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Abstract
Improved oral delivery of vitamins and antioxidants via food, beverages or supplements

can be achieved by encapsulation of the bioactive component in biodegradable and
biocompatible colloidal and nanoparticle systems. Mucoadhesive chitosan/Pola@ide-co-
glycolide) particles wee investigatecas a means to control the release of bioactive compounds
such as vitamin E in the gastrointestinal (Gl) trachitosan/PL@ particles with entrapped
alphatocopherolat different initial loadingswvere synthesized by emulsion evaporatiogthod
compared against PLGA particles in terms of their physjoadperties, stability, and
gastrointestinal release profile€hi/PLGA paticles of250+ 8.9 nmwith a zeta potential of 61

+ 3.1 mV, and 0.232 polydispersityere formedat 16% theoretical initial loading (with respect

to PLGA) and 0.6 w/9 chitosan Chitosan/PLGA particles were staldelow pH 5 and above

pH 8; at low pHsparticles were positively charged whereas at high pHs they had a negative zeta
potential Particles precipitated between pH 5 an&&bility of the particles as function of time
revealed that PLGA particles remathstable with an average particle sizetapotential and

PDI of 120 nm,b 65 mV, 0.3, respectively, over a day under all gastrointestinal conditions,
except pH 1.5where the particle system approached point of zero charge and aggregated.
Similarly, Chitosan/PLGA patrticles aggregated arouadtral pHs but were well dispersed at

pH 1.5 The particlerelease kinetics simulated gastric and intestinal environments for different
initial alphatocopherol loadingsvas studied. Faster alphacopherol release occurred fo#8

initial loading undergastric conditions compared to %6 and 24% alph&ocopherol initial
loadings. Initial loading had no significant effect on the intestinal releasd.oThe PLGA
particle systems also exhibited a faster release rate compathitdean/PLGA particlemodly

due to smaller sizel0% alphatocopherolwasreleased within 2 hounsnder gastric conditions,

and 54% released after 5 days under intestiraiditions, from PLGA particlesn comparison

X



Chi/PLGA particles released only 20 % under gastric and 58néer intestinal conditions.
Hence Chi/PLGA were foundsuperior in increasing the residence timealphatocopherol in

the Gl tractwhich theoreticallycould be associated with improve bioavailability.
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Chapter 1 Introduction
1.1  Vitamins and Health Benefits

Vitamins are a class of nutrients essentalréproduction, repaigrowth and development
of the human systelfPacker, Slater et al. 1979; Mann, Nesheim et al. 1990; Combs 1998; Singh,
Ye etal. 2009)that arenot synthesized bthe human body. Hence, vitamins required for daily
functions are obtained from food, beverages, or from supplements in a tablet form. There are two
types of vitamins based on their solubility;-gatluble vitamins, such as vitamins A, b, K, and
water sduble vitamins, such as B and C vitamins.

Multiple vitamin formulations and routes of delivery have been exploresh attempto
increase the sobility of fat soluble vitaminsTransdermal and dermal delivery of vitamins A
and E(Taepaiboon, Rungsardthong et al. 20@ral delivery of vitamin B (Bajpai, Bajpai et al.
2002) ocular delivery of vitamin B (Kahn 2005) and intravenous administration otarnins
(Greene, Smith et al. 1990ere attempted to increattee efficiency of vitamin uptak& hough
multiple routes of delivery are available, the oral route is the me&trped by patients due to its
ease and less invasive means of drug administrgonchel and Irache 1998; Stevensl an
Ghazi 2000; Delie and Blanderieto 2005; Sahana, Mittal et al. 2008; Lai and Lin 2009)
response, biopharmaceutical companies @feincrease iral formulations of drugs to target
the vast market that prefers this formagiministration(Kalorama 2007)

Although oral delivery is the most preferred route, it slopose some problems in
absorption of certain drugs, includidigophilic bioactives and vitaminsSome of the problems
encountered in oral administration of lipophilic vitamins such as vitamin E inatwdenucosal
permeability low solubility of the compund in the mucosal flug] and premature eliminatin
prior to complete absorptioof the lipophilic vitaminsin the gastrointestinal environment
(Ponchel and Irache 1998; Sahana, Mittal et al. 2008)
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Of the lipophilic vitamins, vitamin E is the most potent antioxidant knowprevent
cellular damage surged from chemical reactions that involve reactive oxygen gplatiiesel|
and Gutteridge 1995; Halliwell 1999; Knight 2000; Young and Woodside 2864 jhat reason,
vitamin E, specificallyalphatocopherolwas selected as a model lipophilic vitamin in this study.

1.1.1 Vitamin E b Structure, Function and Transport

. . “

Forms of tocpherok and tocotrienols Wlthm Tocopherol
similar biological activity are collectively known as
vitamin E (Achim Stocker 2000)Figure 1.}. The R Tocotrienol

most biologicallyact i ve f or m o-f

tocgpherol (UT) (Burton and Ingold 1986)Alpha-

. . : herol
tocophetol  daily recommended intake s Tocopherol & R Re
Tocotrienol

approximately 620 mg, with no rported toxicity

U CHs CH;
below 400 mg per dal SFDA/CFSAN 1975)

b CH, H

When vitamin Eis introduced in the diet, it
2 H CHs

travels down the Gl tracandit gets absorbed in the

: . . . . Figurel.1l Vitamin E family formed of
small intestine withother lipids and fatty amdso btocopmerols @nd tocotrienols

(Figure 1.3. Vitamin E vitamers are hidy acid resistan{Gerald F. Combs 1998andthusit is
suspected that no significant breakdown of vitamin E occurs in the mouth or st@fRuaid
Eitenmiller 2004)prior to intestinal translocation, where majority of the absorption occurs via
absorptive enterocyte§he vitamin absorption is facilitated bbywo pathways, the HDL or
chylomicron secretiopathwa. The most commonly seen pathway is the chylomicron secretion
in the presence of dietary lipids and microsomal triglyceride transfer protein. At the intestinal
level, lipophilic vitamins, such as vitamin E, are packaged into veateible vesiclesompose

of phospholipids and bile salts which transport thesédtible vitamins, lipids and fatgcids to
2



the enterocyte¢Bjorneboe, Bjorneboe et al. 1990; Borel, Pasquier et al. 200 vitamins
along with the lipids and fatty acids are absorbed into the enterocytes, where they are synthesized
into complex lipids an@re assembled into chylomicrof®onald Eitenmiller 2004yith the aid
of the Golgi apparatu3.he chylomicronsvarying in size from 7% 450nm (Nayak, Harrison et
al. 2001) are secreted into the lymphatic ®yst(Cooper 1997)from the enterocytes by
exocytosis.The chylomicrons undergo hydrolysis of the triglyceride groups by the lipoprotein
lipase, leading to the formation of chylarn remnants. The liver takes the clylomicron
remnants from the lymphatic circulation through the hepatic portal @ioe in the liver, the
chylomicron remnants may undergo a cascade of pathways depending ¢Gasiper 1997)
during which vitamin Eg releasedRonald Eitenmiller 2004 )sorted, repackaged, and secreted
into the plasma from the liver in high density lipoprotein, ddensity lipproteins, or very low
density lipoproteingKayden and Traber 1993)he efficiency of absorgtin of vi t ami n E
acetate, respectively, were reported to be approximately 36% and 44% in normal subjects
(Klatskin and Molander 1952)vhen administered in the free farm

Multiple studies(discussed in the following sectiohave sought t@ncapsulateitamin
E in lipid and polymeric matriceto ease some of the problems encounteseeshelf stability,
agueous solubility, and absorptive uptake (Figure tli8jng transport andbsorpion.

1.1.2 Vitamin E Delivery Systems

Chen and Wagner (2004) improvedtamin E stability onshelf up to 6 monthsn
beverages by microencapsulating the vitamin with starch usihigehigh pressure
homogenizationChen and Wagner 20Q4Duclairoir (2002) also addressed the vitamin E on
shelf stability, to protect the antioxidative property of the vitamin from light, oxygen and

temperature by entrapping the vitamirB®0 nmwheat gliadin particles (Duclairoir 2002)
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Figurel.2 Vitamin E transport and absorption, via chylomicron pathway, highlighting the problems associatd wyithke

and bioavailability (bold arrows)



Zigoneanuet al (2006 reported synthesis of 1% theoretical loading®LGA (UT) nanoparticles
as small as % nm, using sodium dodecyl sulfate (SD& a surfactant, anaf 206 nm when
polyvinyl alcohol (PVA)was employed as an emulsifiér high entrapment efficiency of 8%
and 95% was reported for the ® and 16% T(ltheoretical loading, respectively. Tivevitro
release studies showed tira#8 hrsa 100% and 90% UT release was achievéar the 8% and
16 % theoretical loading, respective(gigoneanu 2006)The in vitro studies byZigoneanu
(2006)did not mimic physiological conditions.

