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Developing a cross-linked hyaluronic microparticlesystem for
protein encapsulation

Sonya Piskounova

Sammanfattning

Proteinlakemedel ar mycket potenta och specifika lakemedel. Nogeal dessa till
patienter genom regelbundna injektioner, eftersom da dessa mediemeralt bryts de
ned av enzymer som finns i magsacken. Injektioner ar relativt atymakraver oftast
narvaro av sakkunnig vardpersonal. Darfor &r proteiner bra kandidatet &teenativt
leveranssystem. Ett sadant system kan till exempel vara liigapsv proteiner i
mikrosfarer uppgjorda av ett polymer. Det ar viktigt att desskropartiklar ar
biokompatibla, vilket betyder att de inte igenkdnns av immunsystesogtSrammande
material. Det ar ocksa betydelsefullt att proteinet inte skadas under ingapsticessen.

| det har projektet har ett system av mikropartiklar utveckRtsicipen ar att proteiner
forst innesluts av ett fettsyreholje (liposom), och dareftarar-bunden hyaluronsyra
(HAX). Liposomen fungerar som ett bra skydd for protein stat@hteoch hyaluronsyra
ar ett mycket biokompatibelt material. Darfor ar det troligjtest sadant partikelsystem
skulle kunna t ex sprutas in i patienternas blod och gradvis frisaterptakemedel utan
att orsaka en inflammatorisk process i vavnader dar det applicerats.

Karakteriseringen av dessa sa kallade LipHAX partiklar hat g de fungerar bra som
skydd for proteiner. En rad andra egenskaper hos systemet mdsterapt som till

exempel hur mycket protein som finns inkapslat och hur mycket ochohuprbteinet
slapps ut fran partiklarna.

Examensarbete 20p i Molekylar Bioteknikprogrammet

Uppsala universitet april 2006



“I'll believe it when | see it”
-Prof. Nikolai Piskunov

To my father who always challenges me
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CHAPTER 1: INTRODUCTION

1.1 Protein pharmaceuticals

Protein pharmaceuticals are highly specific and potent theraprugis. In the modern day’s
expansion of the biotechnological industry new recombinant protein drugs arentgrstated,
optimized and mass-produced. The efficient and safe deliveryerdgutic proteins is the key
to commercial success [1].

Peptides and proteins, such as insulin and vasopressin, are usuallysttedrby injection.
When given orally they are degraded by the proteolytic enzymtbe igastrointestinal tract, or
they cannot cross the intestinal mucosa because of their hydribplaihd large molecular size.
Most protein products are delivered intravenously, intramusculadylmoutaneously. Due to the
short half-lives of peptide/protein drugs, frequent injectionseageired. This is a costly method
and requires assistance from a trained health care profesgipnBbr these reasons protein
pharmaceuticals are ideal candidates for a controlled deliystgrs, e.g. microencapsulation.
However, there are many obstacles in developing such delivesnsy/diecause proteins are
easily destroyed in the process.

1.2 Microencapsulation

Microencapsulation has proven to be a good method for long-term drugrgeds well as a
way for controlling the release kinetics for many smatengs. However, optimizing this
method for large molecules such as peptides and proteins has prdyem twomplicated task,
mainly due to their delicate physical and chemical propertiest Mroteins are sensitive to the
changes in the environment and often loose their biological activigy to degradation or
aggregation within the microparticles during the manufacturinggssand during the release
period [2-4]. Controlling the release of the protein is also difficult [5, 6].

Microencapsulation, using conventional polymeric systems (e.g., poig-tacglycolic acid
and encapsulation methods (e.g., double emulsion method), has shovied $utcess largely
due to denaturation of encapsulated proteins during the encapsulation pnogesghin the
hydrophobic polymer environment. The proteins become unstable upon prolomgestirexto
stressful conditions, such as a large water/organic solventifwéofacial area, high mechanical
stress, acidic and hydrophobic microenvironments, or elevated temperature [2, 7-10].

1.3 Cross-linked hyaluronic acid

Hyaluronic acid (HA) is a naturally occurring linear polydsarede, comprised of-1,4
linked D-glucoronic acid anf-1,3 N-acetyl-D-glucosamine disaccharide units, with a number of
properties, such as excellent biocompatibility, hydrophilicity, andosisg which make it
appealing for biomedical applications including post-surgical acdimepreventions, tissue
engineering, and controlled drug delivery [11].

Using cross-linked hyaluronic acid (HAX) microparticles to apsulate protein drugs was
presumed to have a number of potential advantages. Firstly, wepatgctithat this method
would be milder than the conventional methods since the preparation ofnédparticles
does not introduce any organic solvents, avoiding therefore a number bifysitedies that arise
at w/o interface [3]. Secondly, due to biocompatibility of HA we hdpeminimize the
inflammatory reactions that were shown to occur for PLGA in vivo [12].



1.4 Liposomes

Phospholipid vesicles (liposomes) are one of the most studied tymgagstarriers in the
recent time, although due to their instability they are not ittedlong term drug delivery [13,
14]. However for purposes like reducing toxicity and enhancing celipkake, liposomes act as
good carrier vehicles for proteins [15]. Our hypothesis was thedpsulating the proteins in
liposome nanoparticles prior to encapsulation in HAX could improve particle formation.

1.5 LipHAX microparticles

The main goal of this project was developing a method of micapsodation optimal for
protein stability. It was suggested that the stability would beroned using a novel
encapsulation method which involves encapsulation of the protein in liposome ntigtespand
thereafter in cross-linked hyaluronic acid (LipHAX micropagg)l This method of preparing
microparticles has several potential advantages. First, encapsutatiposomes reduces contact
between protein and polymer minimized interactions that could hinfieieet cross-linking of
HA derivatives, as well as protects the protein from othesstgeduring the different steps of
microencapsulation. Second, preparation of LipHAX microparticles doesinwotve the
unfavorable water/organic solvent environment and the mechanical agititbss method is also
considered to be milder that conventional microencapsulation methods.

