaluate the kinetics and mechanism of drug
release from the microspheres that produced by us. The model that best fits the
release data is selected based on the correlation coefficient (R%) value in various
models and the highest ‘R®’ value is considered as the best fit of the release data.

Mathematical models are [116]:

1) Zero order release model

2) First order release model

3) Hixson-Crowell release model
4) Higuchi release model

5) Korsmeyer — Peppas release model

Zero order, as cumulative amount of drug released versus time, describes

concentration-independent drug release rate from the formulation (Equation 1):

C = kot (2.7
where Ko is the zero-order rate constant expressed in units of concentration/time and t

is the time in hours.

First order, as log cumulative percent drug remaining versus time, describes

concentration-dependent drug release from the system (Equation 2):

Log C = Log Cy — kt/2.303 (2.8)
where Cy is the initial concentration of drug and K is the first-order constant.
Higuchi's model, as cumulative percentage of drug released versus square root of

time, describes the release of drugs based on Fickian diffusion as a square root of

time-dependent process from swellable insoluble matrix (Equation 3):
Q = kt'/? (2.9
where K is the constant reflecting the design variables of the system.

Hixson-Crowell cube root law, as the cube root of percentage drug remaining versus
time, correlated the release from systems with polymer erosion/dissolution resulting

in a change in surface area and diameter of particles or tablets (Equation 4):

1/3 1/3

B _ QL = kyet (2.10)
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where Qq is the amount of drug released in time t, Q, is the initial amount of the drug

in the tablet, and k. is the rate constant for the Hixson-Crowell rate equation.

Korsmeyer-Peppas (Power Law) is derived a simple relationship which described
drug release from a polymeric system (Equation 5).

M. /M,, = kgpt" (2.11)
where MJ/M., is fraction of drug released at time t, ki is the rate constant and n is the
release exponent. To find out the mechanism of drug release, first 60% drug release
data are fitted in Korsmeyer-Peppas model. The n value is used to characterize
different release mechanisms as given in Table 2.2 for different shaped matrices.

Table 2.2 : Exponent n and release mechanism of different geometries [116].

Exponent, n
Drug release mechanism
Thin Film Cylinder Sphere
0.5 0.45 0.43 Fickian diffusion
05<n<10 0.45<n<089 043<n<0.85 Anomalous transport
1.0 0.89 0.85 Case-11 transport
>1.0 >0.89 >0.85 Super Case-II transport

Fickian diffusion refers to diffusion controlled release mechanism; on the other hand,
anomalous diffusion or non-Fickian diffusion is obtained combination of both
diffusion and erosion controlled rate release. Case-Il transport or super case-II

transport refers to the erosion of the polymeric chain.

2.5 Spray Drying in Drug Delivery Systems

Spray drying is a method of producing a dry powder from a liquid or slurry by
rapidly drying with a hot gas. This is the preferred method of drying of many
thermally sensitive materials such as foods and pharmaceuticals. A consistent
particle size distribution is a reason for spray drying some industrial products such as
catalysts. Air is the heated drying media; however, if the liquid is a flammable

solvent such as ethanol or the product is oxygen-sensitive then nitrogen is used.

Spray drying is one of the major industrial drying technologies. It is applied by many

industries because of its ability to convert a liquid product into a dried powder in a
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lenient single step; in addition, it allows to control to temperature and the particle

formation process very accurately [117].

2.5.1 Background of the spray drying process

Briefly, a polymer solution is dropped (dispersed) into a hot air stream and the
solvent (water) evaporates on the way to the bottom leaving a dried particle. The
main advantage is the combination of particle formation and drying in one step. The
disadvantages from the viewpoint of biological control are the variations in particle
shape and size distribution, high temperatures and fast drying rates that normally do
not allow for encapsulation of drying-sensitive living cells such as non-spore forming
microbials [118]. Protectants and other additives may be added before or during the
drying process. Especially in the food industry, spray-drying is used for the
preservation and concentration of microorganisms. In biological control, too, spray
drying is used to produce formulations with extended shelf-life. Figure 2.17 shows
schematic presentation of a spray dryer.
0 b
S
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Figure 2.17 : Schematic diagram of the spray dryer used: (1) blower+air filter; (2)
air compressor; (3) heater; (4) peristaltic pump; (5) temperature control; (6) inlet
thermocouple; (7) atomizer: (a) compressed air; (b) feed microencapsulating
composition; (8) drying chamber; (9) cyclone; (10) dry product collector [119].
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The solid is usually collected in a drum or cyclone. The liquid input stream is
sprayed through an atomizer into a hot vapor stream and vaporized. Solids form as
moisture quickly leaves the droplets. The atomization part is used to obtaine the
desired characteristics by performing the optimum conditions to a dried powder for
evaporation. Nozzles and rotary atomizers are used to form sprays. It is usually used
to make the droplets as small as possible, maximizing heat transfer and the rate of
water vaporization. Droplet sizes can range from 20 to 180 um depending on the
nozzle. There are two main types of nozzles: high-pressure single fluid nozzle (50 to
300 bars) and two-fluid nozzles: one fluid is the liquid to dry and the second is

compressed gas (generally air at 1 to 7 bars) [120].

The central element of a spray dryer is the drying chamber. In drying chamber, the
sprayed polymer solution is compared with hot gas (air or an inert gas), resulting in
the evaporation of over 95% of the water contained in the droplets in a very limited
times like seconds [120]. Droplet contact time with hot air and/or inert gas, contact
angle are directly affected the properties of dried poweder such as particle shape and
diameter. The type of contact (current, co-current and cross) between the spray and
the air/inert gas is determined by the position of the atomizer relative to the hot
air/inert gas. As a general orientation of the spray dryers, nozzle headers are located

at the top of the dryer and spray down.

Moisture evaporation (liquid chasing) takes place in two stages. During the first
stage, saturation of wet droplet is performed by hot air/inert gas and the temperature
of hot air/inert gas equals to bulb temperature. Evaporation takes a constant rate
during drying stage and moisture in the drop to replace the liquid evaporated
sufficiently [121]. After moisture of the droplet is reduced to nearly zero by hot
air/inert gas, the second stage begins by production a dried shell to form at the
surface. At the following stage, evaporation depends on the diffusion of moisture
through the shell that is increasing in thickness. Evaporation phase is dominant at the
first stage and it falls rapidly during the second stage. Different polymer and/or
composites have differing evaporation and particle-forming characteristics. On the
other hand, solvent type of the polymers and/or composites results as same
consequences mentioned before. The resulting particles may be uniform distributed

spheres, or porous and irregularly shaped.
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Following completion of drying, the particles of product must be separated from the
hot drying air/inert gas [121]. The particles simply fall to the bottom of the chamber,
so the separation is accomplished by the way. A small fraction of the particles may
be remain entrained with the air and/or may be sticked together to the drying
chamber of the spray dryer. Cyclones, bag filters, and electrostatic precipitators are
the final separation stage equipments. Some spray dryers contain wet scrubbers that
are often used to purify and cool the air so that it can be released to atmosphere.

Reciprocating compressors of the spray dryers can be either stationary or portable,
can be single or multi-staged, and can be driven by electric motors or internal
combustion engines [121]. Small reciprocating compressors from 5 to
30 horsepower (hp) are commonly seen in automotive applications and are typically
for intermittent duty. Larger reciprocating compressors well over 1,000 hp (750 kW)
are commonly found in large industrial and petroleum applications. Discharge
pressures can range from low pressure to very high pressure (>18000 psi or 180
MPa).

Heaters in the spray dryers exist for all states of matter, including solids, liquids and
gases and there are 3 types of heat transfer: Convection, Conduction and Radiation
[121].

2.5.2 Historical development of spray dryers

From the 1870s through the early 1900s over a period of several decades, the
development of spray drying equipment itself and drying techniques are revised and
evolved [122]. The first spray dryer equipments are used nozzle atomizers, with
rotary atomizers. Until the 1920s, because of many difficulties of continuous
operation at spray dryers, commercial operations did not grow up and become
profitable. On the other hand, commercial operations have just become profitable and
practically feasible by the second decade of the twentieth century. First commercial
applications are made at food industry such as milk powder production. After that,
manufacturers are developed their designs and made spray dryers sophisticated to
accommodate heat-sensitive products, emulsions and mixtures. Reduction of
transportation expense by spray dryers at food and pharmaceutical industries, they

became more popular during World War Il. These improvements in spray drying led
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to developments in the technology that greatly expanded the range of products like

drugs and foods ingredients could be successfully spray dried [122].

Since early years, spray drying technology has developed tremendously and some of
the major achievements have been to divide the drying process into several stages
[123]. Integration of fluidized bed to the spray dryer provides to overcome problem

of fluidization of moist solids at the entrance.

2.5.3 Spray dryer types
2.5.3.1 Co-Current flow spray dryers

In a co-current dryer as seen in Figure 2.18, the hot air and fluid feed is entering the
dryer chamber in the same direction [124]. The co-current flow enables the particles
to have a lower residence time within the system, so heat-sensitive fluids are used
easily in this system and the particle separator (typically a cyclone device) operates
more efficiently.

Cocurrent
Alr
I

= Fluid
{Ato@he_r‘ T l

Atomizer

Figure 2.18 : Co-current flow spray dryer [121].

In the co-current flow system, spray evaporation is rapid, and the temperature of the
drying air is reduced rapidly by the vaporization of solvent such as water, acetic acid,

chloroform etc.
2.5.3.2 Counter current flow spray dryers

Counter-current spray dryers as seen in Figure 2.19, are used for the manufacture of

thermally stable powders, such as detergents, and the fluid feed and hot air flowing
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in opposite directions to each other into the drying chamber. Spray evaporation is
rapid, heat transfer is more efficient [125].
Countercurrent

0,

i

 htomine\

Figure 2.19 : Co-current flow spray dryer [121]

A counter-current dryer offers more rapid evaporation, efficient heat transfer and
more energy saving than a co-current design because the driest particles are in

contact with hottest air, this design is not suitable for heat-sensitive products.
2.5.3.3 Mixed flow spray dryers

The gas flows down and the feed sprays up, and then comes down with the gas in
mixed flow spray dryers (Figure 2.20). It allows for extra drying time, and
decreasing the overall spray dryer height required; on the contrary, large particle size

powders are produced by this way [121].

Mixed Flow

Figure 2.20 : Mixed flow spray dryer [121].

In the mixed flow systems, drying performance is not affected by product type or
amount as so-current and/or counter current flow systems. However, thermally stable
and resistant materials should be used due to the thermal degradation risk because the

driest particles are exposed to the highest gas temperatures.
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2.5.3.4 Open cycle spray dryers

In an open cycle spray dryer as seen in Figure 2.21, is the most commonly used
design. The drying air is drawn from the atmosphere, heated, sent to the drying
chamber and then exhausted to the atmosphere. In brief, it is an open system.

Heater

Wet
serubber

Cyclone

Feed
4

Guard

Bagfilter wet serubber

Drying

chamber )

Powder Electrostatic
precipitator

Figure 2.21 : Open-cycle spray dryer [126].
2.5.3.5 Closed cycle spray dryers

Nitrogen gas as an inert atmosphere is usually used as hot gas in a closed-cycle spray
dryers and nitrogen gas is circulated within the unit. Therefore, flammable organic
solvents can be used in the drying chamber and solvent recovery is provided by this

way.
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Figure 2.22 : Closed-cycle spray dryer [126].

This system facilitates easy production of a solid dispersion, which can enhance the
solubility and bioavailability of poorly water soluble solids. Figure 2.22 shows

schematic view of a closed cycle spray dryer.
2.5.3.6 Semi-closed cycle spray dryers

Semi-closed cycle dryer design is a hybrid configuration of both open and closed
cycle dryers and it is not air/inert gas tight. If odor is generated during drying, the
small volumes of air vented from the system can be effectively and economically
incinerated. Solvent recovery is also obtained, but less than closed system dryers.

Figure 2.23 shows schematic view of a semi-closed cycle spray dryer.
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Figure 2.23 : Semi-Closed-cycle spray dryer [126].

2.5.3.7 Single stage spray dryers

One-stage drying is defined as the spray drying process where the product is dried to
the final moisture content in the spray drying chamber, as shown in Figure 2.24. The
basic and the most used system is a single stage co-current spray dryer with rotary or

nozzle atomization.
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Figure 2.24 : Single stage spray dryer [127].
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2.5.3.8 Multi stage spray dryers

The multi stage drier consists of a spray drier with an external vibrating fluid bed
placed below the drying chamber. The product can be removed from the drying
chamber with a higher moisture content, and the final drying takes place in the
external fluid bed where the residence time of the product is longer and the
temperature of the drying air lower than in the spray dryer. Consequently the two
stage drying process was introduced which proved to be superior to the traditional
single stage drying in terms of product quality and cost of production. Figure 2.25

shows schematic view of a multi stage spray dryer.

Feed

' Drying
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Figure 2.25 : Multi stage spray dryer [127].
2.5.3.9 Vertical spray dryers

The air enters the spray dryer vertically through the air disperser at high velocity,
ensuring optimal mixing of the atomized droplets with the drying air. The
evaporation takes place instantaneously during the passage vertically down through
the drying chamber. In this first stage drying, the particles are not completely dried.

Vertical flow spray dryer is shown in Figure 2.26.
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Figure 2.26 : Vertical spray dryer [128].
2.5.3.10 Horizontal spray dryers

The horizontal type spray dryers are generally smaller than other dryers with the
same capacity. The high-pressure pump in liquid feed system brings the liquid up to
atomization pressure before the liquid is sprayed horizontal by a number of nozzles

into the drying chamber. Horizontal flow spray dryer is shown in Figure 2.27.
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Figure 2.27 : Horizontal spray dryer [129].
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3. EXPERIMENTAL STUDIES

3.1 Materials

Polycaprolactone (Sigma-Aldrich): It is used to produce microspheres in polymer
solutions. It is obtained from Sigma-Aldrich and number average molecular weight
(M) 10,000 g/mol and weight average molecular weight (M) 14,000 g/mol.

Polyethylene glycol (Sigma-Aldrich): PEG-6000 type polyethylene glycol is used in
polymer our studies and it is used to produce microspheres in solutions.

Chitosan (Sigma-Aldrich): Medium molecular weight type chitosan is used in

polymer solutions.

Casein (Sigma-Aldrich): Casein from bovine milk is used in our studies and it is used

to produce microspheres in polymer solutions.

Sodium Alginate (Sigma-Aldrich): Alginic acid sodium salt from brown algae is

used to produce microspheres in polymer solutions.

L-Ascorbic acid (Sigma-Aldrich, ACS reagent, >99%): L-Ascorbic acid is active

ingredient in the drug delivery system.

Acetic Acid (Merck, %100): Its mixture with formic acid is used to solve polymers

to prepare encapsulation mixtures.

Formic Acid (Merck, %98): Its mixture with acetic acid is used to solve polymers to

prepare encapsulation mixtures.