In vivo studies were carried out with various systamsan attempt to showmproved
vitamin uptake A study performed on horsetiowed that)T in the micellized form had higher
plasma concentration compared to other stereoisomers of the vit@ioiellino, Lampecht et
al. 2009) Absorption comparison of vitamin E in capsules comparetlanoSolve(Lipoid
GmbH, Ludwigshafen, Germanya delivery vehicle made of purified phospholipigiowed
that blood vitamin E was depleteadl a faster rate than absorpedits natural form; but showed
increased absorption when ensadpn NanoSolvéWajda, Zirkel et al. 2007)Although a 10
fold increase in absorption with respect to the baseline was proven with the use of nanosized
capsules with purified phospholipids, the maximum concentration attained was roughly
2.35 € mo aftér b hours of administration, which isdethan 50 % of the initial dose. The low
uptake could be attributed to a saturation mechanism associatedUNitnansport protein or
premature elimination dfT from the alimentary canal prior to comfgeabsorption.

A chitosan coated PLGA particle stabilized by lecithin was chosen as the appropriate
vehicle to protect and increase the residence timbeovitamin in the Gl tractThe proposed
system would (1) increase the bioaccessibility of a maglebhilic vitamin (JT) by entrapping it
in designed matrices that would attach to the mucosal tissue, and release the vitamin over time,

(2) ensure thathe lipophilic vitamin issoluble in aqueous media to facilitate administration and
5



transport wihin the gastrointestinal fluids, and (3) counteracttthasport protein rate limitation
by releasing the vitamin over a long period of time, which would avoid an instant overload in the
liver and would achieve a higher vitamin bioavailability.

Safety of theChitosan/PLGA particulate system was a major concern considering that the
bio-nano interaction of polymeric nanoparticles has not yet been extensively analyzed for
cytotoxicity in humans (Taskforce 2007)It is known that particle size, surface charge and
hydrophobicity play a vital role in the ability of particles to be translocated through the cell
(Jung, Kamm et al. 2000pesaiet al 1996, reported a 1850 fold increase in uptake of 100 nm
bovine serum albumin loaded PLGA nanoparticles compared to larger partizéssi,
Labhasetwar et al. 1996)unget al, 2000, reviewed studies on particle transport ranging from
100 nm to 26 pm in size, and concluded that particles < 300 nm have greater uptake by the
enterocytegJung, Kamm et al. 2000).iterature also shows thatutoadhesive particle systems
are desired because thbgve adecrease translocation into the cells and are eliminated in the
process of mucus turnov@Ponchel and Irache 1998; Jung, KamnaleR000) Chitosan, due to
its mucoadhesive properties will ket particle attached to the mucus tissared prevent its
transport into the bodyyhereasnonmucoadesivePLGA (U Particles would beransported
through theenterocytes (Figre 1.3) This will ensure reduced toxicity froarticle degradation
by-products of the delivery systefwith the proposedChi/PLGA system, the vitamin will be
constantly suppliedor as long a the particlesare attacted to the mucus covering the
enterocytesroughly 35 days (Fgure 1.3). Br added safety, the materials proposed in the
synthesis areapproved as generally recognized safe (GRAS)oy the Food and Drug

Administraton (FDA) for food or pharmaceutical uses
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1.2  Objectives

It is widely recognized thabioavailability of vitamins is affected by the materials and

properties of the structure in whidthis entrappd and delivered. fie thrust of this research wa
to understand the mechanisms involvedsihnd e | i very of UT with a part
Chi/PLGA. The results are critical in building the knowledge base required to design
nanoparticulate systems to be used safely aficiegftly in delivery of lipophilic vitamins for
food applicationsThree objectives were identified

The first objective was to synthesigzhitosan/PLGA and PLGA particles with entrapped
UtocopherolFigure 1.4 by emulsion evaporation methaghdto characterizehe particleswith
respect to morphology, sizejze distribution, and zeta potentiéllso, the effects of alpha
tocopherol initial loadingsandchitosan concerdttion, on the particle size, size distribution and
zeta potential were studied.

The second objective was to Mmwnas tPiLEsaAt g Ut h
particles as a function of pH and time. Size

Chi / P LTHas a furldtion of pH were obtained over the pH range 1. Morphology, size,



PDI and zeta potential wesos t udi ed over 24 hTpanmd, PETPA CUli |
particles across different gastrointestinal pHs.

The third objective was to meastutee release profile T f r om ChT) AL GA (|
PLGA (U 7J particles in simulatedgastric and intestal environment. Theelease ratesvere
quantified and reported fathi / PLGA ( UT) HMmtinitial bbadmgs, addifdtvoe r e n t
typesof system( PL GA ( UT) v er 9)uasphySitidgitaPchn@ittons(fod & period of
2 and 7 days for gastric and intestinal environments, respectively. The gastrointestinal release

profle wasmeasured for 16% initial | oading Chi/ PLG

Gl fed and basal states.

_ _ Chitosan @
_ "’audiig“. _
Mg Lecithin
- @ £ 3 ity
i.: N o . : —_—
~ "‘:\: it I::> ( PLGA
9‘.“6 e 2 d - ~
S rensceet. UT @

Colors symbolizing the
different components

PLGA (UT) — Chi/PLGA ()

Figurel.4 Proposed PLGA and Chi/PLGA particle structure

1.3 Components

PLGA particles have beenentified as superior delivery systems figophilic drugs
(Birnbaum, Kosmal et al. 2000; Sahana, Mittal et al. 2Q08)eto their ability to shield the
drugs from external harsh conditions that might lead to loss of activity and fuiiStdana,
Mittal et al. 2008) EntrappingU Tin PLGA particles also tends to improve its solubility in

agueous medigDuclairoir 2002; Chen and Wagner 2004ut additional functionalization

8



would be required to slow down the transition throughatimaentary canal. One way to achieve

this is to promote the particles to adhere to the intestinal wall, by imparting posiikgescto

the particle surfacby coating the particle with a cationic material, such as chit&anhesis of
Chitosan/PLGA pdicles requires the presence of a surfactant such as lecithin when
emulsification processes are used. The three components selected for formation of the desired
delivery systems, PLGA, chitosan, and lecithin are described below.

1.3.1 PLGA

o Poly (D,L-Lactideco-glycolide) (PLGA) (Figure
o 4 1.5 is a common example of a synthetic polymer used in
HOW y ot biological applications that is approved by the FDA as
O
Figurel5 Structure of PLGA  GRAS for pharmaceutical appdtions (Jalil and Nixon
1990; Jair2000) Its degradation is thought to occur mostly through hydrolysis, where it breaks
down into its monomers, lactic acid and glycolic acigiil andNixon 1990; Cohen, Alonso et
al. 1994; Jain 2000'he monomers, lactic acid and glycolic acids, are metabolized through the
Krebbdbs cycle and eliminated as har nloensMs wast
Brady 1973; Tice and Cowsar 1984; Jalil and Nixon 1990; Jain 2@Molic acid could also
be excreted by the kidnéy its primary form.

PLGA degradatioms dependent oa number of factors, such as pH, ionic strength of the
environment,the mole ratio of the monomersrystallinity of the polymer, additives, and
temperaturéBala, Hariharan et al. 2004; Alexis 200Byug-loading affects the initial burst and
thelength of the lag phase. Dunatal(2009) showed that an increase in dlogding leads to a
faster drug release. Drymplymer interactions can also affect the degradation rate of the

polymer, indirectly affecting the drug release rgdf@2unne, Ramtoola et al. 2009)egradation

mainly occurs by two mechanisms, via aqueous hydrolysis of the ester bonds and/or enzymatic
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degradation(Giunchedi, Conti et al. 1998; Van Apeldoorn, Van Manen et al. 2004¢
catalysis of PLGA degradation by the acidic oligomers, lactic and glycolic &idsichedi,

Conti et al. 1998) formed during random scissioof the ester backbone is known as
autocatalysis. Autocatalysis of PLGA microspheres increases the degradation rate with time
(Mittal, Sahana et al. 2007; Zolnik and Burgess 20PT)GA microspheres incubated at pH >

pKa have a heterogenous pH within the microspheres resulting from pockets of acidic oligomers,
causiig a nonuniform degradatioiiZolnik and Burgess 200%here particle matrix and surface
experience different rates of degradatidhpHsunder the pKathe PLGA particles experience a
homogenous pH, the pH of the bulk media due to thprbguct insolubility at very low pHSs.

The absorption of hydroxide ions from the media or the diffusion of the acidrducts can

lead to a suppression of the agttalysis effect, by preventing the acidic micro clim@&aisant,
Siepmann et al. 2002)

1.3.2 Chitosan

Chitosan (Figure 1.6 is an N-deacetylated derivative of chitin, which is a naturally
occurring basigolysaccharideThe degree of chitosan acetylation refers to the ratio-at&ly
D-glucosamine units to the total number of chitosan @itsatelet, Damour et al. 2001; Senel
and McClure 2004)Chitosanis soluble in dilute acids but insoluble in water at neudrad
alkalinepHs (Dutta, Viswanathan et al. 1997; Ravi Kumar 20@J)itosan exists as a polycation
at acidic pHs due to protonation of the amino groups, thus rendering the polymer hydrophilic and
enables water retention at low pB&choud, Zydowicz et al. 2000; Senel and McClure 2004)
Schipperet al(1996 studied the effect of molecular weight ashelgree of acetylation of chitosan
in its ability to aid drug absorption. It was found that chitosan with low molecular weight and
hi gh degr ee 85f%) didnetthelpldaig dbsomtior{ vdile chitosan with low degree

of acetylation and high molatar weight increased epithelial permeabili§chipper, Varum et
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OH al. 1996) The cell toxicity observed

HO corresponded with the degree of

OH

oH acetylation, as well as a low charge

Figure1.6 Structure of chitosan density. For our purpose of drug delivery,

chitosan of high molecular weight and low to intermediate degreeetylation e.g. Protasan
TM UP CL 213, ultrapure chitosan with ~ <tl® % acetylation and molecular weight of
1506400 kDa(NovaMatrix) was appropriate to induce mucoadhesion and disbandment of the
tight junction, with minimal or no toxicity.