This system was developed on three fairly different proteins asedodel drugs: albumin,
beta-glucosidase and tissue plasminogen activator (tPA) to validzte expectations. The in
vitro protein stability and release kinetics were examined and thgacimof the new
microencapsulation method on these properties was taken into accountoddragatibility of
the LipHAX particles was investigated vivo.



CHAPTER 2: MATERIALS AND METHODS

2.1 Materials

Hyaluronic acids (HA, sodium salt) molecular weight of 1.3MD and 49@kie purchased
from Genzyme Corporation (Cambridge, MA, USA) and HA with moleculeight of 50kD
was obtained from Lifecore biomedical (Chaska, MN, USA). Adiphlydiiazide (ADH), 1-
Ethyl-3-[3-(dimethylamino) propyl] carvodiimide (EDC), ethylegb/cerol, sodium periodate
were obtained from Aldrich (Milwaukkee, WI, USA). 1-Hydroxybemi#ole (HOBt) was
purchased from Alfa Aesar (Ward Hill, MA, USA). Cholesterol, 1,2B0yl-sn-Glycero-3-
Phosphocholine (DOPC) were purchased from Avanti Polar Lipids (Alba@dabama, USA).
Albumin, fluorescein isothiocyanate albumin (FITC-albumin), betaagidase from almonds,
and p-nitrophenyl-beta-D-glucopyranoside, (P-NBDG) were obtaireed SIGMA (St. Louis,
MO, USA), Tissue Plasminogen Activator (tPA) from CatHfld\ctivase (Alteplase, Genentech,
Inc. South San Francisco, CA, USA). Poly(laateglycolic acid) (PLGA) (lactic acid to
glycolic acid ratio = 50:50, high intrinsic
viscosity) was acquired from Birminghar
Polymers (Birmingham, AL, USA). Minera
oil and Span 80 (Sorbitan monouleate) we
purchased from SIGMA. Laemmli sampl
20X, 12% HCI SDS-PAGE, B-
mercaptoethanol were acquired fro
BIORAD. The bicinchoninic acid (BCA)
and microBCA assay agents were obtain
from Pierce.

2.2 Preparation of cross-linkable
hyaluronic acids

In situ cross-linkable HA derivatives
were synthesized according to a previou
developed method [11, 16] (Figure 1 Tt
illustration was adapted from [11]). Briefly
HA-adipic dihydrazide (HA-ADH) was
prepared by reacting HA (medium MV
unless specified otherwise) with a 30-fo
molar excess of adipic dihydrazide in tf
presence of 1-ethyl-3-carbodiimide (EDC
and 1-hydroxybenzotriazole (HOBt) at pl
6.8 and room temperature. The product w
purified by exhaustive dialysis and ethan
precipitation. HA-aldehyde (HA-CHO) wa: "
prepared by reacting HA (high MW unles Figure 1: Hyaluronic acid. (A) Unmodified. (B)
specified otherwise) with an equimol¢ Periodate oxidation (to HA-CHO). (C) Hydrazide
sodium periodate for 2 hours at roo modification (to HA-ADH). Arrows indicate site of

temperature in the dark. The reaction w medification.




terminated by adding ethylene glycol. The product was purifiecxhaustive dialysis. The
purified products were lyophilized and stored at 4°C.

2.3 Preparation of microparticles
2.3.1 Crosslinked HA microparticles (HAX)

Encapsulation of protein in cross-linked HA microparticles (HAX)swexplored by
sequentially adding solutions of HA-ADH (490kD, 20mg/ml), protein of vayyioncentrations,
and HA-CHO (1.36MD, 20mg/ml) in different volume ratio¥able 1, Appendix) to a
continuous phase which consists of 25 g of mineral oil and 0.1 g of Spam&MiXture was
homogenized for 5 minutes to produce a water-in-oil emulsion at 1500Sipraréon LART-4
homogeniser) with a medium size rod. The emulsion was stirred atod@?@ight to evaporate
water from dispersed phase. The microparticles were waslhiedsapropyl alcohol six times,
followed by evaporation of the residual isopropyl alcohol.

2311 Optimizing the HA-ADH vs. HA-CHO ratio in HAX

The encapsulation was performed with HA-ADH (490 kD, 20 mg/ml)AeCHHO (1.36 MD,
20 mg/ml) weight ratios of 2, 1 and 0.5. The protein concentration wasdegtant at 1 mg/ml
of FITC albumin in distilled waterT@ble 1, Appendix).

2312 Investigating protein-HA interaction

The encapsulation was performed with different concentrations of albut®i mg/ml
albumin mixture (2.5 mg/ml FITC albumin and 7.5 mg/ml albumin), 2.5 mgifC albumin, 1
mg/ml FITC albumin to establish if the protein-HA ratio afégttparticle formation. The
encapsulation was also done with beta-glucosidase in concentratidrisrag/ml and 1 mg/mi
to see if the protein itself influenced encapsulatitetb{e 1, Appendix).

Presence of interaction between the protein and HA-ADH and/oCH®&- was studied by
means of sodium dodecyl sulfate-polyacrylamide gel (SDS-PAGEh Bzmduced and non-
reduced samples were analyzed to see interaction might ocgrot@ins natural conformation.
For the reducing SDS-PAGE samples with twice the volume dirgebuffer (Laemmli sample
20X in beta-mercaptoethanol) were boiled at 110°C for 5 min. For non-reducing SDS-PAGE 150
ul sample with 50ml sample buffer A (2.5ml 1M Tris-HCI pH 6.8, 1g55R.0ml 20mM EDTA)
were heated at 50°C for 15min, after whichy2@f sample buffer B (0.625ml 1M Tris-HCI pH
6.8, 0.01g Bromophenol blue, 7ml Glycerol 2.375ml distilled water). In easd Thg of
sample was loaded in each well on a 12% SDS-PAGE gel antbplaatesis was performed for
1h at 120 V. The gel was thereafter stained and distained with CoerBafisant Blue Staining
and Distaining Solutions (Biorad).