2,6-Dichloroindophenol sodium salt hydrate (Sigma-Aldrich): It (C12HsCl,NNaO,

xH,0) is a reagent for the titration of L-ascorbic acid.

Oxalic acid (Merck, %99): It is an organic compound with the formula H,C,0,4 and it
is a colorless crystalline solid that forms a colorless solution in water. It is used to

prepare stabilization solution to determine L-ascorbic acid in UV.
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Phosphate buffer solution (PBS) is a buffer solution commonly used in biological
research. It is a salty solution containing sodium phosphate, sodium chloride and
potassium phosphate. The buffer helps to maintain a constant pH.

0.1 M Acetic Acid PBS, pH 2.8: It is used for drug release fluid in our studies. To
prepare 0.1 M PBS at pH 2.8; 2.86 ml glacial acetic acid is dissolved in 350 ml
water. VVolume is completed to 0.5 L with 1 M HCl and 1 N NaOH is used to adjust
pH at 2.8.

0.1 M PBS, pH 7.4: It is used for drug release fluid in our studies. To prepare 0.1 M
PBS at pH 7.4; 0.26 g KH2PO4, 2.17 g Na;HPO,.7H,O and 8.71 g NaCl are
dissolved in 800 ml water. Volume is completed to 1 L with 1 M HCl and 1 N NaOH
is used to adjust pH at 7.4.

0.1 M NaHCO;3; PBS, pH 9.6: It is used for drug release fluid in our studies. To
prepare 0.1 M PBS at pH 9.6; 4.2 g NaHCOj3 is dissolved in 350 ml water. Volume is
completed to 0.5 L with 1 M HCl and 1 N NaOH is used to adjust pH at 9.6.

3.2 Equipments

3.2.1 Spray dryer

Yamato ADL 310 lab scale spray dryer (seen in Figure 3.1) to obtain microspheres.

Figure 3.1 : Yamato ADL 310 lab scale spray dryer [130].

52



Table 3.1 also shows specifications of Yamato ADL 310 type lab scale spray dryer
[130].

Table 3.1 : Specifications of spray dryer [130].

Evaporation Capacity Maximum 1300 ml/h
Temperature Control Range 40 °C - 200 °C

Dry Air Flow Rate Maximum 0.7 m*/min
Feed Flow Rate Maximum 28 ml/min
Spray Nozzle Only for Liquid and Air

3.2.2 Particle size analyzer

Malvern Mastersizer 2000 is used to obtain particle size diameter and its distribution.
Two procedures are involved in measuring a sample on the Mastersizer; first, as
shown in Figure 3.2, there is the capturing of the scattering pattern from the sample

by optical unit and this is known as the “measurement” [131].
’ Diffracted f Scattered Inaoe
Farticle Group

o0 Condensing Lens

Laser Light Source 2%0"

Backward Scattered
Light Sensor

Detecting Plane
Side Scattered Light Sensar

Figure 3.2 : Basic Optical System of a Laser Diffraction Particle Size Analyzer
[131].

The detector within the optical unit is made up of many individual detectors. Each
detector is collect the light scattering from a particular range of angles. Second, once
the Malvern software is used to analyze the measurement which is completed in the

first stage and the raw data contained.

3.2.3 Scanning electron microscopy

Scanning Electron Microscopy (SEM, Model: Jeol, JSM-6390 LV) is used to obtain
morphological structures of microspheres. SEM (in Figure 3.3) uses a focused beam

of high-energy electrons to generate a variety of signals at the surface of solid
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specimens [132]. The signals that derive from electron-sample interactions reveal
information about the sample including external morphology (texture), chemical
composition, and crystalline structure and orientation of materials making up the

sample. Particle diameters and the morphology are determined by this way.
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Figure 3.3 : Schematic drawing of SEM [132].
3.2.4 Thermogravimetric analysis

Thermogravimetric analysis or thermal gravimetric analysis (TGA, Perkin-Elmer
Diamond TG/DTA) is used to analyze microsphere structure. Thermogravimetric
Analysis is a technigue in which the mass of a substance is monitored as a function
of temperature or time as the sample specimen is subjected to a controlled
temperature program in a controlled atmosphere [133]. Figure 3.4 shows a typical

TGA instrument schematic view.
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Figure 3.4 : Schematic of a typical TGA [133].

In our study, the microsphere sample is placed in furnace and it is burned in the N,
atmosphere without O, with the ramp 30 °C/min up to 800 °C. TGA scan is obtained

from the measurement to determine decomposition temperature and char yield.

3.2.5 Ultraviolet analysis

Ultraviolet Analysis (UV, Model: UV Mini 1240 SHIMADZU, Single Beam) is used

to determine drug encapsulation efficiency and drug release ratios.

______ shutter
source A2 3 open
o O closed

monochromator

processor

Figure 3.5 : Schematic diagram of a fixed-wavelength single-beam
spectrophotometer [134].
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The simplest spectrophotometer is a single-beam instrument equipped with a fixed-
wavelength monochromator as seen in Figure 3.5 [134]. The instrument is calibrated
to 0% T while using a shutter to block the source radiation from the detector. After
opening the shutter, the instrument is calibrated to 100% T using an appropriate
blank. The blank is then replaced with the sample and its transmittance measured.

3.2.6 Other equipments
Other equipments that are used in our studies are listed below:

e Magnetic stirrer, Ikamag RH

e QOven, Binder

e Heater, Ikamag RCT Classic

® Analytical balance, And, Gr-200
e Shaking water bath, Juloba SW 22
e pH meter, Inolab WTW

3.3 Methods

3.3.1 Preparation of polymer mixture

PCL+PEG+CH, PCL+PEG+CS, and PCL+PEG+SA polymer mixture solutions are
prepared by acetic acid-formic acid solutions with 3:7 (v/v) ratios for ~24 h,
followed by a filtration step (1.5 um; 934 AH® Binderless Glass Microfiber Filter
Media). The value of 3:7 (v/v) acetic acid:formic acid is determined by previous
studies [26, 135, 136]. Polymer amounts are 10 wt% and mixtures are prepared by
1:1:1 (wt/wt/wt) ratio.

3.3.2 L-Ascorbic acid determination procedure

L-ascorbic acid determination procedure is based on the 2,6-dichloroindophenol
sodium salt titration method [137]. Firstly, 100 mg L-ascorbic acid is dissolved in
100 ml, 0.4 wt% oxalic acid stabilizer solution to determine calibration curve. The
stock L-ascorbic acid solution is treated by 2,6-dichloroindophenol sodium salt. The
method of quantitative determination is based on selective oxidation of L-ascorbic

acid to dehydroascorbic acid with 2,6-diclorphenolindophenol as seen in Figure 3.6.
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Figure 3.6 : L-ascorbic acid reduction by the oxidized dye the 2,6-
dichloroindophenol [138].

Oxidized different L-ascorbic acid stock solutions with the 2,6-dichloroindophenol
are analyzed by UV at 518 nm. On the other hand, standard blind solutions are
prepared and absorbance values of 2,6-diclorphenolindophenol solutions are also
determined at 518 nm. Absorbance values between L-ascorbic acid stock solutions
and 2,6-diclorphenolindophenol solutions are subtracted and calibration curve are

prepared. Figure 3.7 shows calibration curves of L-ascorbic acid solutions at 518 nm.
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Figure 3.7 : Calibration curve of L-ascorbic acid solutions.

3.3.3 Drying studies

Although in industrial spray drying processes, dispersions with high solid
concentration are recommended (>30%) to reduce the costs and increasing drying
efficiency, in this study dispersions with low concentration of total solids are selected
in order to avoid obstruction of the pneumatic nozzle when using blends with the

highest concentration of gum [139].

S7



Polymer solutions are fed to spray dryer (Yamato ADL 310 lab scale spray dryer) by
a peristaltic pump and first of all, best drying conditions are determined by changing
drying temperature (120 °C, 135 °C, and 150 °C) and feed flow rate (3 mL/min, 6
mL/min, and 9 mL/min). Atomizer pressure is constant at 1 barg. Drying efficiency
is calculated by Equation 3:1:

Dried particle amount

Microsphere Ef ficiency wt% = x100 (3.2)

Total polymer amount in mixture

3.3.4 Drug encapsulation studies

Particle diameter and particle size distribution are determined and L-ascorbic acid in
different weight ratios are loaded to the microspheres that have the lowest particle
diameter. L-ascorbic acid loading studies are done by indirect loading (pH 7.0) of
drug to microspheres at 25 °C and 200 rpm. L-ascorbic acid solutions are 5 wt%, 10
wt%, and 15 wt%, respectively. Encapsulation efficiency is calculated by Equation
3:2[22]:

Final L—ascorbic acid amounts

Encapsulation ef ficiency % = x100 (3.2)

Initial L—ascorbic acid amounts

Liquid phase is analyzed by UV at 518 nm to calculate Equation 3:2 [140].

3.3.5 Drug release studies

Calculations in drug release step of the study are also performed by UV. 0.5 mg
blend/1 mL release medium with different pH PBS solutions (pH 2.8, 7.4, and 9.6)
ratio is used. Polymeric drug is dispersed in the release medium and incubation

occurred at 25 °C with shaking. Drug release is calculated by Equation 3:3 [22].
Drug release % = %xmo (3.3)

where;

C(t) refers to drug amount in any time and C(0) to drug amount at t=0.
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4. RESULTS AND DISCUSSIONS

4.1 PCL+PEG+CH Encapsulation Systems

Yields and particle size distributions with standard deviation are shown for all
studies in Figure 4.1 and Figure 4.2, respectively. Due to the Figure 4.2, Metasizer
analyses are done 3 times and particle diameter distribution is determined by
standard deviation of the results. Final values demonstrate particle size (um) with
standard mean of PCL-PEG-CH microspheres. Figure 4.1 determines that drying
efficiency increase by decreasing of flow rates at 120 °C and 135 °C; on the contrary
drying efficiency increase by increasing of flow rate at 150 °C. The reason of these
results is that increasing drying temperature resulted in agglomeration of polymer
mixture, so contact time with polymer mixture and drying temperature had
adversely effect on diameter distribution [22]. Due to these results, 120 °C and 3
ml/min are the best drying conditions because of the lowest particle diameter with

19,143+0,023 pum and highest surface area with 0.897 m%/g surface area in this study.

000D 1

Yield (wt¥)

3 & L]
Flow rate [ml/min])

Figure 4.1 : Yield (wt%) at different drying temperature (°C) and flow rates
(ml/min).
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Figure 4.2 : Particle diameter (um) with standard deviations at different drying
temperature (°C) and flow rates (ml/min).

SEM micrographs are shown in Figure 4.3 for 120 °C-3 ml/min, 135 °C-3 ml/min,
and 150 °C-9 ml/min. It is easily seen that agglomeration increases by increasing of
drying temperature. Porous structure of microsphere is also easily shown in all SEM
micrographs. This porous structure is an advantage because drug loading capacity of

porous spheres is higher than other spherical structures [16].

10kV X(WD 2um 0000 103088

()

Figure 4.3 : SEM micrographs (a) 120 °C, 3 ml/min; (b) 135 °C-3 ml/min; (c) 150
°C, 9 ml/min.
The sample is placed in furnace and it is burned in the N, atmosphere without O,
with the ramp 30 °C/min up to 800 °C. TGA scan is obtained from the measurement
to determine decomposition temperature and char yield. TGA curves for PCL-PEG-
CH bio-blend and L-ascorbic acid loaded bio-blend are shown in Figure 4.4 and

Figure 4.5, respectively.
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Figure 4.4 : TGA of PCL-PEG-CH microsphere at 120 °C, 3 ml/min.

It is easily seen that TGA curves in Figure 4.4 and Figure 4.5 are blends because
thermal degradation curves goes down step by step. Figure 4 illustrates PCL-PEG-
CH blend thermal degradation and it begins about 300 °C with CH degradation,
following at 350 °C with PCL degradation and finalized at 400 °C with PEG-6000
degradation. L-ascorbic acid (Figure 4.5) shows that the decomposition starts at
around 190 °C. Four thermal degradation steps are identified and allocated to the L-

ascorbic acid and polymer fractions, respectively, based on the TGA curves.
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Figure 4.5 : TGA curve of L-ascorbic acid loaded microsphere.

Drug release studies are performed under three different L-ascorbic acid
concentrations (5 wt%, 10 wt%, and 15 wt%) with different loading time and PCL-
PEG-CH particle amounts. Microsphere obtained at 120 °C and 3 ml/min is used
in drug loading studies because this microsphere had the lowest particle diameter
and also best distributed particles due to the Metasizer analyses (see also in Figure
4.1 and 4.2). Results are shown in Figure 4.6 and Figure 4.7 for effects of loading
time and effects of particle amount, respectively. All measurements are carried in

triplicate and values are presented as the mean + standard deviation (SD).
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Figure 4.6 : Effects of drug loading time for L-ascorbic acid on PCL-PEG-CH.
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Figure 4.7 : Effects of particle amount for L-ascorbic acid loading on PCL-PEG-CH.

Drug loading experiments are carried out at 25 °C and 200 rpm and Figure 4.6
demonstrates that L-ascorbic acid concentrations are rapidly increased in 2 h and
stabilized from 2 h to 4 h. We achieved significant results in this part and L-ascorbic
acid loading is 99.13 wt% due to UV results. SD values are calculated +3.0, +2.0 and
+1.0 for drug loading environment at 5 wt%, 10 wt% and 15 wt% L-ascorbic acid

solutions, respectively.
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We also determined the effects of particle amount on drug loading efficiency
by changing particle amounts from 0.5 mg to 2 mg by increasing of 0.5. Results are
showed in Figure 4.7. 0.5 mg PCL-PEG-CH in 15 wt% L-ascorbic acid experiment is
the most effective study. We also revealed that increasing particle amount decreased
drug loading efficiency. The explanation of the result is that increasing particle
amount concluded agglomeration of microspheres, so particle surface area is
decreased and it affected drug loading efficiency in bad direction. SD values are
calculated +3.0, £2.0 and +1.0 for drug loading environment at 5 wt%, 10 wt% and
15 wt% L-ascorbic acid solutions, respectively.

Drug release studies are performed for the most loaded microsphere obtained in 15
wt% L-ascorbic acid solution by 0.5 mg particle amount. Drug release studies are
obtained at three different release medium by changing pH from 2.8 to 9.6 and result

are shown in Figure 4.8.

100

—p=pH 2.8
=W=pH 7.4

pH 9.6

Drug Release Efficiecny (wisd)
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Figure 4.8 : Drug release studies at different release mediums in 8 hours.

We achieved peak release points in just 2 hours in release mediums and Figure 4.8
also illustrated that decreasing pH increased drug release efficiency. Drug loaded
microspheres contains PCL-PEG-CH bio-based polymers and particularly interaction
of PCL and CH in acidic medium is better than higher pH values [141]. By this way,

L-ascorbic acid release remarkably increased in pH 2.8 (max. 93.18%) as shown in
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the figure above. SD values are calculated +£3.0, £2.0 and +£3.0 for drug loading

environment at pH 2.8, pH 7.4 and pH 9.6 release mediums, respectively.