Intestinal mucoadhesion, a prefyecharacteristic to chitosan, is definedlas specific or
the nonspecific interactions between a component and the mucosal surfaces of the intestinal
lining (Ponchel and Irache 1998)lucin adsorption study afhitosan microspheres at different
pHs, 1.5, 3.5 and 5.5, and ionic strengths, 0.2, 0.02, and 0.005, at 20 °C showed am iimcreas
mucin adsorbed with pH rise and a decrease with increasing ionic stiéfggtiDavis et al.
1998) Kawashimaet al (2000)suggested that an electrostatic attraction between the negatively
charged mucus layer of the intestine and the positively charged particle might be responsible for
this mucoadhesive property of chitosan partidi®shipper, Varum et al. 1996; Kawashima,
Yamamoto et al. 2000)Interaction between the polymer entanglements and the mucus
components increases the retention time of the chitosan particles in the GKawaetshima,
Yamamoto et al. 2000)An in vitro study on the adsption of mucin to chitosan microspheres
with two types of mucin, whose sialic acid content varied, showed that charges played a major
role in themucoadhesivity; mucin with higher sialic acid content had greateippétatial, and
in effect the most muctohitosan microsphere interactiofide, Davis et al. 1998)in vivo
studies on the mucoadhesive property of chitosan were conducted by comparing mucoadhesivity

and retention time of suimicron sized liposomes (43$p), chitosan coated sub micron sized
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liposomes (ssG&ip) and chitosan coated liposomes (%) in the intestinal tract of rats.
Using confocal laser microscopy it was observed that the-kgCBad the greatest retention
time d all systems studiednd as a resylthe better mucoadhesive property. Thehavior was
attributed to the chitosan interactions as well as the smalbkthe systen{Takeuchi, Matsui et
al. 2005) The ssCS.ip average particle size was 4061 with a zeta potential of 30.3 mV in a
pH of 4.4 (Takeuchi, Matsui et al. 2005Besides its mucoadhesivity, chitosan boundht®
epithelial cell membrane by a charge elegent mechanisiwas shown to result in ande¢tin
depolymerization and debandment of the tight junction proteinl@ahipper, Olsson et al.
1997) ZO-1 is a large cytosolic protein that is bound to the sigleton proteins, aict fibers
and occludin, which aids in stabilizing the interaction between the occludin molé¢catésh
2008) The binding of the chitosan to the epithelial membrane increased the permeability of the
apicd membrane and tight junctior($chipper, Olsson et al. 1997esulting in an imroved
transportvia the paracellular route.

Kawashimaet al (2000) reported that the size of nanoparticles formed by chitosan
coating on PLGA nanoparticlegaried between 264m and 15.2um depending on the
concentration ofchitosan, ranging from 0.20 ©.50 w/v % (Kawashima, Yamamoto et al.
2000) Hence, appropriate chitosan concentration needs to be elucidated for desired system.

Chitosan has not yet been approved by the Food and Drugiattation as GRASor
food applications. Howeverhitosanis believed to be appropriate for drdglivery in biological
systems due to its high bi@bsorbability,and its ability to degrade to netoxic byproducts
(Miyazaki, Ishii et al. 1981; Hou, Miyazaki et al. 1985; Ravi Kumar 200@)foods, chitosan
polymers can be used as an antioxidant and antimicrajeak@udrapatnam and Faroogahmed
2003) Chitosan gives rise to highlyjiscous dietary fiber§Furda 1990)which are nontoxic and

safe for consumptiofHelsinki 1994)
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1.3.3 Lecithin

Lecithin is a biological anionic surfactant with phosphatidylcholine as the main
componentlt has a polar head group that is ionic, &md longhydrocarbon chain@igure 1.7.
Surfactants form micelles at low surfactant concentration, and the concentration at which point
micelle formation begins is called the critical micelle concentration (CMC). The CMC of lecithin
is 9 mM in aqueous solutiorf€hain and Kemp 1934; Fischgold and Chain 198%) ~ 0.1 and
0.22 M in organic solutions (specifically hexafi¢ancer, Patist et al. 2002)he hydrophilich
lipophilic balance (HLB) of lecithin islightly lipophilic within a rangef 4+t 8 (1t 8 being a
measure of lipophilicity, and 8 18 being hydrophilicity). The pH of lecithin is reported to range

6.61 7.2 measured in the presence of 1 %
ethanol aqueous solutions with an
approximate isoelectric point (pl) at a pH

of 3.5 (Bernard R. Bluestein and Clifford

9 L. Hilton 1982) The phagphatides in the
m{ lecithin are positively charged below the pl
Q of lecithin and zwitteonic above the pl
_ Y
0 M. (Chain and Kemp 1934; Fischgold and
Figurel.7 Structure of lecithin Chain 1934) Lecithin is an integral
(phosphatidylcholine) showing the hydrophilic
head group and the lipophilic fatty acid tails component of cell membrasgShinoda,

Shibata et al. 1993ndit is easily metabolizetdy the body The United States FDApproved
lecithin & a GRASsubstance for use assarfactanfUSFDA/CFSAN 1979) Lecithin/chitosan
nanoparticlessmaller than280 nm in size with a zeta potential 40 mV and a narrow size
distribution of <0.2 were reported byponvicoet al(2006)(Sonvico, Cagnani et al. 2006)hey

reported that the interaction between chitosan and lecithin produced a more packed and denser
13



structure (1.17%/cnt) than lecithi alone (0.873)/cnT) with chitosan located on the surface of

the nanoparticlegSonvico, Cagnani et al. 2006}hitosan, a hydrophilic polymer, showed poor
hydrophobic drug encapsulation efficiency as reported by Soretical (2006) who loaded
lecithin/chitosan particles with progesterone, a hydrojhdbug with low water solubility. A
maximum drug loading efficiency as low as 3.5 % was achiéSedvico, Cagnani et al. 2006)

Our proposed system, however, contains polymeric matrix of PLGA which has previously shown

high lipophilic drugentrapment efficiencig&igoneanu, Astete et al. @8).

14



Chapter 2 Chitosan/PLGA Particles for Oral D elivery of Lipophilic M odel
Vitamin (Alpha-tocopherol) in the Gastrointestinal Tract

2.1 Introduction

Vitamins are a class of nutrients essential for reproduction, repair, and growth and
development of the human systgfacker, Slater et al. 1979; Mann, Nesheim et al. 1990;
Combs 1998; Singh, Ye et al. 20@Bat are not synthesized by the humadybdience, vitamins
required for daily functions are obtained from food, beverages, or supplements. There are two
types of vitamins; the fagoluble, such as vitamins A, D, E, K, and the water soluble vitamins,
such as B and C vitamins. Vitamin E is a fjpdic antioxidant vitamin with properties that
prevent cellular damage from chemical reactions that involve reactive oxygen species (ROS)
(Halliwell 1999; Knight 2000; Young and Woodside 200Damage caused by ROS has been
related to cancefZhang, Kramer et al. 1995@iabetes, cardiovascular diseg&®jda and
Harrison 1999; Chisolm and Steinberg 2000; Adlam, Harrison et al. 2@tfmmatory
responses, degenerative disea@4sa, Lloret et al. 2004)aging (Ferrari 2004) liver injury
(Vitaglione, Morisco et al. 2004 ataractTaylor, Jacques et al. 1995nd othergBergendi,

Benes et al. 1999; Allen and Tresini 2000; Nishikawa, Edelstein et al..200@lanced food
intake rich in vitamins and antioxidantsncluding vitamin E has been suggested to ensure
optimal tissue levels of antioxidan{kachance, Nakat et al. 200hgpcessary to maintain a
balance between ROS formation and antioxidant defense.

Low mucosal permeabilitylow solubility of the compound in the mucosiélids,
premature elimination prior to complete absorption, and instability of the lipophilic vitamins in
gastrointestinal environment, are some obstacles encountered with oral administration of

lipophilic vitamins. On account of these limitations, thigcefncy of absorption o¥itamin E and
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UT acetate, respectivel y,36%andd4%rinenprimal sulgjetts t o b e
(Klatskin and Molander 1952)

Delivery systems were developed to address these obstacles, and improve the
bioavailability of alpha o ¢ o p h e the most(mEcTive form of vitamin EFor examplea
study performed on horses showed tadministration ofU Tin micellized formresulted ina
higher U Tplasma concentratiocompared to the vitamin delivered in its free fofforellino,
Lamprecht et al. 2009)n another study byipoid GmbH (Ludwigshafen, Germanyjapsules
made from purified phospholipidshowed a 10 fold increase thT ~ aphic® in blood plasma
(Wajda, Zirkel et al. 2007)Although an increase in absorption was proven with the use of
nanosized capsules with purified phospholipids, the maximum concentration attained was
roughly 1.11 mg/L for an intake of 120 mg of vitamin E. The absorption efficiency was still low,
lessthan 50 % of initial intake peaked at 6 hrs.