2.3.2 Liposomes

Liposomes were prepared by lipid film hydration. A thin film dastisg of DOPC 100 mg
(127 pmol) and cholesterol 25 mg (64.6 pmol) was formed in a round bottdm Tlzes film
was hydrated with albumin solution (20 ml, containing 180 mg albumin andy2@odel drug).
Large multilamellar vesicles (LMV) were obtained by vorteiing the flask, repeated
freezing-thawing cycles [17], and sonication. The LMV were thexiruded through



polycarbonate filters with pore size 3, 1 and 0.4 pm to obtain smaheillar vesicles (SUV)
Non-encapsulated protein was removed by ultra-filtration through a 500 kD membrane.

2.3.3 Liposome-HAX composite particles (LipHAX)

Encapsulation of liposome in cross-linked HA microparticles (LipHAXas done by
sequentially adding 1.0 ml HA-ADH (490 kD, 20 mg/ml), 0.5 ml liposome (1&hgfmnl) and
0.5 ml HA-CHO (1.36 MD, 20 mg/ml) in distilled water to a continuous eh@asich consists of
25 g of mineral oil and 0.1 g of Span 80. The mixture was homogenized for 5 minutes to produce
a water-in-oil emulsion at 1500 rpm (Silverson L4RT-4 homogenizeh ainedium size rod.
The emulsion was stirred at 40°C overnight to evaporate water frepersed phase. The
microparticles were purified by exhaustive washing with isodragdgohol, followed by
evaporation of the residual isopropyl alcohol.

In order to obtain highly cross-linked HAX matrix, LipHAX migrarticles were also
prepared with 2.0 ml low Mw HA-ADH (50 kD, 70 mg/ml), 100 mg liposome| HA-CHO
(1.36 MD, 70 mg/ml). The continuous phase consisted of 50 g mineral oil agdo®.2pan 80
(Table 1, Appendix). The mixture was homogenized for 5 minutes at a fgstexd of 9000 rpm
to create a more uniform particle size distribution. The overnigaparation of water and
purification was done as described above.

2.3.4 PLGA water/oil/water microsphereswith protein

For comparison, PLGA microparticles were prepared by a double iemslsvent
evaporation method from literature [18] with minor modifications. Tepkdhe protein
concentrations comparable with the LipHAX particles, 150mg PLGAolied in 3.75 ml
dichloromethane was sonicated for 2 min at 40% amplitude with 0.375 ng/d0rPA with
albumin (1:9 ratio). The solution was placed into 25ml 1% polyvingtadt (PVA) (6kD) and
homogenized for 2 min at 9000 rpm. The homogenized mixture was poured angeraldeaker
containing 50 ml water and a stir bar. After 2h the remaining dichloromethareva@srated by
means of a Rotovapor. The microparticles were purified by exhaustishing with distilled
water and lyophilized.

2.4 Characterization of microparticles
24.1 Protein content
24.11  Liposomes

Liposome samples were lyophilized in aliquots of known volume and resilesgpen 1ml
PBS. The liposomes were then disrupted, releasing the protein logtsmmifor 1 min with 1s-1s
pulse and 40% amplitude. The solution was thereafter centrifuged at 1pr@d0rr20 min to
remove any debris. The protein content was determined by enzykee-immunosorbent assay
(ELISA) for human tPA total antigen (Innovative Reseaf®tuithfield, MI, USA). A standard
curve was created for known tPA concentrations and the amount of eatapguibtein in the
liposomes was calculated analytically from this curve.

! For FITC liposome in batch 5 the LMV were thenredied through polycarbonate filters with pore $z4, 0.4
and 0.2 um to obtain small unilamellar vesiclesaf@e obtaining smaller particle size as preseintéthble 2



2412  LipHAX microparticles

It was assumed that 100% of liposome was encapsulated and thénefoneunt of protein
was directly proportional to the amount of liposome used for the formulation.

24.1.3  PLGA microspheres

The amount of tPA encapsulated in PLGA microparticles wasn&sd to be as the amount
used for production of PLGA particles minus the amount detected ihrde washes that was
detected with human tPA total antigen ELISA.

2.4.2 Protein activity
2421  Liposomes

Protein activity and total antigen were measured for beta-giiases and tPA, respectively,
in order to determine how these proteins react in extreme treatmeints phatein encapsulation.
To simulate each condition of the liposome preparation process, 0.2 plesaoh 0.5 mg/ml
beta-glucosidase in distilled water were subjected to the tespé@ezing and thawing (n=4),
heating to 40°C for 1h (n=4), 2h (n=4) and 4h (n=4). Untreated protein, storedenselution
at 4°C, was used as a control for this study. Beta-glucosidéisgyawas quantified through a
reaction that involves hydrolysis of p-nitrophenyl-beta-D-glucopyidec®-NPBG). A volume
of 10 ul of the each beta-glucosidase sample was added to 1 ml of P4#NFBG in 0.05 M
sodium acetate buffer pH 5.0. The enzyme and P-NPBG were alloweddt for 10 minutes
stirring. The reaction was then stopped by adding 2ml of 1M sodiumbbitate pH 9.0 and
absorbance was read at 400 nm. The total amount of beta-glucosiddse santples was
detected by BCA Protein Assay Kit (Pierce) and the fitedh is presented as a quote of protein
activity and the total amount of protein.

Similar experiment was performed with 0.5 mg/ml tPA, dissolvedistilled water with
protective albumin (9.5 mg/ml). Samples with 8b of protein solution were subjected to
freezing-thawing, heating as described previously for beteegldase (n=4 for each treatment
and time point). The amount of released tPA was quantified by hurAatot# antigen ELISA
(Innovative Research).

2422  LipHAX microparticles

Once inside the liposome, the protein is assumed to be protectedlfrexternal stress, as
was previously shown for other drugs. No extra activity study we@slucted for protein
encapsulated in LipHAX.