To describe drug release mechanism more precisely, there is a more comprehensive
but still very simple semi-empirical formulations, called zero order Kinetics,
first order kinetics, Higuchi, Hixson-Cromwell, and the Korsmeyer-Peppas power
law [142, 143]. Thus, the drug release data are fitted to these kinetic models to
analyze the release kinetics and the mechanism from the polymeric drugs. Based on
the best correlation coefficient values, the most appropriate model is selected to
explain the release behavior of the drug. Drug release kinetics are illustrated with
different kinetic models at pH 2.8, pH 7.4, pH 9.6 as seen in Figure 4.9, Figure 4.10,
and Figure 4.11, respectively. The values of the release exponent (n), Kinetic rate
constant (k) and the correlation coefficient (R?) are tabulated in the Table 4.1. L-
ascorbic acid release from microparticles exhibits very high correlation with the
Korsmeyer—Peppas semi empirical model, with R®> > 0.98. The values of “n”
determined by the Korsmeyer—Peppas semi empirical model, ranged from 1.0008 to
1.2475 as tabulated in the Table 4.1. The results indicate that the formulations exhibit
super case-Il transport mechanism (n>0.85), so the drug release is governed by non-
Fickian diffusion, the dominant mechanism for drug transport is due to polymer

relaxation as the gels swells [144].
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Figure 4.9 : L-ascorbic acid release kinetics at pH 2.8 with different models from the PCL-PEG-CH microspheres (a) Zero-order (b) First-order
(c) Higuchi (d) Hixson-Cromwell (e) Korsmeyer-Peppas.
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Figure 4.10 : L-ascorbic acid release kinetics at pH 7.4 with different models from the PCL-PEG-CH microspheres (a) Zero-order (b) First-order
(c) Higuchi (d) Hixson-Cromwell (e) Korsmeyer-Peppas.
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Figure 4.11 : L-ascorbic acid release kinetics at pH 9.6 with different models from the PCL-PEG-CH microspheres (a) Zero-order (b) First-order
(c) Higuchi (d) Hixson-Cromwell (e) Korsmeyer-Peppas.
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Table 4.1 : Kinetic parameters of L-ascorbic acid release from the PCL-PEG-CH.

Zero-order First-order Higuchi Hixson-Crowell Korsmeyer-Peppas
H k kq Ky Ky Kip
: (mi:rl) R (min™) R (min™?) R (minc'l) R " R (min™)
2.8 | 0.0714 | 0.9248 0.0046 0.9351 2.2771 0.8710 | 0.0037 | 0.9346 1.0008 0.9821 0.0082
7.4 | 01169 | 0.9937 0.0037 0.9306 3.8521 0.9996 | 0.0038 | 0.9585 1.1577 0.9973 0.0037
9.6 | 0.1293 0.9859 0.0024 0.9411 4.2692 0.9956 0.003 0.9597 1.2475 0.9896 0.0019
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4.2. PCL+PEG+CS Encapsulation Systems

Yield and particle size distribution with standard deviation are shown for all studies
in Figure 4.12 and Figure 4.13, respectively. Due to the Figure 4.13, Mastersizer
analyses are done 3 times and particle diameter distribution is determined by
standard deviation of the results. Final values demonstrate particle size (um) with
standard deviation of PCL-PEG-CS microspheres. Figure 4.12 determines that drying
efficiency increase by decreasing of flow rates at 120 °C, 135 °C and 150 °C. The
cause of these results are that increasing drying temperature resulted in
agglomeration of polymer mixture, so contact time with polymer mixture and drying
temperature had adversely effect on diameter distribution [145]. Due to these results,
135°C and 3 ml/min are the best drying conditions because the lowest particle
diameter and highest surface area are also obtained with 27.540+0.656 um particle
size with 0.512 m?/g surface area in this study. The yields from spray drying have
also been significantly decreased at higher flow rates due to the less contact time
with hot drying air [146].
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Figure 4.12 : Yield (wt%) at different drying temperature (°C) and flow rates
(ml/min).

Figure 4.12 shows the tendency of the yield to be higher when the spray rate was
low. Additionally, particle size diameters are increased at higher spray rates as seen
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in Figure 4.13. It is revealed that we have to avoid higher spray rates because of its

reverse effect on encapsulation material.
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Figure 4.13 : Particle diameter (um) with standard deviations at different drying
temperature (°C) and flow rates (ml/min).

SEM micrographs are shown in Figure 4.14 for PCL-PEH-CS microsphere obtained
at 135 °C and 3 ml/min.
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Figure 4.14 : SEM micrographs of PCL-PEH-CS microsphere (a) 5,000X; (b)
9,000X; (c) 10,000X.

Observing the external morphology, particles show a porous and spherical-like shape
and various sizes with no apparent cracks or fissures, which is an advantage, since it
implies that capsules have higher surface area and permeable for active ingredient
(L-ascorbic acid). The variety in size is a typical characteristic of particles produced
by spray drying. However, we can say that particles are distributed homogeneously
as seen in Figure 4.14. The mixtures of different wall materials are influenced on
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microparticles morphology [147, 148]. As well, the picture shows that there are no

agglomeration and adherence between microspheres during drying process.

TGA curve for PCL-PEG-CS bio-blend is shown in Figure 4.15. The sample is
placed in furnace and it is burned in the N, atmosphere without O, with the ramp 30
°C/min up to 800 °C. TGA scan is obtained from the measurement to determine
decomposition temperature and char yield.

When heating a ternary blend (PCL-PEG-CS), three well-separated peaks are
obtained on the TGA thermogram as shown in Figure 4.15. Customarily, the peak
temperatures are referred to the degradation temperatures of the blending
components [149]. Figure 4.15 shows encapsulation material thermal degradation
and it begins about 200 °C with CS degradation, following at 350 °C with PCL
degradation and finalized at 400 °C with PEG-6000 degradation.
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Figure 4.15 : TGA of PCL-PEG-CS microsphere obtained at 135 °C, 3 ml/min.

Drug encapsulation studies are performed under three different L-ascorbic acid
concentrations (5 wt%, 10 wt%, and 15 wt%) at pH 7.0 with different loading time
and PCL-PEG-CS particle amounts. It is expected that encapsulation efficiency of a
drug changes depending on structures of the microspheres [150]. Particle diameter

also affects the encapsulation efficiency. Drug-encapsulated amount depends on
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surface area of the microspheres. Microsphere obtained at 135 °C and 3 ml/min is
used in drug loading studies because this microsphere had the lowest particle
diameter and also best distributed particles due to the Mastersizer analyses (see
also in Figure 4.12 and 4.13). Figure 4.16 and Figure 4.17 indicate that how much L-
ascorbic acid is encapsulated due to the time and particle amount, respectively. All
measurements are carried in triplicate and values are presented as the

mean + standard deviation (SD).

Figure 5 shows drug absorbance is achieved peak value (84.05% loading efficiency)
in one hour; thereafter it is smoothly decreased in all L-ascorbic acid solutions. SD
values are calculated +4.0, £2.5 and +1.5 for drug loading environment at 5 wt%, 10

wit% and 15 wt% L-ascorbic acid solutions, respectively.
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Figure 4.16 : Effects of drug loading time on encapsulation of L-ascorbic acid.

Although there is no significant difference, Figure 6 indicates that the encapsulation
efficiency tended to increase from 0.5 to 2.0 mg particle/mL L-ascorbic acid
solution. On the contrary, increasing weight percent of L-ascorbic acid in solution
significantly increased loading rates. It changes from 49.93% to 84.05% by PCL-
PEG-CS microsphere amounts from 0.5 to 2.0 mg particle/mL solution. It is also
facts that low diameter and well distributed structure of microspheres are reasons to
gain high L-ascorbic acid loading values [151]. Thus, when highly water-soluble

drugs, such as L-ascorbic acid, are encapsulated using ternary polymer blends, %
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encapsulations achieved are expectably high. SD values are calculated +5.0, +2.9 and
+1.5 for drug loading environment at 5 wt%, 10 wt% and 15 wt% L-ascorbic acid
solutions, respectively.

In-vitro release profiles of L-ascorbic acid from the microspheres produced by PCL-
PEG-CS are shown in Figure 4.18. Experimental uncertainties in the % drug

released, based on three replicates, are approximately changed from 3.4% to 5.7%.
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Figure 4.17 : Effects of particle amount on encapsulation of L-ascorbic acid.
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Figure 4.18 : L-ascorbic acid release with different pH mediums in 8 hours.
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The % drug release initially in 2 h is 17.21 + 3.36 at pH 2.8, 13.84 + 3.50 at pH 7.4
and 33.39 £ 5.7 at pH 9.6. Maximum drug release ratio achieved in 6 h is 68.21 + 5.7
at pH 9.6. The results indicate that L-ascorbic acid in the bioblend based
microspheres are easily degraded higher pH values particularly at basic scale.
Previous studies are showed that casein is soluble at basic pH values because of this
reason L-ascorbic acid release are more effective at pH 9.6 [152]. In additionally,
since CS degraded L-ascorbic acid release is increased, it also indicates CS and L-
ascorbic acid interaction is stronger than PCL and PEG. Due to the previous studies,
our experiments showed that results are very encouraging particularly with high drug
release ratio for a new L-ascorbic acid delivery drugs by PCL-PEG-CS microsphere
[153-155].

To describe drug release mechanism more precisely, there is a more comprehensive
but still very simple semi-empirical formulations, called zero order Kinetics,
first order kinetics, Higuchi, Hixson-Cromwell, and the Korsmeyer-Peppas power
law [142, 143]. Thus, the drug release data are fitted to these kinetic models to
analyze the release kinetics and the mechanism from the polymeric drugs. Based on
the best correlation coefficient values, the most appropriate model is selected to
explain the release behavior of the drug. Drug release kinetics are illustrated with
different kinetic models at pH 2.8, pH 7.4, pH 9.6 as seen in Figure 4.19, Figure
4.20, and Figure 4.21, respectively. The values of the release exponent (n), Kinetic
rate constant (k) and the correlation coefficient (R?) are tabulated in the Table 4.2. L-
ascorbic acid release from microparticles exhibits high correlation with the
Korsmeyer—Peppas semi empirical model, with R*> > 0.94. The values of “n”
determined by the Korsmeyer—Peppas semi empirical model, ranged from 0.259 to
0.553 as tabulated in the Table 4.2. The results indicate that the formulations at pH
2.8 and pH 7.4 exhibit Fick diffusion mechanism (n<0.5), so the drug release
is governed by diffusion. The formulation at pH 9.6 exhibits anomalous transport
(i.e non-Fickian diffusion mechanism), so the drug release is governed by both

diffusion of the drug and dissolution of the polymeric network [143].
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Figure 4.19 : L-ascorbic acid release kinetics at pH 2.8 with different models from the PCL-PEG-CS microspheres (a) Zero-order (b) First-order
(c) Higuchi (d) Hixson-Cromwell (e) Korsmeyer-Peppas.
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Figure 4.20 : L-ascorbic acid release kinetics at pH 7.4 with different models from the PCL-PEG-CS microspheres (a) Zero-order (b) First-order
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Figure 4.21 : L-ascorbic acid release kinetics at pH 9.6 with different models from the PCL-PEG-CS microspheres (a) Zero-order (b) First-order
(c) Higuchi (d) Hixson-Cromwell (e) Korsmeyer-Peppas.
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Table 4.2 : Kinetic parameters of L-ascorbic acid release from the PCL-PEG-CS.

Zero-order First-order Higuchi Hixson-Crowell Korsmeyer-Peppas
H k kq Ky Ky Kip
p (mi:rl) i (min™) i (min™?) R (minc'l) R " i (min™)
2.8 | 0.0204 | 0.9209 0.0003 0.9210 0.6767 0.9396 | 0.0004 | 0.9210 0.2588 0.9471 0.0493
7.4 | 0.0376 | 0.9588 0.0005 0.9607 1.2403 0.9682 | 0.0007 | 0.9601 0.4960 0.9733 0.0127
9.6 | 0.1014 0.8866 0.0022 0.9107 3.4266 0.9371 0.0026 0.9044 0.5526 0.9586 0.0246

79



4.3 PCL+PEG+SA Encapsulation Systems

As the last part of the study, yield of PCL-PEG-SA experiments is shown in Figure
4.22. Peak points are shown at 3 ml/min, 9 ml/min, and 6 ml/min flow rates at 120
°C, 135 °C, and 150 °C, respectively. It seems low flow rate is more effective at low
drying temperature; on the other hand, flow rate is increased efficiency is decreased.
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Figure 4.22 : Yield (wt%) at different drying temperature (°C) and flow rates
(ml/min).
Figure 4.23 shows particle distribution with standard deviations for PCL-PEG-SA
studies and the lowest particle diameter and the highest surface area are obtained at
120 °C and 9 ml/min drying conditions with 37.92420.416 um particle size with
0.461 m*g surface area. Although microparticle yield is low at higher flow rates,
particle diameter is getting decreased significantly due to the less contact time with

hot drying air.
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Figure 4.23 : Particle diameter (um) with standard deviations at different drying
temperature (°C) and flow rates (ml/min).

SEM micrographs are shown in Figure 4.24 for PCL-PEH-SA microsphere obtained
at 120 °C and 9 ml/min.

R0 i)

Figure 4.24 : SEM micrographs of PCL-PEH-SA microsphere (a) 5,000X; (b)
12,000X; (c) 7,000X.

Observing the external morphology, particles show a porous and spherical shape and
various sizes with no apparent cracks or fissures, which is an advantage, since it
implies that capsules have higher surface area and permeable for active ingredient
(L-ascorbic acid). The mixtures of different wall materials are influenced on
microparticles morphology. As well, the picture shows that there are no
agglomeration and adherence between microspheres during drying process.
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TGA curve for PCL-PEG-SA microspheres is shown in Figure 4.25. The sample is
placed in furnace and it is burned in the N, atmosphere without O, with the ramp 30
°C/min up to 800 °C. TGA scan is obtained from the measurement to determine

decomposition temperature and char yield.

When heating a ternary blend (PCL-PEG-SA), three well-separated peaks are
obtained on the TGA thermogram as shown in Figure 4.25. Customarily, the peak
temperatures are referred to the degradation temperatures of the blending
components. Figure 4.25 shows encapsulation material thermal degradation and it
begins around 180-200 °C with SA degradation, following at 350 °C with PCL
degradation and finalized at 400 °C with PEG-6000 degradation.
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Figure 4.25 : TGA of PCL-PEG-SA microsphere obtained at 120 °C, 9 ml/min.