Chitosan,an N-deacetylateda derivative of chitinanda naturallyoccurring biopolymer
with minimal toxicity that exhibits mucoadhesive propettiegas identified as a potential
component to increase Gl trénsme of vitamin and consequently its bioavailability. Various
formulations of chitosan particles have been studied to promote sustained release of drugs both
hydrophilic (Sajeesh, Bouchemal et al. ; Janes, Fresneau et al. 2001; Hu, Jiang et and002)
hydrophobiqCalvo, Remufiaiiopez et al. 1997; Kosaraju, Weerakkody et al. 20@)ncrease
mucoadhesiorfKockisch, Rees et al. 2005; Wei, Wang et al. 20@&) drug targeting(Park,
Saravanakumar et gland pH sensitive drug lilery (Hu, Jiang et al. 2002; Sipahigil, Girsoy et
al. 2006) DNA transfection(Lavertu, Méthot et al. 2006; Bowman, Sarkar et al. 2008ahd
Lin 2009) protein protection and deliveffAmet, Wang et al. ; Lameiro, Lopes et al. 2006;
Rekha and Sharma 2009; Sonaje, Lin et al. 200@yeased absorption and upalelorea,

Thanou et al. 2006; Zhang, Zhang et al. 20@8)wellas for vaccinatioffChew, Wolfowicz et
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al. 2003; van der Lubben, Kersten et al. 2003; Borges, Borchard et al. 2008sBGordeiro
daSilva et al. 2006; Rajesh Kumar, Ishaq Ahmed et al. 2008; Tian, Yu et al.. ZLU8)san
based particles were also used to delay igastnptying(Soane, Frier et al. 1999; Torrado, Prada
et al. 2004)

Interactiors between the polymer entanglements and the mucus components iticrease
retenton time ofchitosanor chitosarcoatedparticles in the Gl tragiPonchel and Irache 1998;
Kawashima, Yamamoto et al. 2000awashma et al (2000 reported that chitosan coated
PLGA particleswere able to achieve longeartestinalretention by penetrating into the deeper
mucus layer and attaching to the mutissue(Kawashima, Yamamoto et al. 2008) vast array
of studies have begperformed to utilize and harness the merits of chitosan for oral delivery,
however, detailed knowledge of the biocompatible polymeric system capable of both controlled
release, mucoadhesion, and pH responsiveness to increase the gastrointestinal transit of
lipophilic vitamins are still lackingThe purpose of this project was to investigateitheitro
gastrointestinal stability of a nanoparticulate system formed of chitosan and PLGA stabilized by
lecithin, and the release behavior of lipophilic bioactisgeecificallyl T f thisosystem under
fasted and fed state physiological conditiofise thrust of this research & understand the
mechanisms involved iGld el i very of UT with ,&hi/PL&A. TThecul ar
results are critical in building the knowledge base required to design nanoparticulate systems to
be used safely and efficiently in delivery of lipophilic vitamins for food applications.

2.2  Materials

Chitosan with an average molecular weigf 1505 400 kDa and 7@ 90 % degree of
deaetylation was obtained from Novadttix Ultrapure Polymer Systems Inc. (Sandvika,
Norway), PLGA (50:50) with an average molecular weight of 40,0005,00Q D,L- alpha

tocopherol (97 %)sodium aurocholateD (+) b trehalose dihydraiesodium acetate, and sodium
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chloride were purchased from Sigma Aldrich (Saint Louis, MO, USA). Soybean lecithin, glacial
acetic acid, hydrochloric acid, sodium hydroxide, monobasic and dibasic sodium phosphate, and
potassium chlode were purchased from Fischer Scientific (Fair Lawn, NJ, USA). Ethyl acetate,
acetonitrile, methanol, anhydrous sodium acetate, and isopropanol were obtained from EMD
Chemicals Inc. (Gibbstown, NJ, USA). Nanopure water was obtained using Nanopurea@®iamo
(Barnstead international, Dubuque, IA, USA). 100 kDa Cellulose Ester biotech membrane tubing
and closures were obtained from Spectrum Laboratories Inc. (Rancho Dominguez, CA, USA).

2.3  Methods
2.3.1 Synthesis of PLGA and Chitosan/PLGA Particles with Entapped Alpha-tocopherol

PLGA and Chi/PLGA particles with entrappddl were synthesized by emulsion
evaporation using a slightly modified method outlined in Astate$abliov (2006) (Figure 2.1).
Il nitially, an organic phase was formed with 2
three different initial loading concentrations (8 %, 16 %, and 24 % w/w relative to PLGA mass).
An aqueous phase was formed with 11 mM lecithin (20 % > CMC = 9 (Miigson and
Wakeman 2005)lissolved in ethfacetate satated water. The organic phase was added in
drops to the aqueous phase at oil to water ratio of 1:4, in an ice bath, under continuous
sonication. The sample was sonicated for 1 min at 750 W, and 40 % amplitude using-a probe
type sonicator (VC505, Sonics@aMaterials Inc. Newton, CT, USANext, the organic solvent,
ethylacetate, was evaporated under vacuum, at approximateliy 600 mmHg and nitrogen
injection (80 mmHg), in a rotovapor (Buchi-R4, Buchi Analytical Inc. New Castl®E,
USA). PLGA( U Tanoparticles werprodued following complete evaporation of ethyl acetate.
Next, thePLGA( UT) nanoparticle suspension was added
drops under continuous sonicatidtar the chitosan concentration study, the volumehdbsan

solutions was varied to obtain a final chitosan concentration ranging betvie@1625 mg/mL.
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The complex was sonicated in puls@de for 10 minutes with a duty cycle of 2s to form

di spersed Chi / PL GAind nafopartigleasuspsiorc wWas washgdsby diatysis

using al00kDa Spectra/POR CE membrg@ectrum Rancho, Dominquez, T#® remove un
entrapped UT and excess surfactant. The suspe
in 1.5 L nanopure water for 24 hours. The dialysesdimam was changed every 8 houfse

particles were then lyophilized using a FreeZone 2.5 Plus (Labconco, Kansas City, MO, USA) at

180 °C with a trehalose to particle ratio of 1:4 for 48 hours.

DrOp—Wise addition of DI’Op—Wise addition of PLGA
organic phase into th NPs into aqueous phase #2

% aqueous phasel = %
Ej = = = Ej

Continuous Evaporation  of
icati Pulsed organic solvent '
sonication sonication

O @
P @ 4

- v = '_ 0 n.
__.-'.""_":._. > [+] -
L ‘ — ‘ 00 ‘ El |3
"'i..-..--". 7 T4 *_8 0.0
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Inal particle Lyophilization v
(not to scale) Dialysis

Figure2.1 Particle synthesis procedure

2.3.2 Size, Size Distribution, and Zeta Potential Measurement

Size, polydispersity indexPQI) and zetgotential weremeasured by dynamic light
scattering using the Malvern Zetasizer Nano Kalyern Instruments Inc., Southborough, MA).
Size and PDI measurements were obtained for partafies resuspensionin triplicate. A

volume of 1.3 ml of each sample at a cemtration of 0.3 mg/ml waglaced in a polystyrene
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cuvette and measured &°2. Themean values of size and PDI wdatermined using a mono
modal distribution

2.3.3 Morphology

The morphology of the nanoparticles was studied by Transmission Electron Microscopy
(TEM) using a JEOL 10€X (JEOL USA Inc., Peabody, MA) system. Oneplet of the
nanoparticle suspension was placed on a copper grid of 400 mesh with a carbon film, and the
excess sample was removed with filter paper. Uranium acetate 2 % was used as a stain; the
excess uranium acetate was removed after 1 min with filfggrpahe sample was dried before
analysis by TEM.

2.3.4 Entrapment Efficiency

Entrapment efficiency oUT i n prvas determinesl Sy dissolving a mass of
lyophilized particles equivalent to 0.002 w/v% theoretical amountbaf i n 95: 5 (v/
acetonitrile : HO under sonication for 15 seconds, followed by incubation for 2 hrs. The sample
was centrifuged at 30,000 rpm for 1 hour with an Allegra 64R centrifuge (Beckman Coulter,
Fullerton, CA, USA), and the supernatant was injected in the HPL@Quantification of the
entrapped vitamin.

A standard <curve, with a I|linear dynamic 1
acetonitrile to HO, was generated and used to convert the area under clbvBtoc oncent r at
UT entrapment e fefdi cbiye ndciyv iwlaisn gc atlhceu Inmatss of UT
that expected theoretically at tBeinitial loadings studied8, 16, and 24 % (CP8, CP16, and
CP24). Chi/PLGA particles showed no significant change in entrapefigciency with initial

loading Average entrapment efficiency of 493.6 %, 55+ 8.6 %, and 53t 6.4 % were

measured for 8 %, 16 %, and 24 % initial loadings, respectiVdly. individual entrapment

20



\W

efficiency values at each initial |l oadi ng
gastrointestinal conditions.
2.3.5 Stability of Particles

ThepH stability of UBnamlhs i/ PiLGA R KIGER] ATt ,i

over a pH range of 112. Particles were suspended in pH adjusted nanopure water and pH
titrations were carried outvhile simultaneously obtaining the size, PDI, and -peti@ntial using
the Malvern Zetasizer Nano ZBPT-2 (Malvern Instruments Inc., Southborough, MA)ilute
HCI and NaOH solutions were used for pH adjustments.