2423  PLGA microspheres

To imitate conditions of the double emulsion method, 0.2 ml samples withdlrbl ineta-
glucosidase in distilled water (n=4) were sonicated for 2 mi#0% amplitude with a tenfold of
dichloromethane on ice, after which to each sample 0.8 ml distilger was added. Samples
were centrifuged at 4000 rpm for 5 min. The protein was extradtbdive aqueous phase. Beta-
glucosidase activity was quantified through a reaction that invblyalysis of (P-NPBG) and
the total amount of beta-glucosidase in the samples was detact®@A Protein Assay Kit
(Pierce) as described in section 2.4.2.1. The final data is présentequote of protein activity
and the total amount of protein.

Equivalent experiment was performed with 0.5 mg/ml tPA, dissolvelistilled water with
protective albumin (9.5 mg/ml). Samples with | @%of protein solution (n=4) were subjected to



sonication for 2 min at 40 % amplitude with a tenfold of dichlorometloaniee, after which to
each sample 0.965 ml distilled water was added. Samples werdugeat at 4000 rpm for 5
min. The protein was extracted with the aqueous phase. The amoureadecke tPA was
guantified by human tPA total antigen ELISA (Innovative Research).

2.4.3 Morphology, size distribution
2431  Liposomes

Liposomes were stained with phosphotangstic acid pH 6.8 and imagedramiimission
electron microscope (TEM) using 62kV accelerating voltage. Rasgize was measured by light
scattering using Brookhaven ZetaPALS.

2432  LipHAX microparticles

The size of LipHAX microparticles was measured by a Beck@aulter Multisizer Il and
confirmed by scanning electron microscopy (SEM). Lyophilized LipHAparticles were
attached to specimen stubs using double-coated/etch tape and s@aiddrvath gold-palladium
in presence of argon gas using DESK Il cold sputter unit (DentamumgcLLC. Moorestown,
NJ). The particles were imaged with a JSM 6320 FEG scanmety@l microscope using 3.0
kV accelerating voltage at 5.0 mm working distance.

2433 PLGA microspheres
The size of PLGA microspheres was measured by a Beckman-Coulter Mulkikiz
244 Reeasekinetics

The release of tPA from LipHAX (batch LH6 see Table 1, Appendix3 studiedn vitro
and compared with the release from PLGA microparti@esnples of 2-4 mg of microparticles
were resuspended in 1ml PBS and incubated at 37°C for six days. Mtttgrmined intervals,
samples containing liposomes or microparticles were centrifag88d00 rpm for 5min, 0.8ml of
the supernatant removed and replaced with new PBS. The released tPA waedupnBELISA
for human tPA total antigen (Innovative Reasearch).

245 Cytotoxicity

Human mesothelial cells (ATCC, CRL-9444) were cultured in Medilff, containing
Earle's salts, L-glutamine, and 2.2 g/L sodium bicarbonate and suppéehwith 3.3 nM
epidermal growth factor, 400 nM hydrocortisone, 870 nM insulin, 20 mM HEPES, and 10% fetal
bovine serum. Mesothelial cells were seeded into 24-well plagsiensity of 50,000 cells per
well in 1 ml of culture medium and incubated overnight at 37°C. Blank LiHbarticles
(LH40) were sterilized by UV light for 2 hours, resuspended inn8adind put on cells at
concentrations 0.5mg/ml, 0.05mg/ml and 0.005mg/ml. After 1, 3, and 5 days oftinouioa
presence of LipHAX particles, cell viability was assesséith an MTT assay kit (Promega
CellTiter 96 Non-Radioactive Cell Proliferation Assay). Resuitsre normalized to the
absorbance of non-treated control cells (% normalized cell viabiliif§0 x Absorbance for cells
grown in the presence of a sample in medium/absorbance for cells grown in medium)

2.4.6 In vivo biocompatibility

Animals were cared for in compliance with protocols approved my agassetts Institute of
Technology Committee on Animal Care, in conformity with the “Rples of Laboratory
Animal Care” (NIH publication #85-23, revised 1985). Male SV129 micghweg 20-35 grams,

10



obtained from Charles River Laboratories (Wilmington, MA, USA)aeveoused in groups and
kept in a 6am-6pm light-dark cycle.

Animals were anesthetized with ketamine 50 mg/kg SQ and xyldg@inag/kg SQ. When
they were asleep, their abdomen and thorax was shaved, and preppeedrile aanner with
70% (v/v) isopropanol in water. Next, the injected anesthetics w@pplemented with 1%
isoflurane in 100% oxygen. A 0.5 cm skin incision was made in the skimDabove the costal
margin, and was tunnel caudad beneath the skin until a point 0.5 cm bel@mestal margin.
There, the peritoneum was nicked with a 22G needle (<1 mm incision), and a 24 gaogatilangi
was be introduced, through which 1.0 ml of the particle formulatiossinyacted. The skin was
closed with 1 or 2 stitches. Animals were euthanized with carlmadéi after one week or one
month after injection. The abdominal contents were examined for noeesef peritoneal
adhesions and particulate residue, photographed with a digitalracaamel processed for
histology. An adhesion was defined as an abnormal connection betwearabdbominal
contents that could not be disrupted by gentle separation with blunt probeaphtticles
attached to an intra-abdominal surface but not causing apposition dfutfaces were not
counted as adhesions. Residue was defined as any mass thatewas partially composed of
microparticles.

The materials used for injections were blank LipHAX microplet (batches LH43-47,
Table 1, Appendix), blank LipHAX hydrogel and blank LipHAX hydrogel puked
microparticles. The blank LipHAX microparticles were steeitl by gamma irradiation (1.5
Mrad). Particles were, thereafter, resuspended in sterileaBSnjected at concentrations 50
mg/ml or 25 mg/ml (n=4 per group). After 1 week or 1 month, animale wacrificed and the
peritoneal cavity was examined.. The LipHAX hydrogel was prepasedissolving 133 mg
HA-ADH (50 kD) and 66 mg HA-CHO (1.3 MD), sterilized by UV f@rhours, in 2.5 ml blank
liposome (19.16 mg/ml) solution, sterilized by filtration through a On2 filter. The two
solutions were then injected simultaneously by dual microdispeasarénal volume of 0.5 ml
(=50 mg) per animal, 1 week (n=4). The blank LipHAX hydrogel pulegrimicroparticles in a
similar fashion, but instead of injecting directly into the anjrtted mixture was allowed to form
a gel in a 50ml Falcon tube, after which the gel was lyophilized and pulverizegaugestle and
mortar. Particles were sterilized by gamma irradiation (1:&dY) resuspended in sterile PBS at
concentration 50mg/ml, and then injected to the peritoneum as desahbibee. Animals were
sacrificed after 1 week, and tissue reactions were observed (n=4).