Drug encapsulation studies are performed under three different L-ascorbic acid
concentrations (5 wt%, 10 wt%, and 15 wt%) at pH 7.0 with different loading time
and PCL-PEG-SA particle amounts. It is expected that encapsulation efficiency of a
drug changes depending on structures of the microspheres. Particle diameter also
affects the encapsulation efficiency. Drug-encapsulated amount depends on surface

area of the microspheres. Microsphere obtained at 120 °C and 9 ml/min is used in
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drug loading studies because this microsphere had the lowest particle diameter and
also best distributed particles due to the Mastersizer analyses (see also in Figure 4.22
and Figure 4.23). Figure 4.26 and Figure 4.27 indicate that how much L-ascorbic
acid is encapsulated due to the time and particle amount, respectively. All
measurements are carried in triplicate and values are presented as the

mean + standard deviation (SD).

Figure 4.26 shows drug absorbance is achieved peak value (82.57% loading
efficiency) in one hour; thereafter it is smoothly decreased in all L-ascorbic acid
solutions. SD values are calculated +5.4, +4.7 and +£2.7 for drug loading environment
at 5 wt%, 10 wt% and 15 wt% L-ascorbic acid solutions, respectively.
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Figure 4.26 : Effects of drug loading time on encapsulation of L-ascorbic acid.

Although there is no significant difference, Figure 4.27 indicates that the
encapsulation efficiency tended to increase from 0.5 to 2.0 mg particle/mL L-
ascorbic acid solution. On the contrary, increasing weight percent of L-ascorbic acid
in solution significantly increased loading rates. It changes from 43.26% to 82.57%
by PCL-PEG-SA microsphere amounts from 0.5 to 2.0 mg particle/mL solution. It is
also facts that low diameter and well distributed structure of microspheres are
reasons to gain high L-ascorbic acid loading values. Thus, when highly water-
soluble drugs, such as L-ascorbic acid, are encapsulated using ternary polymer

mixtures, % encapsulations achieved are expectably high. SD values are calculated
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+5.4, +7.8 and +5.5 for drug loading environment at 5 wt%, 10 wt% and 15 wt% L-

ascorbic acid solutions, respectively.
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Figure 4.27 : Effects of particle amount on encapsulation of L-ascorbic acid.

In-vitro release profiles of L-ascorbic acid from the microspheres produced by PCL-
PEG-SA are shown in Figure 4.28. Experimental uncertainties in the % drug

released, based on three replicates, are approximately changed from 1.4% to 4.4%.

The % drug release initially in 2 h is 5.00 + 4.35 at pH 2.8, 11.00 + 3.23 at pH 7.4
and 6.76 + 1.41 at pH 9.6. Maximum drug release ratio achieved in 6 h is 34.27 +
1.41 at pH 7.4. The results indicate that L-ascorbic acid in the PCL-PEG-SA
microspheres are easily degraded nearly neutral pH values. Previous studies are
showed that SA is soluble at neutral pH values because of this reason L-ascorbic acid
release are more effective at pH 7.4. In additionally, since SA degraded L-ascorbic
acid release is increased, it also indicates SA and L-ascorbic acid interaction is
stronger than PCL and PEG. Due to the previous studies, our experiments showed
that results are very encouraging particularly with high drug release ratio for a new
L-ascorbic acid delivery drugs by PCL-PEG-CS based blends.
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Figure 4.28 : L-ascorbic acid release with different pH mediums in 8 hours.

To describe drug release mechanism more precisely, there is a more comprehensive
but still very simple semi-empirical formulations, called zero order Kinetics,
first order kinetics, Higuchi, Hixson-Cromwell, and the Korsmeyer-Peppas power
law [142, 143]. Thus, the drug release data are fitted to these kinetic models to
analyze the release kinetics and the mechanism from the polymeric drugs. Based on
the best correlation coefficient values, the most appropriate model is selected to
explain the release behavior of the drug. Drug release kinetics are illustrated with
different Kinetic models at pH 2.8, pH 7.4, pH 9.6 as seen in Figure 4.29, Figure
4.30, and Figure 4.31, respectively. The values of the release exponent (n), Kinetic
rate constant (k) and the correlation coefficient (R?) are tabulated in the Table 3.3. L-
ascorbic acid release from microparticles exhibits high correlation with the
Korsmeyer—Peppas semi empirical model, with R?> > 0.82. The values of “n”
determined by the Korsmeyer—Peppas semi empirical model, ranged from 0.8152 to
1.1075 as tabulated in the Table 4.3. The results indicate that the formulations at pH
2.8 and pH 9.6 exhibit super case-Il transport mechanism (n>0.85), so the drug
release is governed by non-Fickian diffusion, the dominant mechanism for drug
transport is due to polymer relaxation as the gels swells [144]. On the other hand, the
formulation at pH 7.4 exhibits anomalous transport, so the drug release is governed

by both diffusion of the drug and dissolution of the polymeric network [143].
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Figure 4.29 : L-ascorbic acid release kinetics at pH 2.8 with different models from the PCL-PEG-SA microspheres (a) Zero-order (b) First-order
(c) Higuchi (d) Hixson-Cromwell (e) Korsmeyer-Peppas.
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Figure 4.30 : L-ascorbic acid release kinetics at pH 7.4 with different models from the PCL-PEG-SA microspheres (a) Zero-order (b) First-order
(c) Higuchi (d) Hixson-Cromwell (e) Korsmeyer-Peppas.
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Figure 4.31 : L-ascorbic acid release kinetics at pH 9.6 with different models from the PCL-PEG-SA microspheres (a) Zero-order (b) First-order

(c) Higuchi (d) Hixson-Cromwell (e) Korsmeyer-Peppas.
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Table 4.3 : Kinetic parameters of L-ascorbic acid release from the PCL-PEG-SA.

Zero-order First-order Higuchi Hixson-Crowell Korsmeyer-Peppas
H k kq Ky Ky Kip
: (mi:rl) R (min™) R (min™?) R (minc'l) R " R (min™)
2.8 | 0.0466 | 0.8027 0.0005 0.8033 1.5917 0.8680 | 0.0008 | 0.8032 1.1075 0.9042 0.0003
7.4 | 0.0602 | 0.7802 0.0008 0.7599 2.0324 0.8231 | 0.0011 | 0.7670 0.8152 0.9090 0.0023
9.6 | 0.0416 0.6104 0.0005 0.5888 1.448 0.6860 0.0007 0.5963 0.8923 0.8289 0.0011
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5. CONCLUSIONS AND RECOMMENDATIONS

It is always a fact that the encapsulation efficiency, loading capacity, and drug
release behavior are the most important issues for drug delivery systems. We suggest
an alternative solution to solve the problems and these are using spray dryer to
reduce particle diameter, to obtain narrow particle size distribution and to produce
blends made by ternary polymer mixture to get best performance from the
encapsulation material. In the core of the study, encapsulation materials are changed
and effects on loading, release and release behavior are investigated.

To make a clear comparison of all experimental results, different parts of the study is
listed below. Table 5.1 shows drying results and differences between PCL-PEG-CH,
PCL-PEG-CS, and PCL-PEG-SA microspheres.

Table 5.1 : Comparison of drying studies.

Temperature Flow rate Particle Size  Surface  Efficiency

(°C) (ml/min) (um) Area (m?)  (wt%)
PCL-PEG-CH 120 3 19.143+0.023 0.897 54.73
PCL-PEG-CS 135 3 27.540+0.656 0.512 41.42
PCL-PEG-SA 120 9 37.924+0.416 0.416 30.10

Due to the Table 5.1, using of PCL-PEG-CH polymer mixture in a spray dryer is
more effective to produce microspheres. Low particle size and high surface area is
one of the most important features for an encapsulation material and PCL-PEG-CH
microspheres are more advantageous than PCL-PEG-CS and PCL-PEG-SA
microspheres. On the other hand, low agglomeration and loss in drying chamber of
PCL-PEG-CH microspheres result in higher efficiency than PCL-PEG-CS and PCL-
PEG-SA microspheres.
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Table 5.2 indicates differences on drug loading studies for three different

encapsulation materials.

Table 5.2 : Comparison of drug loading studies.

. - Efficiency Loading Rate
Operating Conditions (Wt%) (mg/ml)
PCL-PEG-CH 25 °C, 200 rpm, 2h 99.13+1.00 0.5/1.0
PCL-PEG-CS 25 °C, 200 rpm, 1h 84.05+1.50 1.0/1.0
PCL-PEG-SA 25 °C, 200 rpm, 1h 82.57+2.68 0.5/1.0

L-ascorbic acid loading has reached saturation point about 1 hour for PCL-PEG-CS
and PCL-PEG-SA microspheres; besides, it is a little bit longer (2 hours) for PCL-
PEG-CH. After peak points, loading rates of L-ascorbic acid is stabilized for all
microspheres because loading capacity of microspheres are reached. On the other
hand, because of the lowest particle size and the highest surface area, L-ascorbic acid
loading ratio is higher in PCL-PEG-CH microsphere than the others. Furthermore,
highly porous structure of chitosan polymer provides high loading rates for PCL-
PEG-CH microspheres. By this feature of PCL-PEG-CH microspheres, it also

reduces loading rates for per microsphere to drug solution.

Table 5.3 : Comparison of drug release studies.

Efficiency (wt%) Time (h)
pH 2.8: 93.18+£3.0 2
PCL-PEG-CH pH 7.4: 85.11£2.0 2
pH 9.6: 67.71+3.0 2
pH 2.8: 23.68+3.36 6
PCL-PEG-CS pH 7.4: 26.62+3.50 8
pH 9.6: 68.92+5.70 8
pH 2.8:22.91+4.35 6
PCL-PEG-SA pH 7.4:34.2743.23 6
pH 9.6: 26.49+1.41 6
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Drug release rates differences between microspheres and release mediums are listed
in Table 5.3 and also in Figure 5.1. Results showed that drug release rates can be
easily adjusted by changing structure of encapsulation material. The residence time
of L-ascorbic acid drug in body depends on dissolution of the polymeric network and
we achieved different drug residence time by changing encapsulation materials.
Increasing of dissolution of encapsulation materials increased drug release rates into
the release mediums. By this way, L-ascorbic acid release rates and release medium

are manipulated.
Table 5.4 simulates n values and drug release behavior of microspheres.

Table 5.4 : Comparison of release kinetics and release behaviors.

"n" value Release Behavior
pH 2.8: 1.0008 Super Case-11 Transport
PCL-PEG-CH pH 7.4:1.1577 Super Case-Il Transport
pH 9.6: 1.2475 Super Case-Il Transport
pH 2.8: 0.2588 Fickian Diffusion
PCL-PEG-CS pH 7.4: 0.4960 Anomalous Transport
pH 9.6: 0.5526 Anomalous Transport
pH 2.8: 1.1075 Super Case-Il Transport
PCL-PEG-SA pH 7.4:0.8152 Anomalous Transport
pH 9.6: 0.8923 Super Case-Il Transport

The results showed that L-ascorbic acid release is generally governed by non-Fickian
diffusion, the dominant mechanism for drug transport is due to polymer relaxation

and it means structure of microspheres resulted dissolution in the release medium.

Drug release refers to the process in which drug solutes migrate from the initial
position in the polymeric system to the polymer’s outer surface and then to the
release medium [156]. This seemingly simple process is affected by multiple
complex factors such as the physicochemical properties of the solutes, the structural
characteristics of the material system, release environment, and the possible
interactions between these factors. We chosen to change material matrix, so release

Kinetics and rates are dramatically changed at different release mediums.
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Figure 5.1 : Comparison of drug release studies (a) Release in pH 2.8 (b) Release in pH 7.4 (c) Release in pH 9.6.
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Several pharmaceutical products based on biodegradable delivery systems have been
approved by the FDA, including hormones, anti-tumor drugs and antibiotics [157]. In
general, biodegradable polymers contain labile bonds such as ester, amide, and
anhydride bonds that are prone to hydrolysis or enzymatic degradation. PCL, PEG,
CH, CS and SA are biodegradable and biocompatible polymers that we used to
produce microspheres. By this way, toxic effect of encapsulation materials in body
after and/or during drug release will be eliminated.

L-ascorbic acid (vitamin C) an antioxidant which protects the body against
oxidative stress. Oxidation reactions produce free radicals which can start chain
reactions that damage cells, so it slows down the conversion of irritants into cancer-
causing substances. On the other hand, L-ascorbic acid has many benefits for body
such as it involved in the production of collagen; it plays a significant role in the
healing of wounds, cuts and grazes; individuals with adequate levels of vitamin C are
thought to be better able to fight off infections compared to people with vitamin C
deficiency [158]. We used L-ascorbic acid (vitamin C) as an active ingredient in our
study because in the rapidly expanding market of dietary supplements, it is possible
to find L-ascorbic acid in many different forms with many claims regarding its
efficacy or bioavailability. However, L-ascorbic acid drugs or supplements are exist
as mineral ascorbates are more likely to be found in combination with other mineral
ascorbates, such as sodium ascorbates, calcium ascorbates, potassium ascorbates etc.
When mineral salts of ascorbic acid are taken, both the ascorbic acid and the mineral
appear to be well absorbed, so it is important to consider the dose of the mineral
accompanying the ascorbic acid when taking large doses of mineral ascorbates.
Unfortunately, taking large doses of mineral ascorbates causes accumulation of lots
of minerals into the kidneys and finally, it results kidney stone. This problem is
solved by producing of polymeric encapsulation materials. PCL, PEG, CH, CS and
SA are biodegradable polymers and they do not provoke accumulation in kidneys or

any other organ in a body.

The current study investigates the fabrication of L-ascorbic acid drugs by
microspheres for advanced spray-drying applications. In comparison the spray dryer
method to others, we obtained much more uniform microspheres and lower particle
diameters. Significantly, the experimental results indicate that to obtain particle
diameters (19.143+0.023 pum with 0.897 m?/g surface area for PCL-PEG-CH;
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27.540+0.656 um with 0.512 m?/g surface area for PCL-PEG-CS; 37.924+0.416 pm
with 0.416 m?/g surface area for PCL-PEG-SA) does not need to any additive effects
during drying process. Furthermore, the microspheres can be straightforwardly
transformed into the L-ascorbic acid loaded drugs. The dissolution rates of the drugs
from microspheres are clearly improved at low, high or nearly neutral pH values by
changing encapsulation materials. The shift of the mechanism from diffusion
controlled to an anomalous transport changing the pH of the medium from acidic to
basic conditions as seen drug release kinetic studies. It is also indicated that drug
release ratio can be adjustable by this way, thus preventing the drug release until the
target has been achieved. Towards the aim of the study, improving the vitamin C
drugs, our method provides easily procurable and effective solution.

Because of unstable and very sensitive L-ascorbic acid, producing vitamin C drugs
are difficult. However, another significant result of our study is achieving 93.18%

(the highest level) L-ascorbic acid release in 2 hours.

We achieved the aim of the study by production of a stable and very effective L-
ascorbic acid loaded drug using biodegradable polymer solutions by spray dryer. By
production of porous and high surface area microspheres, we succeeded higher drug

loading and drug release efficiency in our study.