The time dependent pH stability of paréislwas studied under gastbasal(pH 1.5)and
fed (pH 4.0), as well as intestinal basal (pH 6.5) and fed (pH@S) Particles were suspended
in pH buffers, at each time interval, 0, 3, 6, and 24 hrs, an aliquot was sampled using the
Malvern ZetasizeNano ZS (Malvern Instruments Inc., Southborough, M) particle size,
PDI, and zetgotential, while morphology was obtained ussmdeOL 106CX (JEOL USA Inc.,
Peabody, MA).

2.3.6 Gastrointestinal Release Profiles of Alphdocopherol from Chitosan/PLGA
Particles

Thein vitro release profiles of the Chitosan/PLGA patrticles were studied under simulated
gastricand intestinal environmenter fasted and fed conditiorfShakweh, Besnard et al. 2005;
Brouwers, Tack et al. 2007)The simulated intestinal fluid consisted of 3 mM sodium
taurocholate and 0.75 mM lecithdissolved in phosphate buffer solution, at pH 6.5 and 5.5,
basal and fed pHs respectively. The simulated gastric fluid consit#8g of NaCl dissolved
in 7.0ml of 1 M HCI, diluted to a final volume of 1L using nanopure water, and pH adjusted to

1.5and 4.0, the basal and fed gastric pHs respectively.

21



To measure release, lyophilized particles equivalent to 0.002 w/v% theoretical amount of
UT wesuspended in 15 ml of the respective media, and spilt into 14 aiqiibtsamples
were placed in £25KC incubator shakefNew Brunswick Scientific, Edison, NJ, USA&} 37
°C and 100 rpmover a time span of 2 and 7 days for gastric and intestinal sampling,
respectively. At each time interval, an aliquot sample was centrifuged at 30,000 rpm for 1 hour
with an Allegra 64R centrifuge (Beckman Coulter, Fullerton, CA, USA). The pellet was briefly
rinsed with nanopure water to remove residual salts from the media,eanditas dissolved in
955 viv % acetonitrile H,O following the entrapment efficienqgyrocedure outline@bove, to
quantifytheUT by HPLC.

2.3.7 HPLC Quantification

The supernatant containing the -mghassbkighl ved
performance liquid chromatography. The HPLC system consisted of 1200 series Agilent vacuum
degasser, binary pump with sample mixing, standard-sarler, thermostatted column
compartment containing the revefgigase column, diodarray and fluorescence detectors (1200
series Agilent System, Agilent Technologies, Santa Clara, CA, USA), alectathin series.
Isocratic elution at room temperature was utilized with 95:5 v/iv % methanol to water as the
mobile phase. 2§l of sample was automatically injected at a flow rate of 0.5 ml/min through a
Zorbax EclipseXxDB C18 3.0 x 100 mm, 3.5Am (Agilent Technologies Inc. Santa Clara, CA,
USA). The 1200 series fluorescence detector (Agilent Technologies Inc. Santa Clara, CA, USA)
at excitation and emission wavelengths of 290 nm and 320 nm, respestiveely, ut i | i zed
detection.

2.3.8 Statistical Analysis
One way analysis of variance with Tukey adjustment was used to analyze the chitosan

effect on particle size and zeta potential. Two factor ANOVA was used to estimate the
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significant difference in size, PDI, and zgtatential between PLGA and Chsan/PLGA
particles for different UT initial | oadi ngs,
Data is presented as meanstandard error of the mean, having been measured atireast
triplicate. A difference between the means was considsigrtificant if thep-value was less than

or equal td.05 All statistical analyses were run in SAGSAS Institute Inc., Cary, NC, USA).

2.4 Results and Discussion
2.4.1 Effect of Chitosan Concentration on Size and Zeta Potential td<2mMPLGA Particles

The effect of chitosan concentration on Chi/PLGA particles was studied for chitosan
concentrations ranging between 0 to 0.625 mg/mL; this study was required to find the optimum
chitosan concentration that would yield stable, positively charged parti¢ie=e Tegions were
observed (Figure 2.2). In Region | (chitosan between 0 to 0.2 mg/mL), stable particles with an
average hydrodynamic diametsr126 nm and surfaceopential ofi 43 mV were synthesized,
with no significant change in particle propertiwgh chitosan concentratiomEM images of
paticles obtained at 0 mg/mkhitosan (PLGA partic® showed sphericalwell-dispersed
particles(Figure 2.2h. Chi/PLGA particles witin Region 11(0.2 to 0.35 mg/mL chitosanyere
unstable and had a tendencyptecipitate wihin minutes of formation. &apotential of these
particl es r 2tgadV,while tveeagenageiparticle diameter ranged between 1.5
t o 8. Stable polydisperse particled 283 nmand positive potential o#56 mV were
observe in Region Il (Figure 2.2a). No significant change in size or zgiatential was
observed for particles in this concentration range (0.35 to 0.625 mg/mL) with an increase in
chitosan concentration. TEM image of particles & ®g/mL chitosan concentrati showed
spherical particles with wide sizistribution(Figure 2.2). The particle properties of Chi/PLGA
particles stabilized by lecithin followed a similar trend as those stabilized byrBp@#ted by

Nafee et al (2007)the difference was thaChi/PLGA/lecithin particlessynthesized herein
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indicated a positive potential at 0.3 mg/mL of chitosahereas Chi/PLGA/PVA required only
0.2 mg/mL fora positive zeta potentigNafee, Taetz et al. 20Q7as expectediue to the
presence of lecithin

Chitosan Concentration (mg/mL)
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Figure2.2 a) Average hydrodynamic diameter and zeta potential of Chi/PLGA particles
synthesized at a final chitosan concentration ranging betwdef.625 mg/mL, n = 3. EM
images at 10K magnification are inserte show, b) PLGA patrticles (0 mg/ndhitosan), and c)
Chi/PLGA particles (0.6 mg/mL chitosan).

In formation of Chi/PLGA/lecithinparticles, the electrostatic interaction of the amine
groups of chitosan with thehpsphate groups of lecithin allowed for chitosan to deposit as layers
on the PLGA particle surface to producei/ebhGA particles, increasingetapotential of
particles. It was observed that an increase in chitosan concentration increased the surface
potertial for final chitosan concentrations up to 0.4 mg/mL chitosan, above whicipaeatial
showed no significant change with increasing chitosamcentrationsKigure 2.2). This was
mostly due to the saturation of the number of units that can adhergéhensurface of PLGA
particles due to the electrostatic interaction with lecittbove this limit, excess chitosan is

either held on by chain entanglement by association, or as free units in suspension.
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Purification of the polymers and surtant priorto particle synthesis would decrease the
variability between experimental sets, but in turn add to the cost of the process due to the
addition of extra processing steps. Hence, for this study all components were used as obtained
from the chemical company ithout further processing. Standard error of mean between
experimental sets varied largely due to the use of polymers of varying molecular weights. Stable,
positively charged particles were synthesized at chitosan concentrations exceeding 0.4 mg/mL.
The paitive charge is necessary for mucoadhesive attachment by electrostatic interaction of the
particles to the negatively charged glycocalyx groups of the mucin on the intestina{Heglls
Davis et al. 1998)Hence, all particles used in the follow up studies were prepared at a final

chitosan concentration of 0.6 mg/mL.
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Figure23 Ef f ect of pol ymer and UT (dashedtlirelaand zeta a di n g
potential (solid line) of PLGA and Chi/PLGA patrticles

2.4.2 Effect of Alpha-tocopherol Initial loading on Chitosan/PLGA and PLGA Particle
Size,Size Distribution, and Surface Potential

The effect of UT | o aaddizetapoteotial was astudied oribeth s i z e
PLGA and Chi/PLGA particles at ,withrrespectidihe i ni t i
PLGA masdo determine if changes in drug loading altered the particle propdBtgs particle

systems, PLGA and Chi/3A, showed no significant change in size, PDI, or-petizential with

25



increasingnitial loadingof UT bet ween 0 to 24 %. PLGA parti
PDI, and zetgpotential of 84 nm, 0.195 arieb5 mV, respectivelywhile Chi/PLGA particle
measured 333 nm, with a PDI 01279, andzeta potential of +58 m\gcross loadings Fgure
2.3.