2.4.7 Cytokine measurement

Mouse peritoneal macrophages were seeded in 24-well platedeaisity of 150,000 cells
per well in 1 ml DMEM. After overnight incubation, one of the followim@terials was added to
four wells: blank liposome (LH4), cross-linked HA (HAX) hydrogallank LipHAX or liposome
cross-linked in HAX hydrogel. The concentration of each added matexsakept constant at 2
mg/ml. As a positive control cells were incubated with 100 pPB& and for the negative
control 100 ul lipopolysaccharide solution (final concentration in the eutigdium: 0.2 pg/ml,
0.5 pg/ml and 1.0 ug/ml) was added to cells.

Blank LipHAX (4.9 um) was sterilized by gamma irradiation (1.5 Mrad) and thereaft
resuspended in PBS. Blank liposomes (354 nm) in water solution, HA-BDkD} and HA-
CHO (1.3MD) were sterilized by UV for two hours. The hydrogak prepared by dissolving
26.6 mg HA-ADH and 13.3 mg HA-CHO in 0.5 ml distilled water and femnsd
simultaneously to a sterile syringe by dual microdispensbesevthe mixture was allowed to
harden before cylindrical gels were addeduB%ell. The liposome cross-linked in a hydrogel
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was prepared in a similar manner with the exception that HAtAIDd HA-CHO were each
dissolved in 0.5 ml blank liposome (19.2 mg/ml in water) solution.

After 36 hours, the culture media were centrifuged at 2000 rpm fanin3to separate
supernatants. Concentrations of mouse ©tNdd MIP-2 in the supernatants were determined by
enzyme immunometric assay kits (Quantikine, R&D systems, MinnsapiN). The minimum
detectable dose of each cytokine is as follows: BINE3.0 pg/ml; MIP-2, 1.5 pg/ml.

2.4.8 Particle uptake by macrophages

Mouse peritoneal macrophages (ATCC, CRL-2457) were cultured as ansiospen
Dulbecco's modified Eagle's medium (DMEM) containing 4 mM Laghine, 1.5 g/L sodium
bicarbonate, 4.5 g/L glucose and supplemented with 5 mM HEPES arfet&l%ovine serum
(ATCC).

Neutralized BD Cell-tak adhesive solution (BD Biosciences) (fnm) was prepared by
mixing 150 ul of 1.45 mg/ml BD Cell-tak adhesive stock solution with [B0of 2 M sterile
sodium carbonate solution. After adding [#0of neutralized BD Cell-Tak adhesive solution to
the center of 22 mm * 22 mm coverslips in the laminar flow hood, thedliwas evenly
distributed over the surface using the edge of a second covkedtipat a 45° angle. The
coverslips were allowed to air dry for 5 min and stored at 4°C.

Macrophages were seeded at density of 100,000 cells in 3 ml culagiemmin a 6 well
plate. After an overnight incubation, cells were incubated for anothét wiith 300ul of 20
mg/ml FITC-albumin labeled LipHAX (LH6), sterilized by U\If 2 hours and resuspended in
PBS. Dye solution was prepared by dissolving CellTracker Red GMTi®itrogen) in high-
quality DMSO to 10mM. The solution was then diluted with serum4fmedium to make M
and warmed to 37 °C prior to use. Cells were centrifuged at 120GompB1min, cell media
removed. Cell pellets were resuspended in 3 ml of dye solution anshilecd at 37°C for 30 min.
Cells were once again centrifuged, supernatant removed and 3 ndhgfgre-warmed culture-
medium added. Cells were incubated at 37°C for 30 min. Coverslips wesee with distilled
water and 2Qul of cell suspension were added covering as much area as poSslidewere
permitted to attach for 5 min before the excess medium was rdmgveuction. The cells were
then washed with PBS, fixed with 0.5ml 3.7% formaldehyde in PBS forinl%in room
temperature, and washed with PBS. Next, one drop of Vectashield HvE30@dded directly to
the cell prep. Coverslips were mounted and excess mounting mediuremaged. Cells were
imaged with Zeiss LSM510 Laser scanning confocal microscope {€iad, Inc.).
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CHAPTER 3: RESULTS

3.1 Preparation of micropatrticles
3.1.1 Crosslinked HA microparticles (HAX)

HAX microparticles were produced as described in section 2.3.1réHudts of different
formulations are described irable 1, Appendix. Production of HAX proved to be difficult due
to aggregation and precipitation of material in the mineral oilthearexperiments and
modifications were done to investigate and improve this method.

3111  Optimizng the HA-ADH vs. HA-CHO ratio in HAX

Optimizing the HA-ADH vs. HA-CHO ratio with constant protein centation gave the
best yield of 38% in batch H31 at polymer ratio ZThifle 1, Appendix). The other HAX
batches showed a high level of aggregation and precipitation. This djfest excess of HA-
ADH is favorable for particle formation and that there is a bdg&giof interaction between one
of the cross-linking components with the protein, disrupting the parterination. Varying
protein concentration in batches H4 and H5 showed that increasedh pateentration disrupts
its encapsulation. Encapsulating of beta-glucosidase instead ofimlproved to be similar. For
batch H61 particles formed but the yield was very small (10%%. oil contained aggregates.
Batch H62 with larger concentration of beta-glucosidase consisted of/raggtegates.