96



REFERENCES

[1] Latorre, A., Couleaud, P., Aires, A., Cortajarena, A.L., & Somoza, A. (2014).
Multifunctionalization of magnetic nanoparticles for controlled drug
release: A general approach. European Journal of Medicinal
Chemistry, 82, 355-362. doi: 10.1016/j.ejmech.2014.05.078

[2] Chakkarapani, P., Subbiah, L., Palanisamy, S., Bibiana, A., Ahrentorp, F.,
Jonasson, C., & Johansson, C. (2015). Encapsulation of
methotrexate loaded magnetic microcapsules for magnetic drug
targeting and controlled drug release. Journal of Magnetism and
Magnetic Materials, 380, 285-294. doi: 10.1016/j.jmmm.2014.11.006

[3] Zhou, G., Zhao, Y., Hu, J., Shen, L., Liu, W., & Yang, X. (2013). A new drug-
loading technique with high efficaciency and sustained-releasing
ability via the Pickering emulsion interfacial assembly of
temperature/pH-sensitive  nanogels. Reactive and Functional
Polymers, 73, 1537-1543. doi: 10.1016/j.reactfunctpolym.2013.08.004

[4] Carmona, D., Balas, F., & Santamaria, J. (2014). Pore ordering and surface
properties of FDU-12 and SBA-15 mesoporous materials and their
relation to drug loading and release in agueous environments.
Materials Research Bulletin, 59, 311-322. doi:
10.1016/j.materresbull.2014.07.039

[5] Ahern, R. J., Hanrahan, J. P., Tobin, J. M., Ryan, K. B., & Crean, A. M.
(2013). Comparison of fenofibrate—mesoporous silica drug-loading
processes for enhanced drug delivery. European Journal of
Pharmaceutical Sciences, 50, 400-409. doi:
10.1016/j.ejps.2013.08.026

[6] Takami, T., & Murakami, Y. (2011). Development of PEG-PLA/PLGA
microparticles for pulmonary drug delivery prepared by a novel
emulsification technique assisted with amphiphilic block copolymers.
Colloids and Surfaces B: Biointerfaces, 87, 433-438. doi:
10.1016/j.colsurfb.2011.06.004

[7] Ozsagiroglu, E., lyisan, B., & Avcibasi Guvenilir, Y. (2012). Biodegradation
and characterization studies of different kinds of polyurethanes with
several enzyme solutions. Polish Journal of Environmental Studies,
21(6), 1777-1782. Retrieved from ELSEVIER Bibliographic
Databases.

[8] Zhou, G., Zhao, Y., Hu, J., Shen, L., Liu, W., & Yang, X. (2013). A
new drug-loading technique with high efficiency and sustained-
releasing ability via the Pickering emulsion interfacial assembly of

97



temperature/pH-sensitive  nanogels. Reactive and Functional
Polymers, 73, 1537-1543. doi: 10.1016/j.reactfunctpolym.2013.08.004

[9] Ozsagiroglu, E., lyisan, B., & Avcibasi Guvenilir, Y. (2013). Comparing
the In-Vitro Biodegradation Kinetics of Commercial and
Synthesized Polycaprolactone Films in Different Enzyme Solutions.
Ekoloji, 86, 90-96. doi: 10.5053/ekol0ji.2013.8611

[10] Xu, X., Khan, M. A., & Burgess, D. J. (2012). A quality by design (QbD)
case study on liposomes containing hydrophilic API: Il. Screening
of critical wvariables, and establishment of design space at
laboratory scale. International Journal of Pharmaceutics, 423, 543-
553. doi: 10.1016/j.ijpharm.2011.11.036

[11] Patel, A. R., & Velikov, K. P. (2011). Colloidal delivery systems in
foods: A general comparison with oral drug delivery. LWT- Food
Science and Technology, 44, 1958-1964. doi:
10.1016/j.lwt.2011.04.005

[12] Khalid, N., Kobayashi, 1., Neves, M. A., Uemura, K., Nakajima, M., &
Nabetani, H. (2014). Monodisperse W/O/W emulsions
encapsulating l-ascorbic acid: Insights on their formulation using
microchannel emulsification and stability studies. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 458, 69-77.
doi: 10.1016/j.colsurfa.2014.04.019

[13] Huang, M., Xu, Q., & Deng, X. X. (2014). L-Ascorbic acid metabolism
during fruit development in an ascorbate-rich fruit crop chestnut rose
(Rosa roxburghii Tratt). Journal of Plant Physiology, 171, 1205-1216.
doi: 10.1016/j.jplph.2014.03.010

[14] Beck-Broichsitter, M., Paulus, 1. E., Greiner, A., & Kissel, T. (2015).
Modified vibrating-mesh nozzles for advanced spray-drying
applications.  European  Journal of Pharmaceutics and
Biopharmaceutics, 92, 96-101. doi: 10.1016/j.ejpb.2015.03.001

[15] Rassu, G., Nieddu, M., Bosi, P., Trevisi, P., Colombo, M., Priori, D., ...
Boatto, G. (2014). Encapsulation and modified-release of thymol
from oral microparticles as adjuvant or substitute to current
medications. Phytomedicine, 21, 1627-1632. doi:
10.1016/j.phymed.2014.07.017

[16] Chen, Z., Zhang, P., Cheetham, A. G., Moon, J. H., Moxley Jr, J. W., Lin,
Y., & Cui, H. (2014). Controlled release of free doxorubicin from
peptide-drug conjugates by drug loading. Journal of Controlled
Release, 191, 123-130. doi: 10.1016/j.jconrel.2014.05.051

[17] Paudel, A., Worku, Z. A., Meeus, J., Guns, S., & Van den Mooter, G.
(2013). Manufacturing of solid dispersions of poorly water soluble
drugs by spray drying: Formulation and process considerations.
International Journal of Pharmaceutics, 453(1), 253-284. doi:
10.1016/j.ijpharm.2012.07.015

[18] Van der Schueren, L., De Schoenmaker, B., Kalaoglu, O. I., & De Clerck,
K. (2011). An alternative solvent system for the steady state

98



electrospinning of polycaprolactone. European Polymer Journal, 47,
1256-1263. doi: 10.1016/j.eurpolymj.2011.02.025

[19] Carneiro, H. C. F., Tonon, R. V., Grosso, C. R. F., & Hubinger, M. D.
(2013). Encapsulation efficiency and oxidative stability of flaxseed
oil microencapsulated by spray drying using different combinations
of wall materials. Journal of Food Engineering, 115, 443-451. doi:
10.1016/j.jfoodeng.2012.03.033

[20] Biirki, K., Jeon, 1., Arpagaus, C., & Betz, G. (2011). New insights into
respirable protein powder preparation using a nano spray dryer,
International Journal of Pharmaceutics, 408, 248-256. doi:
10.1016/j.ijpharm.2011.02.012

[21] Erbay, Z., & Koca, N. (2014). Exergoeconomic performance assessment of a
pilot-scale spray dryer using the specific exergy costing method.
Biosystems Engineering, 122, 127-138. doi:
10.1016/j.biosystemseng.2014.04.006

[22] Grund, J. K., Walther, M., & Bodmeier R. M. (2014). The effect of polymer
properties on direct compression and drug release from water-
insoluble controlled release matrix tablets. International Journal of
Pharmaceutics, 469, 94-101. doi: 10.1016/j.ijpharm.2014.04.033

[23] Xu, H., Yeting, Z., Catherine, J. M., Yiwen, J., & Adam, B. B. (2015).
Carbohydrate nanotechnology: hierarchical assembly using nature's
other information carrying biopolymers. Current Opinion in
Biotechnology, 34, 41-47. doi: 10.1016/j.copbio.2014.11.016

[24] Artun, S., Ipsita, R., & Tajalli, K. (2015). Dual production of biopolymers
from bacteria. Carbohydrate Polymers, 126, 47-51. doi:
10.1016/j.carbpol.2015.03.001

[25] Wu, J., Liao, C., Wang, Z., Cheng, W., Zhou, N., Wang, S., & Wan, Y.,
(2011). Chitosan—polycaprolactone microspheres as carriers for
delivering glial cell line-derived neurotrophic factor. Reactive and
Functional Polymers, 71, 925-932. doi:
10.1016/j.reactfunctpolym.2011.06.001

[26] Van der Schueren, L., Steyaert, l., De Schoenmaker, B., & De Clerck,
K., (2012). Polycaprolactone/chitosan blend nanofibres electrospun
from an acetic acid/formic acid solvent system. Carbohydrate
Polymers, 88, 1221-1226. doi: 10.1016/j.carbpol.2012.01.085

[27] Woodruff, M. A., & Hutmacher, D. W., (2010). The return of a forgotten
polymer-polycaprolactone in the 21st century. Progress in Polymer
Science, 35, 1217-1256. doi: 10.1016/j.progpolymsci.2010.04.002

[28] Snell, K. D., Singh, V., & Brumbley, S. M. (2015). Production of novel
biopolymers in plants: recent technological advances and future
prospects. Current Opinion in Biotechnology, 32, 68-75. doi:
10.1016/j.copbio.2014.11.005

[29] Tian, G., Li, Y., Yuan, Q., Cheng, L., Kuang, P., & Tang, P. (2015).The
stability and degradation kinetics of Sulforaphene in microcapsules

99



based on several biopolymers via spray drying. Carbohydrate
Polymers, 122, 5-10. doi: 10.1016/j.carbpol.2015.01.003

[30] Liu, M., Chen, L., Zhao, Y., Gan, L., Zhu, D., Xiong, W., ... Chen, L.
(2012). Preparation, characterization and properties of liposome-
loaded polycaprolactone microspheres as a drug delivery system.
Colloids and Surfaces A: Physicochemical and Engineering Aspects,
395, 131-136. doi: 10.1016/j.colsurfa.2011.12.017

[31] Middleton, J. C., & Tipton, A. J. (2000). Synthetic biodegradable polymers as
orthopedic  devices.  Biomaterials, 21, 2335-2346. doi:
10.1016/S0142-9612(00)00101-0

[32] Parraga, J. E., Zorzi, G. K., Diebold, Y., Seijo, B., & Sanchez, A. (2015).
Nanoparticles based on naturally-occurring biopolymers as versatile
delivery platforms for delicate bioactive molecules: An application for
ocular gene silencing. International Journal of Pharmaceutics, 477,
12-20. doi: 10.1016/j.ijpharm.2014.09.049

[33] Vasir, J. K., Tambwekar, K., & Garg, S. (2003). Bioadhesive microspheres as
a controlled drug delivery system. International Journal of
Pharmaceutics, 255, 13-32. doi: 10.1016/S0378-5173(03)00087-5

[34] Kho, K., Cheow, W. S., Lie, R. H., & Hadinoto, K. (2010). Aqueous re-
dispersibility of spray-dried antibiotic-loaded polycaprolactone
nanoparticle aggregates for inhaled anti-biofilm therapy. Powder
Technology, 203(3), 432-439. doi: 10.1016/j.powtec.2010.06.003

[35] Guilleminault, L., Rigal, E., Carré, P., & Hoarau, C. 2012. Positive skin
test to pegylated drug in a patient with anaphylaxis to
polyethylene glycol. Revue francaise d’allergologie, 52, 45-47. doi:
10.1016/j.reval.2011.08.003

[36] Vafaeezadeh, M., & Hashemi, M. M. (2015). Polyethylene glycol (PEG) as a
green solvent for carbon—carbon bond formation reactions. Journal of
Molecular Liquids, 207, 73-79. doi: 10.1016/j.mollig.2015.03.003

[37] Ajazuddin, A. A., Khan, J., Saraf, S., & Saraf S. (2014). Polyethylene glycol
(PEG)—-Poly(N-isopropylacrylamide) (PNIPAAM) based
thermosensitive injectable hydrogels for biomedical applications.
European Journal of Pharmaceutics and Biopharmaceutics, 88(3),
575-585. doi: 10.1016/j.ejpb.2014.07.005

[38] Zhi-Yao, H., Bing-Yang, C., Xia-Wei, W., Jiao, L., Edwards IIlI, C. K,
Xiang-Rong, S., ... Zhi-Yong, Q. (2014). Recent development of
poly(ethylene glycol)-cholesterol conjugates as drug delivery systems.
International Journal of Pharmaceutics, 469(1), 168-178, 2014. doi:
10.1016/j.ijpharm.2014.04.056

[39] Lih, E., Oh, S. H., Joung, Y. K., Lee, J. H., & Han, D. K. (2015). Polymers
for cell/tissue anti-adhesion. Progress in Polymer Science, 44, 28-61.
doi: 10.1016/j.progpolymsci.2014.10.004

[40] Worz, A., Berchtold, B., Moosmann, K., Prucker, O., & Ruhe, J. (2012).
Protein-resistant polymer surfaces. Journal of Materials Chemistry,
22,19547-19561. doi: 10.1039/C2JM30820G

100



[41] Prabaharan, M. (2015). Chitosan-based nanoparticles for tumor-targeted drug
delivery. International Journal of Biological Macromolecules, 72,
1313-1332. doi: 10.1016/j.ijbiomac.2014.10.052

[42] Matsui, M., Ono, L., & Akcelrud, L. (2012). Chitin/polyurethane networks
and blends: Evaluation of biological application. Polymer Testing, 31,
191-196. doi: 10.1016/j.polymertesting.2011.09.006

[43] Salgado, C. L., Sanchez, E. M. S., Mano, J. F., & Moraes, A. M. (2012).
Characterization of chitosan and polycaprolactone membranes
designed for wound repair application. Journal of Materials Science,
47, 659-667. doi: 10.1007/s10853-011-5836-6

[44] Nirmala, R., Navamathavan, R., Kang, H.S., EI-Newehy, M. H., & Kim, H.
Y. (2011). Preparation of polyamide-6/chitosan composite nanofibers
by a single solvent system via electrospinning for biomedical
applications. Colloids and Surfaces B: Biointerfaces, 83, 173-178. doi:
10.1016/j.colsurfh.2010.11.026

[45] Torchilin, V. (2011). Tumor delivery of macromolecular drugs based on the
EPR effect. Advanced Drug Delivery Reviews, 63(3), 131-135. doi:
10.1016/j.addr.2010.03.011

[46] Jayrajsinh Sarvaiya, Y. K. (2015). Agrawal. Chitosan as a suitable nanocarrier
material for anti-Alzheimer drug delivery. International Journal of
Biological Macromolecules, 72, 454-465. doi:
10.1016/j.ijbiomac.2014.08.052

[47] Dai, X., Chang, P., Zhu, Q., Liu, W., Sun, Y., Zhu, S., & Jiang, Z. (2013).
Chitosan oligosaccharides protect rat primary hippocampal neurons
from oligomeric B-amyloid 1-42-induced neurotoxicity. Neuroscience
Letters, 554, 64-69. doi: 10.1016/j.neulet.2013.08.046

[48] Aljawish, A., Chevalot, 1., Jasniewski, J., Scher, J., & Muniglia, L. (2015).
Enzymatic synthesis of chitosan derivatives and their potential
applications. Journal of Molecular Catalysis B: Enzymatic, 112, 25-
39. doi: 10.1016/j.molcath.2014.10.014