Although initial loading had no effect on the partipi@perties, the addition of chitosan
to PLGA showed a significant effect on particle size, PDI, poteéntial] as shown in previous
studies with Chi/PLGA particle§Nafee, Taetz et al. 2007gnd Chilecithin nanospheres
(Ogawa, Decker et al. 2003; Sonvico, Cagnani et al. 200@) size of PLGA paitles increased
from 84 nm ta333nm by theaddition of chitosanKigure 2.3a)accompanied by potential shift
from b55 mV to +58 mV(Figure 2.3p. From the above findings, increaseln loading would
not affect the particle propertieience higher drubpadings couldbe utilized while still
maintaining similar particle size and potential. This also ensuredUhatlease kinetics from
PLGA or Chi/PLGA particles would not be affected by particle size or potential with increasing
UT loadings.
2.4.3 Stability of Chitosan/PLGA and PLGA Particles asa Function of pH and Time

Knowledge of the particle stability was important to deciphetdheelease kinetics from
PLGA and Chi/PLGA particles under gastrointestinal conditiditee Gl tract is a dynamic
environment wherein pH changes with time; herfoe thange in particle properties as pH
changes over time was studiefihe stomach maintains a low pH of approximately 1.5,
characterized by high concentrations of hydrochloric acid, but when eating the pH of the
stomach jumps to 5 when the fluids (aroumti ©4) from the mouth reach the stomach. The pH
of the stomach returns to the basal pH of 1.5 gradually over [2rs time, with an average pH of
4.0. Gastric emptying occurs during this time. About 50 % of the ingested material is emptied

into the smalintestine at 2 hrs and approximately 100 % emptied around (Rbssell, Berardi
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et al. 1993) Therefore, it was asimed that the lipophilic vitamin entrapped in a given particulate
system would experience a pH of 1.5 and pHs below 5 for at least 2 hrs, before moving onto the
intestinal conditions. Similarly the intestine maintains a pH of 6.5 under fasting and araps t

pH 5.5 as material from the stomach is emptied into the small intestine. The pH then gradually
returns to pH 6.5 (in the ileum) as food transitions to the large intestieei@al pHs.

Hence, stability of the particles and thestinal releasef UT from the particles under fed
conditions weresimulated for thestomach at pHs 1.5 and 4.0 (basal and fed states3raali

intestine at pH 5.5, and at pH 6.5 for fasted state

The stability study across pH showed thfitemulsions made with lecithin arRLGA
(UT) particles approached zero potential, with an averageppé¢atial ofb15 mV andb5 mV
respectively (Figure 2& Table2.1) at pH 2.0.The particles and emulsion dropletged
towards aggregation as the pH was decreased below 3, with aneadexaggter of 178 nm dn
332 nm, respectively (Figure Y In comparison, Chi/PLGA particles were stable below pH
5.5 and above pH 8, but particle aggregation occurred between pH 5(&iglu& 2.4) This
phenomenon was not reversible. A gradual in@ess pH from 1.5 resulted in particle
aggregation around 5.5, and a decrease in pH from 12 resulted in aggregation at pH 7. Particle
aggregation around pH 6 for chitosan particles, with a charge inversion from negative to positive
around this pH was expett from previous findinggOgawa, Decker et aR003) and each
component 6s position o021). phe &hi/BLGA patiices gxhibitesl @ a | e
positive charge of ~ 40 mV below pH 5 and a negative chargebds0-mV above pH 8; the
corresponding particle diameters were approximately 381 nm below pH 5 and 301 nm above pH
8. This indicated that although the unbound surface amine groups of chitosan were deprotonated,

the negative charge from PLGA and lecithin ([eaB.1) offered sufficient potential to prevent
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the particles from aggregation at pHs aboveABo, Chi/PLGA particles above pH 8 were

significantly greater in size in comparison to PLGA particles (Figure 2.4b), indicating that the

chitosan layer bound tthe particles was still present. Chi/PLGA particles below pH 5.5

remained positively charged and stable due to the protonation of the surface amine moieties of

chitosan (Table 2.1), conferring sufficient potential to stabilize and disperse the padtel® sy

at low pHs.
3500 1 ® aT Emulsion

40 1 _ O PLGA (aT)

20 E 3000 NP
= ¥ = 2500 ChﬁPLGA(aT)ﬁ
g 7 2 NP
= 0 A ? g
g . % £ 2000 {
8 27 \} / 4 2 1500
& 40 . 2
o 5 5 1000 |

-60 i <500 -

g
-80 1) 777 0 .
2 4 6 8 012 2 4 6 8 10 12
pH pH

Figure24 St a b i ITierhulsions,fPLGAUT), and Chi/PLGAUT) particles as a function of
pH, characterized by changesainsurface potential and Byerage particle size. pH at whic
precipitation of Chi/PLGA particles was observed is indicated by the shaded region.

Table2.1 Charge distribution offT emulsionsPLGA (UT) and Chi/PLGA(UT) particles and
their individual components, poly (D;lactide-co-glycolide), chitosan, and lecithin across the
pH scale, highlighting their respective point of zero charge (p.z.c.)

20 |30 |40 |50 |6.0|70 |80 |90

PLGA 0 0 0 Y Y | Yy Yo
Chitosart + + + + + |0 0 0
Lecithin’ + 0 + + + |+ + +
UT/ Lecithin® s s s Yy Yo | s Yy Yy

PLGA/Lecithin’ v % % Y% % % Y% W%
Chi/PLGA/Lecithirt | + + + + 0 |» Y Yy
* (Sober 1918)A(Liu, Sun et al. 2005) (Ghainand Kemp 1934: Fischgold and Chain 193)
obtained from Figure 3

The pH stability clearly indicatedhat Chi/PLGA particles aggregate around basal
intestinal conditions, while PLGA particles aggregate around basal gastric condi@ions
significantfact to consider for Gl deliveryPLGA particle properties were reversible when pH
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was increased from gastric to intestinal pHs with a slight increase in size, but Chi/PLGA
particles were not revived to original condition after aggregation. Chi/PLGA leartmse the
positive charge with aggregation, which would affect the mucoadhesive capacity of the particles
as particles transition towards the distal ilewhich primarily maintains a neutral pH

Stability of PLGAand Chi/PLGA particles exposed to gastpH pasal ~ 1.5andpH feq ~
4.0) andintestinal (pHpasar ~ 6.5 andpH g ~ 5.5) conditions was studied ovéme ( Figure
2.5). As expected, based dime pH stability study (Figure 2.#£LGA particlesprecipitated in pH
1.5, making it difficult to obtain particleproperty valuesParticle morphology observed with
TEM confirmed that aggregation at this pHcooed instantaneously (Figure @)6 PLGA
particles resuspended in pHs 4.0, 5.5, a&é& bufferandremained stable for 24 hours, with no
significant change iraveragesize (123 nn), PDI (0.239, or zetapotential 628 mV) over time
(Figure 2.5. TEM imaging showed that at pH 4.0 particles aggregated less and individual
particle structures we visibly discernable (Figure 2§ comparedo particles at pH 1.5 (Figure
2.6a). At pH 5.5 and 6.5, stable individual pelds were identified (Figures 26& d), thus
corroborating the quantitative results that PLGA patrticles were stable in pH 5.5 and 6.5 for 24
hoursobtained by dynamic light scatieg.

Chi/PLGA particles resuspended in pH 1.&nd 4.0buffers remained stablér 24 hours
with no significant change isize 345 nn), PDI (0.419, or zetapotential (+30 mV) (Figure
2.5). TEM imaging (Figures 2.6e & fshowedwell dispersed and sphericpérticles at these
pHs. At pH 5.5 Chi/PLGA particles statl out dispersed but tended towards aggregation with
time (phenomenon observed after 6 hrs at this pH), while aggregation was observed instantly at
pH 65 (Figure 2.6g &h). The immediate aggregation of Chi/PLGArticles at pH 6.55howed
no change with time (Figure 2.6Marticle size, PDI, and zefotential are not available at pH

6.5 for the Chi/PLGAsystemdueto the irstability of the particles at this pH. The gbility of
29



Chi/PLGA particles at acidic pHs 1.5 can be explained by protonation of the amine groups at this
pH (Table 2.1) which produced sufficient charge interaction to solvate and stabilize the patrticles.
At higher pHs, especially at those approachihgosan pKa, zetpotential of chitosan particles
approaches neutral (Table 2.1), and particles tended to agg{®gateco, Cagnani et al. 2006)

The pH at which aggregation begins depends on the specific particle system. In comparison to
our system, ChitosaRLGA particles stabilized by PVA showedraeotential close to pH 4.0
(Kawashima, Yamamoto et al. 200@yhile chitosarecithin emulsions aggregated at pH 6.0

(Sonvico, Cagnani et al. 2006)

2000

— e 40 1 l l l l
E 1500 | pH 4.0 1 -
g pH 5.5 4 ~ 20 —O— pH 1.5 _
g === pH 4.0 £ —v— pH 4.0 - Chi/PLGA
£ @z pH 5.5 |PLGA = 0 —O— pHSS
.g 1000 1 pr> 2 —— pH 4.0
A pH 6.5 | § —w— pH 5.5 FPLGA
& 2 -20 1 —m— pH6.5
: 500 - d
é E[ -40

-60
25 0 5 10 15 20 25
Time (hrs) Time (hrs)

Figure2.5 Stability of PLGA(UT) (filled) and Chi/PLGA(UT) (empty) particles as a function
of timeand pH; observations were made for 24 hrs &iG3under 4 different pH5 1.5, 4.0, 5.5
and 6.5. * significantly differentp(< 0.05
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state pH of 4.0 over 2 hrs at a magnification of 33K, c) intestinal fasted state pH of 6.5 overa?24 hmagnification of 33K, d)
intestinal fed state pH of 5.5 over 24 hrs at a magnification of 33K; and Chi/PLGA particles under e) gastric fastedostat® pH
over 2 hrs at a magnification of 100K, f) gastric fed state pH of 4.0 over 2 hrs at dica#igni of 100K, g) intestinal fasted state pH
of 6.5 over 24 hrs at a magnification of 20K and 33K, and h) intestinal fed state pH of 5.5 over 24 hrs at a magnifs&ion of
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Although Chi/PLGA particle aggregation occurs after 6 hours when exposed to pH 5.5,
particles still exhibited a positive potential at this pH (Figure 2.5). Furthermore, chitosan was
proven to remain adhered to the PLGA patrticles at high pHs, as indicatbé particle size.
Therefore, this indicated that if particle attachment occurred at the beginning of the intestinal
loop, where gastric dilution renders the fluid slightly acidic, then amine groups of Chi/PLGA
particles already attached to the surfaceid be unaffected by the change in pH, thus remain
attached until mucus turnover occurs, 3 to 5 days later. This would ensure a timed released of the
entrappedJT, prior to excretion.