3112 Investigating protein-HA interaction

The interaction between the protein and the polymers HA-ADH and H&;Cwas
investigated by performing SDS-PAGE with albumin and various exgrations of either
polymer. If the protein interacted with either polymer, the amouatlafmin (67kD) that would
appear on the SDS-PAGE gel would decrease with the increasing conoerttfahe polymer.

SDS-PAGE with both reduced samples (Figure 2a) and non-reduced sdRigies 2b)
showed no interaction between albumin and either one of the polymersnsigreficant extra
bands appearing on this gel in rows B, E, F and G (Figure 2b)saamned to be artifacts due to
the non-reduced sample preparation. Therefore we conclude that tner@pparent chemical
interaction between the protein and the cross-linkable components. Howeveéncrease in
protein concentration impairs with particle formation.

a b

75kD
— s — T 75KD
=y - ko
50KD
25kD -
o, B C 5] E F (& o B o o E E . 25k0.

Figure 2: a)Reducing SDS-PAGE; b) Non-Reducing SDS-PAGE; 3asnpontain:A) HA-ADH (490kD,
20mg/ml): albumin (10mg/ml) volume ratio 1:1; B) HXDH (490kD, 20mg/ml): albumin (10mg/ml) volume
ratio 2:1; C) HA-ADH (490kD, 20mg/ml): albumin (1@tml) volume ratio 4:1; D) HA-ADH (490kD,
20mg/ml): albumin (10mg/ml) volume ratio 1:1; E) HAHO (490kD, 20mg/ml): albumin (10mg/ml) volume
ratio 2:1; F) HA-CHO (490kD, 20mg/ml): albumin (1@/ml) volume ratio 4:1; G) albumin (10mg/ml).
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3.1.2 Liposomes

In order to better protect the protein, as well as avoid any pessitdraction with the
polymer, the protein was encapsulated in liposome nanoparticles@gacapsulation in HAX
microparticles. Liposomes were produced with FITC albumin, beta-gtlases or tPA
according to the method described in section 2.3.2 with yield betweanb@7% Table 2
Appendix). The yield for liposome with beta-glucosidase (L2) waalenthan that for liposome
with FITC albumin (L1), 56% vs. 77%

3.1.3 Liposome-HAX composite particles (LipHAX)

The liposomes were used for production of LipHAX particles asritbestin section 2.3.2.
The LipHAX formulations are presented Trable 4, Appendix. Unlike HAX particles, there
was almost no aggregation during LipHAX particle production. The firaduct was a slightly
yellow powder, which resuspended well in PBS. The particle yiekl iwageneral better for
LipHAX patrticles that for HAX particles. Batches LH1a (72%)d LH1b (54%) gave clearly
higher yield than same formulations without the liposome in batdB&g38%) and H32 (18%).
Once again HA-ADH/HA-CHO ratio 2:1 gave the highest partiaddy while ratio 1:2 gave no
particles at all. To determine if this, in fact, was not cadsegdrotein interaction with eg. HA-
ADH, which would make cross-linking more difficult, batch LHPable 4, Appendix) was
prepared with no liposome and no protein and HA-ADH/HA-CHO ratio 1e3pile the absence
of protein, no particles formed, which leads us to the conclusion tha:-lotksg in general
works better in excess of HA-ADH.

3.1.4 PLGA microspheres

PLGA microspheres were prepared according method describedtions2.3.4 with a yield
of 65%. The final product was a dry powder white powder that easily resuspended in PBS.

3.2 Characterization of microparticles
3.21 Protein content

The theoretical loading efficiency (TLE) of the protein for gvéype of particle was
calculated as the quote between the mass of loaded tPA and the sum of masses &/jgulysne
and proteins used for that particular formation. The loading eaffigievas then measured
experimentally (ELE) by determining the amount of encapsulatetin and dividing it by the
amount of formed particles. The total tPA encapsulation efigi€EE) was calculated as the
ratio between the theoretical and the experimental values (ELE/TLE3eTRsults are presented
in Table 3, Appendix.

3.21.1  Liposomes

The liposome protein content was determined according to the methaoibe@se section
2.4.1.1. A standard was created by with known concentrations of tPA. Pcotgient was
calculated analytically from this curve to be approximately 0.0g8nntPA in liposome and the
encapsulations efficiency was 26 ¥able 3, Appendix).
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3212  LipHAX microparticles

Assuming that once the protein is encapsulated in liposome & stage, the encapsulation
efficiency was calculated to be 100%. Calculations are presentedlia 3, Appendix.

3213 PLGA microparticles

The tPA protein content in PLGA microspheres was estimated tteeb@mount of tPA used
for production of PLGA particles minus the amount detected in the Washes with human
tPA total antigen ELISA. Very small amount of tPA were detected in theasg®.59:g) which
would indicate a 153% encapsulation efficiency. However, this resuoidttifully trusted since a
large amount of protein could have been lost in the first water pirameto the washes (see
section 2.3.4) which was not measured in this study. To be fullyurealssver the encapsulation
efficiency it is important find a better way to measure total protein in PLGA

3.2.2 Protein activity
3.22.1  Liposomes

To ensure that encapsulation of the protein inside liposomes does notheaprotein,
causing protein denaturation, an activity study was conducted. Tha effalifferent steps
during liposome preparation on beta-glucosidase and tPA was intestegaording to methods
described in section 2.4.2.1.

The enzymatic activity of beta-glucosidase divided by the toteduat of protein in the
sample is presented in Figure 3. Figure 4 shows the presencel aPdtantigen. The data was
normalized by the amount of active protein in distilled watet°@t The study shows that beta-
glucosidase is fairly stable it 40°C. The activity however dralty decreased during the
freezing/thawing procedure. A possible explanation for thisthetsdue to the fact that thawing
was done at temperature closer to 60°C the protein might have bd®ilypdegraded. It
appeared that these treatments had similar results on tPA@&sodd in Figure 4. The protein
appeared to be more active at 40°C rather than at 4°C, but due tye astiandard deviation,
these results cannot be fully trusted.