[49] Fan, L., Wu, H., Zhou, X., Peng, M., Tong, J., Xie, W., & Liu, S. (2014).
Transglutaminase-catalyzed grafting collagen on chitosan and its
characterization. Carbohydrate Polymers, 105, 253-259. doi:
10.1016/j.carbpol.2014.01.065

[50] Brzonova, 1., Steiner, W., Zankel, A., Nyanhongo, G. S., & Guebitz, G. M.
(2011). Enzymatic synthesis of catechol and hydroxyl-carboxic acid
functionalized chitosan microspheres for iron overload therapy.
European Journal of Pharmaceutics and Biopharmaceutics, 79, 294-
303. doi: 10.1016/j.ejpb.2011.04.018

[51] Peng, Y., Li, J., Li, J., Fei, Y., Dong, J., & Pan, W. (2013). Optimization of
thermosensitive chitosan hydrogels for the sustained delivery of
venlafaxine hydrochloride. International Journal of Pharmaceutics,
441(1), 482-490. doi: 10.1016/j.ijpharm.2012.11.005

[52] Peng, Q., Sun, X,, Gong, T., Wu, C. Y., Zhang, T., Tan, J., & Zhang, Z. R.
(2013). Injectable and biodegradable thermosensitive hydrogels

101



loaded with PHBHHXx nanoparticles for the sustained and controlled
release of insulin. Acta Biomaterialia, 9(2), 5063-5069. doi:
10.1016/j.actbio.2012.09.034

[53] Zhou, H. Y., Jiang, L. J., Cao, P. P, Li, J. B., & Chen, X. G. (2015).
Glycerophosphate-based chitosan thermosensitive hydrogels and their
biomedical applications. Carbohydrate Polymers, 117, 524-536. doi:
10.1016/j.carbpol.2014.09.094

[54] Kashyap, P. L., Xiang, X., & Heiden, P. (2015). Chitosan nanoparticle based
delivery systems for sustainable agriculture. International Journal of
Biological Macromolecules, 77, 36-51. doi:
10.1016/j.ijbiomac.2015.02.039

[55] Paula, H. C. B., Sombra, F. M., Cavalcante, R. F., Abreu, F. O. M. S., & de
Paula, R. C. M. (2011). Preparation and characterization of
chitosan/cashew gum beads loaded with Lippia sidoides essential oil.
Materials Science and Engineering: C, 31, 173-178. doi:
10.1016/j.msec.2010.08.013

[56] Thorn, D. C., Ecroyd, H., Carver, J. A., & Holt, C. (2015). Casein structures
in the context of unfolded proteins. International Dairy Journal, 46,
2-11. doi: 10.1016/j.idairyj.2014.07.008

[57] Anne-Sophie, H., Barbara, S., Andy, M., Marta, N., Stephen, L., Yide, H.,
... Ted, R. H. (2013). A Casein kinase 1/Checkpoint kinase 1
pyrazolo-pyridine protein kinase inhibitor as novel activator of the
p53 pathway. Bioorganic & Medicinal Chemistry Letters, 23(20),
5578-5585. doi: 10.1016/j.bmcl.2013.08.046

[58] de Kruif, C. G., Huppertz, T., Urban, V. S., & Petukhov, A. V. (2012).
Casein micelles and their internal structure. Advances in Colloid and
Interface Science, 171, 36-52. doi: 10.1016/j.cis.2012.01.002

[59] Horne, D. S. (2002). Casein structure, self-assembly and gelation. Current
Opinion in Colloid & Interface Science, 7, 456-461. doi:
10.1016/S1359-0294(02)00082-1

[60] Fox, P. F., & Brodkorb, A. (2008). The casein micelle: Historical aspects,
current concepts and significance. International Dairy Journal, 18(7),
667-684. doi: 10.1016/j.idairyj.2008.03.002

[61] Strube, O. L., Riidiger, A. A., & Bremser, W. (2015). Enzymatically
controlled material design with casein—From defined films to
localized deposition of particles. Journal of Biotechnology, 201, 69-
74. doi: 10.1016/j.jbiotec.2014.10.019

[62] Tang, W., Yuan, H., Zhang, H., Wang, L., Qian, H., & Qi, X. (2015). An
antimicrobial peptide screened from casein hydrolyzate by
Saccharomyces cerevisiae cell membrane affinity method. Food
Control, 50, 413-422. doi: 10.1016/j.foodcont.2014.09.030

[63] Bidarra, S. J., Barrias, C. C., & Granja, P. L. (2014). Injectable alginate
hydrogels for cell delivery in tissue engineering. Acta Biomaterialia,
10(4), 1646-1662. doi: 10.1016/j.actbio.2013.12.006

102



[64] Elbadawy, A. K., Xin, C., Eldin, M. S. M., & El-Refaie, S. K. (2015).
Crosslinked poly(vinyl alcohol) hydrogels for wound dressing
applications: A review of remarkably blended polymers. Arabian
Journal of Chemistry, 8(1), 1-14. doi: 10.1016/j.arabjc.2014.07.005

[65] Kim, J. O., Park, J. K., Kim, J. H., Jin, S. G,, Yonga, C. S., Li, D. X,, ...
Choi, H. G. (2008). Development of polyvinyl alcohol-sodium
alginate gel-matrix-based wound dressing system containing
nitrofurazone. International Journal of Pharmaceutics, 359, 79-86.
doi: 10.1016/j.ijpharm.2008.03.021

[66] Levic, S., Rac, V., Manojlovic, V., Rakic, V., Bugarski, B., Flock, T., ...
Nedovi, N. (2011). Limonene encapsulation in alginate-poly(vinyl
alcohol).  Procedia Food Science, 1, 1816-1820. doi:
10.1016/j.profo0.2011.09.266

[67] Tarun, K., & Gobi, N. (2012). Calcium alginate/PVA blended nano fiber
matrix for wound dressing. Indian Journal of Fibre & Textile
Research, 37, 127-132. Retrieved from Indian Science Abstract
Databases.

[68] Lacerda, L., Parize, A. L., Favere, V., Laranjeira, M. C. M., & Stulzer, H.
K. (2014). Development and evaluation of pH-sensitive sodium
alginate/chitosan microparticles containing the antituberculosis drug
rifampicin. Materials Science and Engineering: C, 39, 161-167. doi:
10.1016/j.msec.2014.01.054

[69] Venkatesan, J., Bhatnagar, 1., Manivasagan, P., Kang, K. H., & Kim, S. K.
(2015). Alginate composites for bone tissue engineering: A review.
International Journal of Biological Macromolecules, 72, 269-281.
doi: 10.1016/j.ijbiomac.2014.07.008

[70] Mishra, R., Basu, B., & Kumar, A. (2009). Physical and cytocompatibility
properties of bioactive glass-polyvinyl alcohol-sodium alginate
biocomposite foams prepared via sol-gel processing for trabecular
bone regeneration. Journal of Materials Science: Materials in
Medicine, 20, 2493-2500. doi: 10.1007/s10856-009-3814-1.

[71] Luo, Y., Lode, A., & Gelinsky, M. (2013). Direct plotting of three-dimensional
hollow fiber scaffolds based on concentrated alginate pastes for tissue
engineering. Advanced Healthcare Materials, 2, 777-783.
10.1002/adhm.201200303

[72] Ruvinov, E., & Cohen, S. (In Press). Alginate biomaterial for the treatment of
myocardial infarction: Progress, translational strategies, and clinical
outlook: From ocean algae to patient bedside. Advanced Drug
Delivery Reviews. doi: 10.1016/j.addr.2015.04.021

[73] Khalid, N., Kobayashi, I., Neves, M. A., Uemura, K., & Nakajima, M.
(2013). Preparation and characterization of water-in-oil emulsions
loaded with high concentration of L-ascorbic acid. LWT- Food
Science and Technology, 51, 448-454. doi: 10.1016/j.lwt.2012.11.020

[74] Alishahi, A., Mirvaghefi, A., Tehrani, M.R., Farahmand, H., Shojaosadati,
S. A., Dorkoosh, F. A., & Elsabee, M. Z. (2011). Shelf life and

103



delivery enhancement of vitamin C using chitosan nanoparticles.
Food Chemistry, 126, 935-940. doi: 10.1016/j.foodchem.2010.11.086

[75] Traber, M. G., & Stevens, J. F. (2011). Vitamins C and E: Beneficial effects
from a mechanistic perspective. Free Radical Biology & Medicine,
51(5), 1000-1013. doi: 10.1016/j.freeradbiomed.2011.05.017

[76] Yi, C., Jia, G., Hou, G., Dai, Q., Zhang, W., Zheng, G., ... He, C. (2010).
Iron-catalysed oxidation intermediates captured in a DNA repair
dioxygenases. Nature, 468, 330-333. doi: 10.1038/nature09497

[77] Juan D., Joseph J. C., & Garry R. B. (2012). Ascorbic acid: Chemistry,
biology and the treatment of cancer. BBA Reviews on Cancer,
1826(2), 443-457. doi: 10.1016/j.bbcan.2012.06.003

[78] Pallauf, K., Bendall, J. K., Scheiermann, C., Watschinger, K., Hoffmann, J.,
Roeder, T., & Rimbach, G. (2013). Vitamin C and lifespan in model
organisms. Food and Chemical Toxicology, 58, 255-263. doi:
10.1016/j.fct.2013.04.046

[79] Ernst, 1. M., Pallauf, K., Bendall, J. K., Paulsen, L., Nikolai, S., Huebbe, P.,
... Rimbach, G. (2013). Vitamin E supplementation and lifespan in
model organisms. Ageing Research Reviews, 12, 365-375. doi:
10.1016/j.arr.2012.10.002

[80] Dibyajyoti, B., & Deepak, K. (2010). Combined inhalational and oral
supplementation of ascorbic acid may prevent influenza pandemic
emergency: A hypothesis. Nutrition, 26(1), 128-132. doi:
10.1016/j.nut.2009.09.015

[81] Putchala, M. C., Ramani, P., Sherlin, H. J., Premkumar, P., & Natesan, A.
(2013). Ascorbic acid and its pro-oxidant activity as a therapy for
tumours of oral cavity — A systematic review. Archives of Oral
Biology, 58(6), 563-574. doi: 10.1016/j.archoralbio.2013.01.016

[82] Preston, T. J., Abadi, A., Wilson, L., & Singh, G. (2000). Mitochondrial
contributions to cancer cell physiology: potential for drug
development. Advanced Drug Delivery Reviews, 49(1), 45-61. doi:
10.1016/S0169-409X(01)00127-2

[83] Giunchedi, P., Conti, B., Maggi, L., & Conte, U. (1994). Cellulose acetate
butyrate and polycaprolactone for ketoprofen spray-dried microsphere
preparation. Journal of Microencapsulation, 11, 381-393. doi:
10.3109/02652049409034256

[84] Yu, S. H., Hsieh, H. Y., Pang, J. C., Tang, D. W., Shih, C. M., Tsai, M. L.,

Mi, F. L. (2013). Active films from  water-soluble

chitosan/cellulose composites incorporating releasable caffeic acid

for inhibition of lipid oxidation in fish oil emulsions. Food
Hydrocolloids, 32, 9-19. doi: 10.1016/j.foodhyd.2012.11.036

[85] Tavares, G. M., Croguennec, T., Carvalho, A. F., & Bouhallab, S. (2014).
Milk proteins as encapsulation devices and delivery vehicles:
Applications and trends. Trends in Food Science & Technology, 37(1),
5-20. doi: 10.1016/j.tifs.2014.02.008

104



[86] Li, J., Wang, X., Zhang, T., Wang, C., Huang, Z., Luo, X., & Deng, Y.
(2015). A review on phospholipids and their main applications in drug
delivery systems. Asian Journal of Pharmacology and Toxicology,
10(2), 81-98. doi: 10.1016/j.ajps.2014.09.004

[87] Palmieri, G. F., Bonacucina, G., Martino, P., & Martelli, S. (2001). Spray-
Drying a method for microparticulate controlled release systems
preparation: advantages and limits. I. Water-soluble drugs. Drug
Development and Industrial Pharmacy, 27, 195-204. Retrieved from
Pubmed Databases.

[88] Esposito, E., Roncarati, R., Cortesi, R., Cervellati, F., & Nastruzzi, C.
(2000). Production of Eudragit microparticles by spray-drying
technique: influence of experimental parameters onmorphological
and dimensional characteristics. Pharmaceutical Development and
Technology, 5, 267-278. Retrieved from Pubmed Databases.

[89] Mottaghitalab, F., Farokhi, M., Shokrgozar, M. A., Atyabi, F., &
Hosseinkhani, H. (2015). Silk fibroin nanoparticle as a novel drug
delivery system. Journal of Controlled Release, 206, 161-176. doi:
10.1016/j.jconrel.2015.03.020

[90] Hua, S., Marks, E., Schneider, J. J., & Keely, S. (2015). Advances in oral
nano-delivery systems for colon targeted drug delivery in
inflammatory bowel disease: Selective targeting to diseased versus
healthy tissue. Nanomedicine: Nanotechnology, Biology and
Medicine, 11(5), 1117-1132. doi: 10.1016/j.nan0.2015.02.018

[91] Collnot, E. M., Ali, H., & Lehr, C. M. (2012). Nano- and microparticulate
drug carriers for targeting of the inflamed intestinal mucosa. Journal
of Controlled Release, 161(2), 235-246. doi:
10.1016/j.jconrel.2012.01.028

[92] McClements, D. J. (2015). Encapsulation, protection, and release of
hydrophilic active components: Potential and limitations of colloidal
delivery systems. Advances in Colloid and Interface Science, 219, 27-
53. doi: 10.1016/j.cis.2015.02.002

[93] Sauvant, P., Cansell, M., Sassi, A. H., & Atgié, C. (2012). Vitamin A
enrichment: Caution with encapsulation strategies used for food
applications. Food Research International, 46(2), 469-479. doi:
10.1016/j.foodres.2011.09.025

[94] Champagne, C. P., & Fustier, P. (2007). Microencapsulation for the improved
delivery of bioactive compounds into foods. Current Opinion in
Biotechnology, 18(2), 184-190. doi: 10.1016/j.copbio.2007.03.001

[95] Lukowiak, M. C., Thota, B. N. S., & Haag, R. (2015). Dendritic core—shell
systems as soft drug delivery nanocarriers. Biotechnology Advances,
33(6), 1327-1341. doi: 10.1016/j.biotechadv.2015.03.014

[96] Kowalczuk, A., Trzcinska, R., Trzebicka, B., Miiller, A. H. E., Dworak, A.,
& Tsvetanov, C. B. (2014). Loading of polymer nanocarriers:
Factors, mechanisms and applications. Progress in Polymer Science,
39(1), 43-86. doi: 10.1016/j.progpolymsci.2013.10.004