2.4.4 Controlled Release of Alphatocopherol from Chitosan/PLGA and PLGA Particles
in Simulated Gastrointestinal Environment

The impact of two factors, initial loading (8, 16, and 24 %) and the type of system
(PLGA versus Chi/PLGA), otJT release was studied at physicochemical conditions to predict
the release behavior bl from the particles in a human gastrointestinal tract.

2.4.4.1 The Effect of Alpha-tocopherol Initial Loading on Alpha-tocopherol Release from
Chi/PLGA Particles under Gastrointestinal Conditions

UT initial loading (8, 16, and 24 %) had a significant effen theUT release profile
under the basal gastric conditions (pH 1.5°37 and 150 rpm). Significantly fastell release
was observed for CP8 particles, with 24 %Bf released instantaneously, and 46 % released
after 2 hrs; whereas CP16 and CP24 igad showed no significant difference in release
between each other. CP16 and CP24 particle formulations had an Uistaigase of only 11 %
and 12 %, and 30 % and 21 % after 2 hrs, respectif/dyre 2.7 Chi/PLGA patrticles for all
three initial badings, 8 %, 16 %, and 24 %, had no significant difference in size (Figae 2.3
Therefore, the location of the vitamin as opposed to particle size affected the diffusion rate of
uT. UT has an alcohol group bounduletsomet he ¢

hydrophilicity, though not strong enough to solubilize the vitamin in agueous media, it aids the
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molecule orient itself within the @&ater interface, thus, acting as astofactant. Due to this
reason, UT mol ecul es GAAdcithin mterfage, uatil surtace becamzu nd
saturated and additional UT mol ecules were pu
Vitamin located at the surface released initially followed by the gradual release of the vitamin
from within the paticle matrix, giving rise to a biphasic release profile, with approximately
100% of the vitamin released in 2 days (Figure 2.7Db).

On the other hand, the intestinal rel ease
loadings showed no significantfidgirence in release, with an average initial releasez02% for
all three loadingsit time zero, and an maximum average release af@%, 58+ 12 %, and 83
+ 5 % for CP8, CP16, and CP24, respectively, over a 5 day p&iigure 2.§. The differencen
media constitution was suspected to have caus
initial loadings under intestinal conditions, while a disparity was observed across loadings under
gastric conditions. The presence of solubilizing agentshan dimulated intestinal media,

including lecithin and bile salts, promoted U

C ¢

l ed to a concentration driven diffusion of
solubility enhancers in the gastrenvironment delayed the vitamin release until sufficient
molecules of vitamin were released and in close proximity to form transport vehicles by
association with each other (with the hydrophilic chromanol side of the tocopherol facing the
agueous mediayhile the hydrophobic fatty tails oriented towards the cenkéghce, while no
difference was observed in the intestinal, initial loading affected the gastric release of the
vitamin.

After 24 hour s, an average gastobsenced ffT r el ¢
CP8, CP16, and CP24 particle formulations, respectively (Figure 2.7b). As a result of minimal

initial release and slower release rate over 2 hours (preferred in drug deliVeryitial
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loadings greater than 8 % was preferred for lipophiiamin gastrointestinal delivery. Higher
initial |l oadings were necessary to ensure min
intestine, where majority of the lipophilic compound absorption would occur; Chi/PLGA with 16

% initial loading exhiied a 50b 80 % UT rel ease over 5 days u

Therefore, Chi/PLGA patrticles at 16 % initial loading were selected o study the effect of system

onUT release in the GI tract.
60 T 100 1
—e— 8% (CP8)
g 50 { —&— 16% (CP16) S
b= A 24% (CP24) < 801
g 40 2
© B b .;_'j 60 A
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Figure2.7 Gastric release diT from Chi/PLGA particles at 3 initial loadings (8, 16, and 24 %)
under basal stomach conditions over a) 3 hrs and b) 48 hours.

2.4.4.2 The Effect of Particle System, PLGA and Chi/PLGA, on Alphatocopherol Release

from Particles under Gastrointestinal Conditions

The release of UT from the particles was ¢
diffusion but also on particle characteristics. The physicochemical properties of the PLGA and
Chi/PLGA particles were investigated in theeyipus sections to understand the differences in
UT rel ease fr onTimehnd predependent stalilisytpreff@gures 2.4 & 2.5
showed that PLGA particles aggregated and clumped out of solittopH 1.5 whereas

Chi/PLGA particles were Weedispersed
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Theoretically, delayed) Trelease was

expectedfrom PLGA particlesdue to
. 80 1
f% particle aggregation. However, PLGA
o 60 A
% particles had a faster release of Z4
=40
L
= and 59 %, at time 0 and 2 hrs,
E 20 1
5 respectively, when compared to

0 4
Chi/PLGA particles which releasexhly
0 20 40 60 80 100 120 11 % and 30and2 WiST at
Time (hrs)

Figure28 | ntestinal releas respectively, under basal gastric
3 UT intial l oadi ngs (

basalconditions. conditions (pH 1.5).Under fed gastric
conditions (pH 4.0), 22 % and 40%T was r el eas ed abocoroparedRA1G%®% par t
and 20 % UT r el eas e dFigure 2IAfE 16 hré 8113 %, apdad® 10i c | e s

% UT wa s froméPLGAaasdeCHi/PLGA particles, respectively (Figure 2.Sijtically,

no significant di ffer ence nthefedlaid basal lgastacspils, wa s
indicating that PLGA particle aggregation at pH 1.5 did not affect the release ratamnvit

which was similartdJ T r el eas e under TEMémhges supporied aggregationo f 4 .
at low pHs (Figures 2.6a & b) for PLGA particles but coalescence was not visible; thus, PLGA
particles lacked the sufficient charge to be uniformly dispensatie media and precipitated

while still maintaining the spherical nature of the particles with minimum effect on release.
However, t he amount of UT released varied si.
versus Chi/PLGA).Smaller PLGA particlesr el eas ed UT faster t han
especially under short time spans, while protonation of the chitosan amine groups over time,

approximately 6 hrs under gastric conditions, led to the extension of the chitosan chains on the

surface; thus, essasmlty rendering theChi/PLGA particles to behave like PLGA particles.
38



Wit hout the added protecti on of Ultreease mtafromr | ay
Chi/PLGA particles after 6 hrs mirrored PLGA patrticles, under gastric conditions.

U Trelease from PLGA and Chi/PLGA particles under intestinal basal (pH 6.5) and fed
(pH 5.5) conditions showed that statistically the release did not differ between basal and fed
conditions, similar to release under gastric fed and basal states, howevsafieasigchange in
release was observed between particle systemssaadunction of time (Figure 2 Initially,
PLGA particles released 19 % and 29 %, whereas Chi/PLGA patrticles released only 9 % and 7
% Uil pH 5.5 and 6.5, fed and basal intedtipHs respectively. PLGA particles showed a
hi gher Dburst release of UT compared to Chi/ Pl
particles after 5 days seemed to vary, 54 % under basal (pH 6.5) and 82 % under fed (pH 5.5)

intestinal pHs, the amount eslsed did not differ statistically.

100 | o 0 |
< T S
<80 S
g 2 60 -
2 (]
S 60 5
B 40
£ 40 1 pH 1.5 5
= £ —— pH4.0 3 50
E 8 O Chi/PLGA g
© ® PLGA “ 5 O Chi/PLGA
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0 10 20 30 40 50 0 20 40 60 80 100 120
Time (hrs) Time (hrs)

Figure29 Rel ease of UT from PLGA and Chi/ PLGA pa
(dashed line) a) gastric, and b) intestinal conditions.

Chi/PLGA particles werapproximately 4 times bigger than PLGA particles at pH 4.0
and 5.5, fed gastric and intestinal conditioifie significant size difference between both

particle systems, under fed conditions, was responsible for the higher Wiitiglease from
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PLGA partcles. Diffusion rate of solutes and solvents to and from the particle depends on the
surface area to volume ratio of the particlasd it was expected th#érger particles would
exhibit slower release time while smaller particles would comparably hasterfrelease,
phenomenon observed herein.