3222  LipHAX microparticles

Once encapsulated inside the liposome the protein is protectedeit@mmal stress. No
additional activity study was performed for LipHAX particles.

40T in water 4h HH
40T in water 2h H
é 40T in water 1h HH
% 4
§ dichlormethane —+—
freeze/thaw HH
4Tin water
0 20 40 60 80 100

Beta glucosidase activity/protein content (%)

Figure 3: Beta-glucosidase stability in stress conditionsrduliposome preparation.
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3223 PLGA microparticle

To compare the LipHAX particle preparation with a conventionalraeitcapsulation
method, beta-glucosidase and tPA were exposed to dichloromethanestrie@ection 2.4.2.3),
mimicking the double emulsion-solvent evaporation method. The enzymaitiityaof beta-
glucosidase divided by the total amount of protein in the sample is presented in3Figure

Figure 4 shows the presence total tPA antigen. There was arsidistiecrease in protein
activity as well as a decrease in total amount of betasgidase (data not shown here) after the
treatment with dichloromethane imitating the double emulsion methosd.confirms that some
protein is denatured from direct exposure to an organic solvent, hasMebm conformation
changes induced by the water/organic solvent interface.

40T in w ater 4h ‘ ‘ : ‘ ]
40T in w ater 2h | ‘ ‘ T ‘ :
_é 40T in water 1h ‘ ‘ |
g dichlormethane i I |
o ‘ ‘
freezelthaw 7 I
4T in w ater ‘ ‘
I I
0 20 40 60 80 100 120 140

% total tPA

Figure 4: tPA stability in stress conditions during liposopreparation.

3.2.3 Sizedistribution and morphology
3231 Liposome

The size of the nanoparticles after ultra-filtration variedveeh 206nm and 560nm. For
some of the formulations the particle size increased afteultheefiltration, which suggested
presence of aggregation. The size and the morphology of liposomes were investigdddl by
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Figure 5: TEM of Ilposomes with FITC albumin (batch L1) afextrusion. Liposome concentration, 12. 46 mg/ml,
particle size 50-200 nm imaged at magnifications3d), b) x100 and c¢) x150.
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Figure 5 shows that liposomes are generally spherical andl@aize varies between 50
and 200 nm.

3232  LipHAX

The average size of HAX particles and LipHAX particles in ascLH1-LH40 was 20 pm.
The patrticle size for batches LH41-LH47 was approximately 5am,3 um for batches LH5
and LH6. This means that increasing the homogenization speed from 1500 880 rpm
makes the particle size smaller and more uniform. Batcheés amtl LH6 were made with
smaller liposome than the other batches, which may explain the smallelepsréc

The particle size was confirmed in scanning electron micpbgra(Figure 6).
Morphologically LipHAX particles appear to be spherical withza glistribution of 5-15 um for
particles prepared with homogenization speed of 1500 rpm, and 0.5-5.0 ppartfoles with
homogenization speed of 9000 rpm. Particles also seem to remainaiftiéactterilization with
gamma irradiation (1 Mrad) as demonstrated in (Figure 6d).
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Figure 6: Scanning electron micrographs, 3.0kV, WD=5.0 mn). (gHAX with FITC albumin (LH1)
homogenized at 1500rpm, size Suiy magnification x1100; (b, ¢, d) blank LipHAX (LB% homogenized at
9000rpm, 0.5-5 um: (b) magnification x16000, (cagmification x6000, (d) particles after 1Mrad gaa
irradiation magnification x10000.
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3233 PLGA

The average size of PLGA was determined by means of a cooilteter (Beckman-Coulter
Multisizer 111) microparticles was measured to be 5 pm.

3.24 Reeasekinetics

The release of tPA from LipHAX and PLGA microparticles stddie vitro (2.4.3.3). The
results are presented in Figure 7. There seems to be predenbarst release for both LipHAX
and PLGA systems. It is worth noting that while estimation & #hcapsulated in PLGA
microparticles were fairly high, tPA release from partichas insignificant. The release kinetics
for both types of particle formulation needs to be improved.
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Figure 7. a) Release of tPA from LipHAX microparticlesrohg period of 6 days; b) Release of tPA from PLGA
microspheres during a period of 6 days.

3.25 Cytotoxicity

Before testing LipHAXin vivo the cytotoxicity of the particles was assessedtro using
cultures of human mesothelial cells. The MTT assay showed nati@dun the viability of
human mesothelial cells when exposed to 0,005 mg/ml 0.05 mg/ml, 0.5 mditahkfLipHAX
particles when incubated with these concentrations for 1, 3 and 5 days (Figure 8).
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Figure 8: Results of the cytotoxicity study when incubatadmian mesothelial cells were incubated with
0.005mg/ml, 0.05mg/ml and 0.5mg/ml of blank LipHAX.
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3.2.6 In vivo biocompatibility

Laparotomies were performed with a number of different formulattondetermine the
biocompatibility of the LipHAX particles and their ingredients the peritoneum (Table 5).
Injections of 50 mg blank LipHAX (LH1-7) in 1 ml PBS (1 week, ngé\ve 100% adhesions
and 100% residue. Blank LipHAX particles 25mg in 1ml PBS wejected (1week, n=4) to
determine if the particle concentration had an effect on biocomjgtifiince again 100%
adhesions as well as residue were observed. The experimentpeased with 25 mg in 1ml
PBS (1 month, n=4) to assess if the adhesions and the residue wopfakdrsaith time. The
results gave 100% adhesions and residue. In order to determine ifabelée were inflicted by
the particle composition or their texture two additional formulativere tested. To achieve this
injections of LipHAX hydrogel 50 mg per animal (n=4, 8.5 days) anuHRIX hydrogel
pulverized particles 50 mg in 1ml PBS (n=4, 8.5 days) were perfoamekkscribed in section
2.4.6. With LipHAX hydrogel adhesions were observed in three out of fae wiiile only two
out of four mice had adhesions in the case of LipHAX hydrogel pukerparticles. Slight
increase of spleen sizes was noted in 25 mg LipHAX mp, 50 mg LipHgdrogel and
pulverized particles (average normal spleen area = 0%, tmt the histology of this organ
appeared to be normal (not shown here). The digital pictures ddiniineal studies and the
histology results are presented in Figure 9 and Figure 10.