105



[97] Dev, A, Binulal, N. S., Anitha, A., Nair, S. V., Furuike, T., Tamura, H., &
Jayakumar, R. (2010). Preparation of poly(lactic acid)/chitosan
nanoparticles for anti-HIV drug delivery applications. Carbohydrate
Polymers, 80, 833-838. doi: 10.1016/j.carbpol.2009.12.040

[98] See, E., Zhang, W., Liu, J., Svirskis, D., Baguley, B. C., Shaw, J. P., ... Wu,
Z. (2014). Physicochemical characterization of asulacrine towards the
development of an anticancer liposomal formulation via active drug
loading: Stability, solubility, lipophilicity and ionization. International
Journal of Pharmaceutics, 473, 528-535. doi:
10.1016/j.ijpharm.2014.07.033

[99] Hui, Y., Yongtang, J., Chaoming, Y., & Yanxia, L. (2014). PCL/PEG
core/sheath fibers with controlled drug release rate fabricated on the
basis of a novel combined technique. International Journal of
Pharmaceutics, 469, 17-22. doi:10.1016/j.ijpharm.2014.04.045

[100] Thombre, A. G., Shamblin, S. L., Malhotra, B. K., Connor, A. L., Wilding,
I. R., & Caldwell, W. B. (2015). Pharmacoscintigraphy studies to
assess the feasibility of a controlled release formulation of
ziprasidone. Journal of Controlled Release, 213(10), 10-17.
doi:10.1016/j.jconrel.2015.06.032

[101] Kleinstreuer, C., Zhang, Z., & Li, Z. (2008). Modeling airflow and particle
transport/deposition in pulmonary airways. Respiratory Physiology &
Neurobiology, 163, 128-138. doi:10.1016/j.resp.2008.07.002

[102] Heng, D., Lee, S. H., Ng, W. K., & Tan, R. B. H. (2011). The nano spray
dryer B-90. Expert Opinion on Drug Delivery, 8, 965-972. doi:
10.1517/17425247.2011.588206

[103] Peltonen, L., Valo, H., Kolakovic, R., Laaksonen, T., & Hirvonen, J.
(2010). Electrospraying, spray drying and related techniques for
production and formulation of  drug nanoparticles. Expert
Opinion on Drug Delivery, 7, 705-719. doi: doi:
10.1517/17425241003716802

[104] Vehring, R. (2008). Pharmaceutical particle engineering via spray drying.
Pharmaceutical Research, 25, 999-1022. doi: 10.1007/s11095-007-
9475-1

[105] Bee, T., & Rahman, M. (2010). Using polymer technology to enhance
bioavailability. Pharmaceutical Technology, 34, 37-42. Retrieved
September 10, 2015, from EBSCO Pharmatech database.

[106] Rumondor, A. C. F., & Taylor, L. S. (2009). Effect of polymer
hygroscopicity on the phase behavior of amorphous solid dispersions
in the presence of moisture. Molecular Pharmacology, 7, 477-490.
doi: 10.1021/mp9002283

[107] Loira-Pastoriza, C., Todoroff, J., & Vanbever, R. (2014). Delivery
strategies for sustained drug release in the lungs. Advanced Drug
Delivery Reviews, 75, 81-91. doi:10.1016/j.addr.2014.05.017

[108] Ungaro, F., D'Angelo, 1., Miro, A., La Rotonda, M. I., & Quaglia, F.
(2012). Engineered PLGA nano- and micro-carriers for pulmonary

106



delivery: challenges and promises. Journal of Pharmacy and
Pharmacology, 64, 1217-1235. doi: 10.1111/5.2042-
7158.2012.01486.x

[109] Siepmann, J., & Siepmann, F. (2013). Mathematical modeling of drug
dissolution. International Journal of Pharmaceutics, 453(1), 12-24.
doi:10.1016/j.ijpharm.2013.04.044

[110] Noble, M. L. (2015). Drug Delivery Systems. Retrieved from
http://www.uweb.engr.washington.edu/research/tutorials/drugdelivery
html

[111] Heller, J., & Hoffman, A. S. (2004). Drug delivery systems. In: B.D. Ratner,
A.S. Hoffman, F.J. Schoen, & J. E. Lemons (Eds). Biomaterials
science: An introduction to materials in medicine, 2™ edition, (pp.
628-648). San Francisco, CA: Elsevier Academic Press.

[112] Verma, R.K., Krishna, D.M., & Garg, S. (2002). Formulation aspects in the
development of osmotically controlled oral drug delivery systems.
Journal of Controlled Release, 79(1), 7-27. doi:10.1016/S0168-
3659(01)00550-8

[113] Kaotla, N. G., Gulati, M., Singh, S. K., & Shivapooja, A. (2014). Facts,
fallacies and future of dissolution testing of polysaccharide based
colon-specific drug delivery. Journal of Controlled Release, 178, 55-
62. doi:10.1016/j.jconrel.2014.01.010

[114] Sun, D. D., & Lee, P. I. (2014). Crosslinked hydrogels—a promising class of
insoluble solid molecular dispersion carriers for enhancing the
delivery of poorly soluble drugs. Acta Pharmaceutica Sinica B, 4(1),
26-36. doi:10.1016/j.apsh.2013.12.002

[115] Srikanth, M. V., Sunil, S. A., Rao, N. S., Uhumwangho, M. U., & Ramana
Murthy, K. V. (2010). lon-Exchange Resins as Controlled Drug
Delivery Carriers. Journal of Scientific Research, 2(3), 597-611.
Retrieved from PubMed database.

[116] Arora, G., Malik, K., Singh, 1., Arora, S., & Rana, V. (2011). Formulation
and evaluation of controlled release matrix mucoadhesive tablets of
domperidone using Salvia plebeian gum. Journal of Advanced
Pharmaceutical Technology and Research, 2(3), 163-1609.
doi:10.1016/j.apsh.2013.12.002

[117] Shabde, V. (2006). Optimal design and control of a spray drying process that
manufactures  hollow micro-particles (Doctoral dissertation).
Available from Texas Tech University Dissertations and Theses
database.

[118] Vemmer, M., & Patel, A. V. (2013). Review of encapsulation methods
suitable for microbial biological control agents. Biological Control,
67(3), 380-389. doi:10.1016/j.biocontrol.2013.09.003

[119] Rattes, A. L. R., & Oliveira, W. P. (2007). Spray drying conditions and
encapsulating composition effects on formation and properties of
sodium diclofenac microparticles. Powder Technology, 171, 7-14.
doi:10.1016/j.powtec.2006.09.007

107



[120] Kadota, K., Nishimura, T., Hotta, D., & Tozuka, Y. (2015). Preparation of
composite particles of hydrophilic or hydrophobic drugs with highly
branched cyclic dextrin via spray drying for dry powder inhalers.
Powder Technology, 283, 16-23. doi:10.1016/j.powtec.2015.05.014

[121] Keshani, S., Daud, W. R. W., Nourouzi, M. M., Namvar, F., & Ghasemi,
M. (2015). Spray drying: An overview on wall deposition, process
and modeling. Journal of Food Engineering, 146, 152-162.
doi:10.1016/j.jfoodeng.2014.09.004

[122] Spray drying manual. (2015). In Bete. Retrieved May 17, 2015 from
http://www.bete.com/pdfs/BETE_SprayDryManual.pdf

[123] Moller, J. T., & Fredsted, S. (2009). A Primer on Spray Drying. Retrieved
from http://www.niro.com/niro/cmsresources.nsf/filenames/a-primer-
on-spray-drying-chemical-engineering-nov09.pdf/$file/a-primer-on-
spray-drying-chemical-engineering-nov09.pdf

[124] Truong, V., Bhandari, B. R., & Howes, T. (2005). Optimization of co-
current spray drying process of sugar-rich foods. Part I—Moisture and

glass transition temperature profile during drying. Journal of Food
Engineering, 71(1), 55-65. doi:10.1016/j.jfoodeng.2004.10.017

[125] Francia, V., Martin, L., Bayly, A. E., & Simmons, M. J. H. (2015). An
experimental investigation of the swirling flow in a tall-form counter
current spray dryer. Experimental Thermal and Fluid Science, 65, 52-
64. doi:10.1016/j.expthermflusci.2015.03.004

[126] Spray Drying. (2015). In Gea. Retrieved May 17, 2015 from

http://www.gea-pen.nl /gpenl/ cmsresources.nsf/ filenames/
GB Spray Drying.pdf /$file/GB Spray Drying.pdf

[127] Spray dryer. (2015). In Geap. Retrieved May 17, 2015 from
http://www.geap.com.au/gpau/cmsdoc.nsf/webdoc/ndkw73gbgv

[128] Zbicinski, 1., Smucerowicz, 1., Strumillo, C., & Crowe, C. (2000).
Application of pulse combustion technology in spray drying process.
Brazilian Journal of Chemical Engineering, 17, 4-7. doi:
10.1590/S0104-66322000000400009

[129] Sadripour, M., Rahimi, A., & Hatamipour, M. S. (2013). CFD Modeling
and Experimental Study of a Spray Dryer Performance. Chemical
Product and Process Modeling, 9(1), 15-24. doi: 10.1515/cppm-
2013-003

[130] Spray Drying. (2015). In Yamato. Retrieved May 17, 2015 from
http://www.yamato-scientific.com/product/spray/gb210a.htm

[131] Malvern Instruments Manual. In Malvern. Retrieved May 19, 2015 from
http://www.ceic.unsw.edu.au/centers/partcat/facilities/Mastersizer.pdf

[132] Swapp, S. (2015). In Carleton University. Retrieved May 19, 2015 from
http://serc.carleton.edu/research education/geochemsheets/technigues/
SEM.html

108


http://www.bete.com/pdfs/BETE_SprayDryManual.pdf
http://www.geap.com.au/gpau/cmsdoc.nsf/webdoc/ndkw73gbqv
http://www.yamato-scientific.com/product/spray/gb210a.htm
http://www.ceic.unsw.edu.au/centers/partcat/facilities/Mastersizer.pdf
http://serc.carleton.edu/research_education/geochemsheets/techniques/SEM.html
http://serc.carleton.edu/research_education/geochemsheets/techniques/SEM.html

[133] Thermogravimetric Analysis (2015). In Perkin Elmer. Retrieved May 19, 2015
from

http://www.perkinelmer.com/cmsresources/images/44-
745560de tgabeginnersquide .pdf

[134] Instrument Designs for Molecular UV/Vis Absorption (2015). In Wikipedia..
Retrieved May 19, 2015 from

http://chemwiki.ucdavis.edu/Analytical Chemistry/Analytical Chemi
stry 2.0/10 Spectroscopic Methods/10C%3A UV%2F%2FVis and
IR Spectroscopy

[135] Van der Schueren, L., De Meyer, T., Steyaert, 1., Ceylan, 0., Hemelsoet,
K., Van Speybroeck, V., & De Clerck, K. (2013). Polycaprolactone
and polycaprolactone/chitosan nanofibres functionalised with the pH-
sensitive dye Nitrazine Yellow. Carbohydrate Polymers, 91, 284-293.
doi:10.1016/j.carbpol.2012.08.003

[136] Horton, D. C., Derveer, D. V., Krzystek, J., Telser, J., Pittman, T., Crans,
D. C., & Holder, A. A. (2014). Spectroscopic Characterization of L-
ascorbic Acid-induced Reduction of Vanadium(V) Dipicolinates:
Formation of Vanadium(lll) and Vanadium(lVV) Complexes from
Vanadium(V) Dipicolinate Derivatives. Inorganica Chimica Acta,
420, 112-119. doi:10.1016/j.ica.2013.12.001

[137] Eitenmiller, R. R., Ye, L., & Landen Jr., W. O. (2008). Vitamin Analysis
For The Health And Food Sciences (2™ ed.). New York: CRC Press.

[138] Maria, C., Mihaela, M., & Romica, C. (2009). Spectophotometric evaluation
for the stability of the ascorbic acid from the sweet briar extract
(rosa canina) and white sea buckthorn (hyppophae rhamnoides).
International Symposium Euro, June 02-03, 2015 Zilina, Slovak
Republic.

[139] Porras-Saavedra, J., Palacios-Gonzalez, E., Lartundo-Rojas, L., Garibay-
Febles, V., Yainez-Fernandez, J., Hernandez-Sanchez, H., ...
Alamilla-Beltran, L. (2015). Microstructural properties and
distribution of components in microparticles obtained by spray-drying.
Journal of Food Engineering, 152, 105-112.
doi:10.1016/j.jfoodeng.2014.11.014

[140] Kadajji, V. G., & Betageri, G. V. (2011). Water Soluble Polymers for
Pharmaceutical ~ Applications.  Polymers,  3(4), 1972-2009.
doi:10.3390/polym3041972

[141] Zhang, X., Xue, L., Wang, J., Liu, Q., Liu, J., Gao, Z., & Yang, W. (2013).
Effects of surface modification on the properties of magnetic
nanoparticles/PLA composite drug carriers and in vitro controlled
release study. Colloids and Surfaces A: Physicochemical and
Engineering Aspects, 431(20), 80-86.
doi:10.1016/j.colsurfa.2013.04.021

[142] de Almeida, R. R., Magalhaes, H. S., de Souza, J. R. R., Trevisan, M.
T. S, Vieira, I. G. P, Feitosa, J. P. A,, ... Ricardo, N. M. P. S.
(2015). Exploring the potential of dimorphandra  gardneriana

109


http://www.perkinelmer.com/cmsresources/images/44-74556gde_tgabeginnersguide
http://www.perkinelmer.com/cmsresources/images/44-74556gde_tgabeginnersguide
http://chemwiki.ucdavis.edu/Analytical_Chemistry/Analytical_Chemistry_2.0/10_Spectroscopic_Methods/10C%3A_UV%2F%2FVis_and_IR_Spectroscopy
http://chemwiki.ucdavis.edu/Analytical_Chemistry/Analytical_Chemistry_2.0/10_Spectroscopic_Methods/10C%3A_UV%2F%2FVis_and_IR_Spectroscopy
http://chemwiki.ucdavis.edu/Analytical_Chemistry/Analytical_Chemistry_2.0/10_Spectroscopic_Methods/10C%3A_UV%2F%2FVis_and_IR_Spectroscopy

galactomannans as drug delivery systems. Industrial Crops and
Products, 69, 284-289. doi:10.1016/j.indcrop.2015.02.041

[143] England, C. G., Miller, M. C., Kuttan, A., Trent, J. O., & Frieboes, H. B.
(2015). Release kinetics of paclitaxel and cisplatin from two and
three layered gold nanoparticles. European Journal of Pharmaceutics
and Biopharmaceutics, 92, 120-129. doi:10.1016/j.ejpb.2015.02.017

[144] Shi, D. (2004). Biomedical Devices and Their Applications (1% ed.). New-
York: Springer.