It was noticed that under both basal and fed conditions the Chi/PLGA patrticles released
approximately half as much as the PLGA particlesler gastric conditionJ his is beneficial to
lipophilic bioactive deliery because lipophilic compounds entrapped in Chi/PLGA particles
when ingested with or without food would still exhibit a lower gastric drug release compared to
PLGA, and, hence most of the compounds will be released mainly in the small intestine, where
they are absorbed. The pH stability of Chi/PLGA patrticles indicated that these particles were
stable with no detectable degradation caused by pH alone undestait ganditions (Figure
2.4).

2.5 Conclusions
Chi/PLGA particles synthesized by emulsion ewapion method with chitosan
concentrations above 0.3 w# yielded stable, gsitively charged, sphericglarticles with an
average sizef 283 nm and potential af58 mV. In comparison, PLGA particles measured 84
nm in size with a negative potentialisB5 mV.A change in UT initial | o
the particle properties or the vitamin entrapment efficieMyrphology and particle properties
indicatel that Chi/PLGAparticles wee stable at acidic pHselow 5 and above 8 with an average
sizeof 310 nmand 300 nm with a potential #f40 mVandt 60 mV, respectivelyand insoluble
aroundthe pKa of chibsan.Titration results indicated that the stability of PLGA particles was
similar to lecithin/UT emul si ons, wh i @ bf zemopclargeoaaoana @l 2.0t he p
where the particles precipitatéthe gagic releaseof different intial loadings o) Tshowed that

8% initial loading Chi/PLGA particleead a f aster release of uT, W
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%; no difference in release was detectedemintestinal conditions between the different alpha
tocopherol initial loadings. Chi/PLGA particldsa d a s liniiak eeleaseWith 11 %

compared to 24 %JT r el eased b yundé haaiandpfedr gastric toaditions.
Chi/PLGA patrticles also dd a slower intestinal release rate, watlcumulative5 8 % o f Ut
released after 5 daysompared to PLGA particles whic r el eased 82 % of U
Si mul at ed gast r ocevealédehattChi/RLEGA padidles reledseshaesage of 71

% of en rapped UT, of which 40 %adwlLGA paréclee as ed
approxi mately 90 eéaysofwhiehr2d % was peleased Uh The intesting

concluded thaChi/PLGA particleswere a betterdelivery system fotJ Thy ensuringhat most

of t h e reldaBedindhe intestinenere absorption occyrthus increasinghe uptake and

bioavailability of the lipophilic vitamin.
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Chapter 3 Conclusionsand Future Work
3.1  Conclusions

Mucoadhesive particles were desired for increagastrointestinal residence time of
lipophilic vitamins. Chitosan/PLGA particles were synthesized by emulsion evaporation method
to yield stable, spherical and positively charged Chi/PLGA particles of 310 nm &adwiv
under acidicpHs; and stable, negately charged particles of 300 nm akd®0 mV under high
alkaline pHs. These particles exhibited a point of zero charge around neutral pHs varying
between pH 5 to pH 8, where aggregation following by subsequent precipitation was visually
observed. The poindf zero charge of PLGA particles was detected around low acidic pHs of 2
and lower, above which the partislewvere negatively charged. Different initial loading
percentages of UT in Chi/PLGA particles were
inChi / PLGA particles, and no significant di f f
entrappedvere observedHence, the median concentration was used for the fallpwstudies to
determine the in vitro rel ealsevironmente of UT i n
The simulated gastrointestinal release studleswved that the type of particle delivery
system used hasaffect on the amount releasedminimal gastric release of 28 UT af t er
hours under gastric conditions, and maximunT r e F S8 a&sveas abserved after 5 days
under intestinal conditiongsing Chi/PLGA particlesin comparisonPLGA patrticles showed a
59 % and 54 % under gastric and intestinal conditions, respectively, therefore Chi/PLGA

particles ardound more suitable for proln g e desidéfice time in the Gl tract.

3.2 Future Work

Chi/PLGA particles were unstable under neutral conditions, pH 55 to pH 8.
Theoretically, positive charge is required for electrostatic attachment of the Chi/PLGA particles
to the mucus tissueAnimal studies are recommended to ensure particle attachumeietr
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intestinal conditionsOther studies includexvivo animal studies to determine the extent and

length d Chi/PLGA attachment, to ensure increased particle retention and attachment to the
mucus tissue, aspposed to whole nanoparticles translocatlasmaUT concentr ati o
time shouldoe eval uated to study the effect of the
via animal studieslt is also necessarip sampleplasma concentiato n o f UT before
systemic circulatiorin order to differentiate between alpteopherol direct intestinal uptake

and alphaocopherol processed by the liver, via akpbeopherol transport proteiithis would

help in discriminating between thé&ext of the delivery system on the vitamin uptake and the

percentage of absorbed vitamin that is actually available for tissue use, i.e. bioavailability.
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Appendix A Particle Property Measurements Obtained byDynamic Light
Scattering

TableA-1 The effect of chitosan conceation on particle properties with increasing chitosan
concetration from 0.003 0.625 mg/mLon Chi/PLGA particles synthesized by emulsion
evaporation. The particle properties were characterized using dynamic light scattering (Malvern
Zetasizer Nanoserigs

Chitosan EXPT 1 EXPT 2 EXPT 3

Concn Size Zeta PDI Size Zeta PDI Size Zeta PDI
(mg/mL) (nm) (mV) (a.u.) (nm) (mV) (a.u.) (nm) (mV) (a.u.)

0.003 78.9| -54.20| 0.156 78.6| -43.50| 0.144 85.9| -50.00f 0.231

0.057| 145.2| -32.90| 0.344 83.5| -41.00| 0.230f 123.3| -53.20| 0.263

0.114] 226.2| -36.80| 0.366| 138.8| -41.50| 0.495| 136.4| -40.70| 0.300

0.200| 218.8| -38.50| 0.286| 225.5| -29.50| 0.704| 137.4| -42.70| 0.319

0.250| 700.8| -14.50| 0.724| 9031 -16.00f 0.501| 373.8| -34.50| 0.366

0.275| 5613.0, 14.70f 0.683 7431 15.90| 0.811 1323| -21.70f 0.773

0.300| 5236.0f 31.30| 0.742] 368.9| 41.80| 0.289| 18630 16.10| 0.854

0.325| 3583.0| 44.00f 0.203| 351.6| 49.30| 0.279] 661.8] 40.10| 0.559

0.350| 1286.0/ 51.70f 0.280| 240.9| 50.50| 0.166| 3449 51.30| 0.210

0.375] 900.0| 55.50| 0.231] 254.5| 50.00f 0.207] 309.5| 52.90| 0.194

0.400| 988.1| 56.00f 0.357| 298.1| 51.70| 0.279| 309.6f 55.10] 0.202

0.425| 761.4| 53.80| 0.566| 291.1] 52.30| 0.268 266 55.00f 0.203

0.450| 495.6/ 56.80| 0.438| 275.7| 55.40| 0.227 289 58.30| 0.248

0.475| 500.0/ 56.70f 0.440| 273.0| 54.60| 0.214 270 57.20| 0.209

0.500| 314.4| 58.80| 0.259| 278.5| 57.40| 0.222] 262.2| 58.00/ 0.238

0.525| 380.3| 55.80f 0.360| 313.7| 56.00f 0.258 260 56.00| 0.240

0.550| 358.7| 57.20| 0.258| 392.0f 56.70| 0.388] 236.4| 54.90| 0.233

0.575| 375.9| 57.10f 0.277| 271.7| 56.00f 0.210 259 61.10| 0.253

0.600| 362.7| 54.20| 0.269| 274.7| 55.00f 0.204| 266.2| 59.50| 0.257

0.625| 295.8| 62.20| 0.255| 267.3] 60.00{ 0.208 298 59.60f 0.205

TableA-2 The effect of alph@ocopherol initial loading on particle size, z@@tential, and
polydispersity on Chi/PLGAarticles, without chitosan (PLGA particles), with chitosan before
washing, and final particle properties after washing the particles.

Without Chitosan ~ With Chitosan before purificatio With Chitosan after purificatiol

Sys| ini_L | Size| Zeta| PDI| Sys| ini_L | Size| Zeta| PDI| Sys| ini_L | Size| Zeta| PDI

% nm Mv a.u. % nm| Mv a.u. % nm| Mv a.u.

80.2| -34.7| 0.207| CP 320.4| 63.5| 0.303| CP 490.5| 53.0| 0.210

79.8| -35.6| 0.190| CP 320.4| 62.0| 0.307| CP 485.9| 51.9| 0.202

80.1| -36.1| 0.220| CP 321.2| 60.9| 0.285| CP 483.3| 52.8| 0.181

87.1| -38.2| 0.214| CP 323.8| 62.6| 0.282| CP 507.8| 52.9| 0.220

TU|TV|T|0 |0
C|00|00|00| 00
CO| 00 |00| 00|00
00|00 (00| 00|00

87.6| -55.3| 0.179| CP 344.2| 61.1| 0.279| CP 504.0| 53.3| 0.232

table continued
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