[145] Moribe, K., Makishima, T., Higashi, K., Liu, N., Limwikrant, W., Ding,
W., ... Yamamoto, K. (2014). Encapsulation of poorly water-
soluble drugs into organic nanotubes for improving drug dissolution.
International  Journal of  Pharmaceutics, 469, 190-196.
doi:10.1016/j.ijpharm.2014.04.005

[146] Jensen, D. M., Cun, D., Maltesen, M. J., Frokjaer, S., Nielsen, H. M., &
Foged, C. (2010). Spray drying of siRNA-containing PLGA
nanoparticles intended for inhalation. Journal of Controlled Release,
142, 138-145. doi:10.1016/j.jconrel.2009.10.010

[147] Wu, Y., Zou, L., Mao, J., Huang, J., & Liu, S. (2014). Stability and
encapsulation efficiency of sulforaphane microencapsulated by spray
drying. Carbohydrate Polymers, 102, 497-503.
doi:10.1016/j.carbpol.2013.11.057

[148] Yuzbasi, N. S., & Selcuk, N. (2011). Air and oxy-fuel combustion
characteristics of biomass/lignite blends in TGA-FTIR. Fuel
Processing Technology, 92, 1101-1108.
doi:10.1016/j.fuproc.2011.01.005

[149] Wang, H., Helwa, Y. & Rempel, G. L. (2013). Preparation of
polyacrylamide based microgels with different charges for drug
encapsulation. European Polymer Journal, 49(6), 1479-1486.
doi:10.1016/j.eurpolymj.2013.04.003

[150] Kalhapure, R. S., Mocktar, C., Sikwal, D. R., Sonawane, S. J., Kathiravan,
M. K., Skelton, A., & Govender, T. (2014). lon pairing with linoleic
acid simultaneously enhances encapsulation efficiency and
antibacterial activity of vancomycin in solid lipid nanoparticle.
Colloids and Surfaces B: Biointerfaces, 117, 303-311.
doi:10.1016/j.colsurfb.2014.02.045

[151] Post, A. E., Arnold, B., Weiss, J., & Hinrichs, J. (2012). Effect of
temperature and pH on the solubility of caseins: Environmental
influences on the dissociation of aS- and B-casein. Journal of Dairy
Science, 95, 1603-1616. doi:10.3168/jds.2011-4641

[152] zZhou, Y., Song, F., Li, Y. S, Liu, J. Q., Lu, S. Y., Ren, H. L., ... Wang, X.
R. (2013). Double-antibody based immunoassay for the detection of
B-casein in bovine milk samples. Food Chemistry, 141(1), 167-173.
doi:10.1016/j.foodchem.2013.03.010

[153] Huang, M., Xu, Q., & Deng, X. X. (2014). L-Ascorbic acid metabolism
during fruit development in an ascorbate-rich fruit crop chestnut rose

110



(Rosa roxburghii Tratt). Journal of Plant Physiology, 171, 1205-1216.
doi:10.1016/j.jplph.2014.03.010

[154] Khalid, N., Kobayashi, 1., Neves, M. A., Uemura, K., Nakajima, M., &
Nabetani, H. (2014). Monodisperse W/O/W emulsions
encapsulating l-ascorbic acid: Insights on their formulation using
microchannel emulsification and stability studies. Colloids and
Surfaces A: Physicochemical and Engineering Aspects, 458, 69-77.
doi:10.1016/j.colsurfa.2014.04.019

[155] Porras-Saavedra, J., Palacios-Gonzalez, E., Lartundo-Rojas, L., Garibay-
Febles, V., Yanez-Fernandez, J., Hernandez-Sanchez, H., ...
Alamilla-Beltran, L. (2015). Microstructural properties and
distribution of components in microparticles obtained by spray-
drying. Journal of Food Engineering, 152, 105-112.
doi:10.1016/j.jfoodeng.2014.11.014

[156] Fu, Y., & Kao, W. J. (2010). Drug release kinetics and transport mechanisms
of non-degradable and degradable polymeric delivery systems. Expert
Opinion on Drug Delivery, 7(4), 429-444. doi:
10.1517/17425241003602259

[157] Lewis, D. D. (1990). In: Chasin, M. and Langer, R. (eds), Biodegradable
Polymers as Drug Delivery Systems, pp. 1-41, Marcel Dekker, New
York .

[158] Bo-jian, C., Cui-Juan, N., & Lin, Y. (2015). Ascorbic acid regulation in
stress responses during acute cold exposure and following recovery in
juvenile Chinese soft-shelled turtle (Pelodiscus sinensis). Comparative
Biochemistry and Physiology Part A: Molecular & Integrative
Physiology, 184, 20-26. doi:10.1016/j.cbpa.2015.01.018

111



112



CURRICULUM VITAE

Name Surname: ERHAN OZSAGIROGLU
Place and Date of Birth: Adana/ 10.09.1987
E-Mail: ozsagiroglu@itu.edu.tr
EDUCATION:

B.Sc.: Istanbul Technical University

M.Sc.: Istanbul Technical University

PUBLICATIONS, PRESENTATIONS AND PATENTS ON THE THESIS:

= Ozsagiroglu E., Hayta E. N., Avcibasi Guvenilir Y., 2014: Preparation of
PCL/PEG/Chitosan biocomposites for L-Ascorbic acid drug delivery applications.
Polymers and Organic Chemistry, June 10-13, 2014 Timisoara, Romania.

= Ozsagiroglu E., Hayta E. N., Avcibasi Guvenilir Y., 2014: Preparation of
Biocomposites Using Spray Dryer and Their Applications in Drug Delivery
Systems. Polymers and Organic Chemistry, June 10-13, 2014 Timisoara, Romania.

= Ozsagiroglu E., Hayta E. N., Avcibasi Guvenilir Y., 2014: Puskiirtmeli Kurutma
Ile PKL-PEG-Kitosan Mikrokiirecik Uretimi ve Ilag Tasima Sistemlerinde
Kullanimu. /1. Ulusal Kimya Miihendisligi Kongresi, September 2-5, 2014 Eskisehir,
Turkey.

= Ozsagiroglu E., Hayta E. N., Avcibasi Guvenilir Y., 2014: Biyokompozit
Mikrokiireciklerin L-Askorbik Asit Ilag Tasima Sistemlerinde Kullaniminin
Incelenmesi. 1. Ulusal Kimya Miihendisligi Kongresi, September 2-5, 2014
Eskisehir, Turkey.

= Ozsagiroglu E., Avcibasi Guvenilir Y., 2015: Encapsulation and Controlled
Release of L-Ascorbic Acid via Bioblends. 27" European Conference on
Biomaterials, 30" August — 3" September, 2015 Krakow, Poland.

= Ozsagiroglu E., Avcibasi Guvenilir Y., 2015: Preparation of Polycaprolactone-
Polyethylene Glycol-Casein Bioblends using Spray Dryer. 27" European Conference
on Biomaterials, 30" August — 3" September, 2015 Krakow, Poland.

= Ozsagiroglu E., Avcibasi Guvenilir Y., 2015: Preparation of Polycaprolactone-
Polyethylene Glycol-Sodium Alginate Composites using Spray Dryer. 5"
International Conference on Biobased and Biodegradable Polymers, October 10-13,

113



2015 San-Sebastian, Spain.

= Ozsagiroglu E., Avcibasi Guvenilir Y., 2015: Encapsulation and Controlled
Release of L-Ascorbic Acid via Biocomposites. 5" International Conference on
Biobased and Biodegradable Polymers, October 10-13, 2015 San-Sebastian, Spain.

» Ozsagiroglu E., Hayta E. N., Avcibasi Guvenilir Y., 2015: Preparation of
Bioblends Using Spray Dryer and their Applications in Drug Delivery Systems.
Asian Journal of Chemistry, 27(10) , 3734-3738.

= Ozsagiroglu E., Avcibasi Guvenilir Y., 2015: Encapsulation of L-Ascorbic Acid
via Polycaprolactone-Polyethylene Glycol-Casein Bioblends. Polish Journal of
Chemical Technology, 17(4) , 32-36.

Ozsagiroglu E., Avcibasi Guvenilir Y., (Submitted): Polycaprolactone-Polyethylene
Glycol-Sodium Alginate Biocomposites Production for Encapsulation of L-Ascorbic
Acid via Spray Dryer.

OTHER PUBLICATIONS, PRESENTATIONS AND PATENTS :

» Ozsagiroglu E., Iyisan B., Avcibasi Guvenilir Y., 2011: Synthesis and
characterization by  lipase-catalyzed  ring-opening  polymerization  of
poly(caprolactone) with different reaction mediums. European Polymer Congress,
26" June — 1% July, 2011 Granada, Spain.

» [yisan B., Ozsagiroglu E., Deveci Aksoy N., Avcibasi Guvenilir Y., 2011: Chitin-
Immobilized Lipase Catalyst for Ring Opening Polymerization of epsilon-
caprolactone. European Polymer Congress, 26" June — 1% July, 2011 Granada,
Spain.

» Jyisan B., Ozsagiroglu E., Deveci Aksoy N., Avcibasi Guvenilir Y., 2011:
Polycaprolactone Synthesis by Ring Opening Polymerization using Chitosan
Immobilized Lipase. European Congress of Applied Biotechnology, September 25-
29, 2011 Berlin, Germany.

» Ozsagiroglu E., Iyisan B., Avcibasi Guvenilir Y., 2011: Enzymatic degradation of
different types of poly(caprolactone)s by esterase, lipolase and savinase.
International Conference on Biodegradable and Biobased Polymers, August 29-31,
2011, Strasbourg, France..

» Ozsagiroglu E., lyisan B., Avcibasi Guvenilir Y., 2011: Biodegradation and
characterization studies of different kind of polyurethanes with several enzyme
solutions. International Conference on Enzyme Science and Technology 31" October
— 4™ November, 2011 Aydin, Turkey.

*= Omay D., Ogzsagiroglu E., Avcibasi Guvenilir Y., 2011: Controlled
Polymerization of Lactic Acid by Candida antarctica Lipase B. International
Conference on Enzyme Science and Technology 31" October — 4™ November, 2011
Aydn, Turkey.

= Ozsagiroglu E., Bilgic E., Vural H., Iyisan B., Avcibasi Guvenilir Y., 2012: Ring

114



opening polymerization of e-caprolactone by a novel enzymatic catalyst porcine liver
esterase. World Polymer Congress June 24-26, 2012 Virginia, USA.

» Ozsagiroglu E., Bilgic E., Vural H., Iyisan B., Avcibasi Guvenilir Y., 2012: In
vitro degradation kinetics of polycaprolactone flms with diferent pH mediums. World
Polymer Congress June 24-26, 2012 Virginia, USA.

= Bilgic E., Vural H., Ozsagiroglu E., Iyisan B., Avcibasi Guvenilir Y., 2012:
Determination of reaction conditions of polycaprolactone synthesis by porcine liver
esterase. 26th National Chemistry Congress with International Participation October
01-06, 2012 Mugla, Turkey.

» Ozsagiroglu E., Gerone I., Iyisan B., Avcibasi Guvenilir Y., 2012: In vitro
enzymatic degradation of polycaprolactone films by lipase and protease type enzyme
solutions. National Chemical Engineering Congress, September 03-06, 2012
Istanbul, Turkey.

» Saygin P., Iskenderoglu E., Iyisan B., Ozsagiroglu E., Gerone 1., Iyisan B.,
Avcibasi  Guwvenilir Y., 2012: Biodegradation of enzymatic catalyzed
polycaprolactone samples. National Chemical Engineering Congress, September 03-
06, 2012 Istanbul, Turkey.

» Ozsagiroglu E., lyisan B., Avcibasi Guvenilir Y., 2012: Effects of different
reaction mediums on ring opening polymerization of poly(e-caprolactone) by lipase.
African Journal of Biotechnology, 11(63), 12688-12696.

» Ozsagiroglu E., Iyisan B., Avcibasi Guvenilir Y., 2012: Biodegradation and
characterization studies of different kinds of polyurethanes with several enzyme
solutions. Polish Journal of Environmental Sciences, 21(6), 1777-1782.

» Ozsagiroglu E., Iyisan B., Avcibasi Guvenilir Y., 2013: Comparing of in vitro
biodegradation kinetics of commercial and synthesized polycaprolactone films in
different enzyme solutions. Ekoloji, 86(22), 90-96.

= Ozsagiroglu E., Ulker C., Kilic S. M., Avcibasi Guvenilir Y., 2013: A New Route
to Ring Opening Polymerization of e-Caprolactone by lon-Paired Thermomyces
Lanuginosa Lipase with Hexadecylamine. European Polymer Congress, 1621 June,
2013 Pisa, Italy.

= Ozsagiroglu E., Ulker C., Kilic S. M., Avcibasi Guvenilir Y., 2013:
Polycaprolactone Synthesis by a New Immobilized Enzyme Thermomyces
lanuginosa lipase. European Polymer Congress, 16-21 June, 2013 Pisa, Italy.

= Tuglu T., Ozsagiroglu E., Avcibasi Guvenilir Y., 2013: Investigation of Reaction
Parameters Effect on Molecular Weight of the PCL-PEG Copolymers. European
Polymer Congress, 16-21 June, 2013 Pisa, Italy.

= Tuglu T., Ozsagiroglu E., Avcibasi Guvenilir Y., 2013: Effect of Temperature on
Copolymerization of PCL and PEG. European Polymer Congress, 16-21 June, 2013
Pisa, Italy.

= Gerone 1., Ozsagiroglu E., Avcibasi Guvenilir Y., 2013: Gold recovery from dilute
gold solution using chitin as a biosorbent. European Polymer Congress, 16-21 June,
2013 Pisa, Italy.

= Gerone 1., Ozsagiroglu E., Avcibasi Guvenilir Y., 2013: Gold recovery from dilute
gold solution using chitosan as a biosorbent. European Polymer Congress, 16-21
June, 2013 Pisa, Italy.

115



= Ozsagiroglu E., Ustundag H., Kelebek E., Avcibasi Guvenilir Y., 2013: Controlled
Biodegradation of Polycaprolactone Films by A Novel Embedded Enzyme
Thermomyces Lanuginosa Lipase. European Polymer Congress, 16-21 June, 2013
Pisa, Italy.

= Ozsagiroglu E., Ustundag H., Kelebek E., Avcibasi Guvenilir Y., 2013: Reaction
Kinetics for Embedded Enzymatic Degradation of Polycaprolactone Films. Advanced
Materials World Congress, 16-19 September, 2013 Izmir, Turkey.

» Ozsagiroglu E., Oney C., Sanci E., Avcibasi Guvenilir Y., 2013: Binary
Immobilization of Candida antarctica Lipase B Onto Chitin for Polycaprolactone
Synthesis. Advanced Materials World Congress, 16-19 September, 2013 Izmir,
Turkey.

= Ozsagiroglu E., Ulker C., Kilic S. M., Avcibasi Guvenilir Y., 2013: Comparing of
Ring Opening Polymerization of e-caprolactone by lon-Paired and Immobilized
Thermomyces lanuginosa Lipase. Advanced Materials World Congress, 16-19
September, 2013 Izmir, Turkey.

116