¥
-

Figure 9: In vivo test of LipHAX a) 50mg LipHAX mp, 1 week, material adherent topemr adiposum; b)
50mg LipHAX mp, 1week, vascular ingrowth, bowelymes adiposum and material; ¢) 25 mg LipHAX mp,
1week, adhesion involving corpus adiposum, stomapkeen, materiald) 25 mg LipHAX mp, 4 weeks,
adhesion involving corpus adiposum, liver and stchma) 50 mg pulverized LipHAX hydrogel mp, 1 week,
liver adherent tostomach f) 50mg LipHAX hydrogel gel, 1week, adhasketween corpus adiposum and
abdominal wa.
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Figure 10: Histology of areas with adhesions from twovivo experiments: (a-c) LipHAX mp, 50 mg 1 week
(corpus adiposum, bowel, material) magnificatioms BOx, 40x; LipHAX mp, 25 mg 1lweek (adhesion coexpl
involving liver, peritoneum, bowel).

3.2.7 Cytokine measurements

It has previously been suggested that adhesions, as those observea wivihetudy, form
because the applied material stimulates the release of pro-inflargrogtokines, [19]. To test if
this theory applies in this case, we investigated if presenteeamaterials used in this study
induced the peritoneal macrophages to secrete dldfd macrophage inflammatory protein 2
(MIP-2). TNF< stimulates endothelial cells and macrophages leading to atyvasfe
inflammatory events. Macrophage inflammatory protein 2 (MIP-2)marine functional
homologue [20] of interleukin (IL)-8 [4], a chemokine which attracts acttd/ates neutrophils.
The results of the cytokine secretion study are presented in Figure 11.
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Figure 11 Secretion of MIP-2 and TNF-alpha in mouse mesatheélls in response of different materials.
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Liposome and HAX hydrogel appear to cause almost no cytokine expresgtAX
particles showed MIP-2 and TNEeoncentrations equivalent to the secretion from macrophages
exposed to 1 pg/ml of LPS, a known toxin. This led to a question wehtrer were other
impurities other than liposome or the polymer itself that causednflenmation, such as
mineral oil and Span 80.

Therefore cytokine level was studied from cells incubated withXH#el containing
liposomes (LipoHAX gel). The result was the same as for LipHp&Xicles in case of MIP-2.
Due to high error (50%) valid conclusion was not made for GNdreduction.

3.2.8 Particle uptake by macrophages

Macrophages were incubated with LipHAX particles marked withCFilbumin or PLGA
microparticles containing FITC-albumin overnight. For confocal miapgcmacrophages were
stained with CellTracker Red CMTPX (Invitrogen) accordinghe protocol. The results of this
experiments are presented in Figure 12.

Control LipHAX (ds: 4.5 um) PLGA mp (dsy: 3.5 um)

20pm

projection

B

Figure 12: Results of confocal microscopy. Mouse peritoneaknmghages (red) a) incubated with LipHAX
microparticles with FITC albumin (green) or ¢) PLG#icrospheres with FITC albumin (green); From pctfm
images it is visible that e)LipHAX simply pass the cells while f) some of the PLGA are actuallynigetaken up
by the macrophages (the green dots that are nohgiov
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While LipHAX particles were small enough to be taken up bgnohages (although they
tended to swell and some of them aggregated), they remain coftsitecells ( Figure 12 b, e).
This is not the case with PLGA particles, which can be foundenbe cells (Figure 12 c, f).
This is an interesting observation when it comes to biocompatibility of thelpsuriicshows that
there is a high possibility that it is not the LipHAX parteciemselves but the possible soluble
material released from these that cause the inflammatory efffestsibed in previous sections.
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CHAPTER 4: DISCUSSION

As described earlier the greatest difficulty with many corneeat microencapsulation
methods is the degradation and aggregation of the encapsulated proteibhdsuagcurs in the
presence of harsh conditions during particle preparation, such as totevfaces, hydrophobic
organic solvents and mechanical stress. The purpose of this work dWasetiop a system that
would be gentle on the protein and have good biocompatibility.

Three different proteins were chosen as model drugs for this pr@Hximin, beta-
glucosidase and tissue plasminogen activator (tPA). Aloumin pesforamy functions including
maintaining the "osmotic pressure"” that causes fluid to remighmvihe blood stream instead of
leaking out into the tissues. When it is labeled by fluoresceinisytanate (FITC), aloumin can
be easily detected through fluorescence and can be used fongnagmicroparticles. Beta-
glucosidase catalyzes the hydrolysis of glucosides and iy feémsitive to environmental
changes. This made it a good candidate for protein activity .stGdghflo"™ Activasé
[Alteplase] is a tissue plasminogen activator produced by recamibDNA technology. Tissue
plasminogen activator (tPA) is a thrombolytic agent which is udsedissolve blood clots in
patients having a heart attack or stroke and is a good example of an actualtivedapg.

Hyaluronic acid (HA) was chosen as the appropriate polymer &eiprencapsulation with
its well documented and appealing characteristics such as biodaititpahydrophilicity and
viscosity. We anticipated the preparation method of cross-linkeduropec acid (HAX)
microparticles would be generally milder on the protein than comraiti methods.
Encapsulation in HAX does not introduce organic solvents and therefordsaavaumber of
stability issues.

Attempts to encapsulate protein inside cross-linked hyaluronic atiddiferent volume
ratios and concentrations of protein and polymer showed a number of things. First, it dpgtea
an excess of HA-ADH favorable for cross-linking. The concentraifaie free protein is also
important particle formation. Too much protein makes cross-linking less sudcessf

To avoid any interaction between the protein and the polymer, but mesttantly to
protect the protein from any stressful conditions during parti@dpgvation, a novel formulation
was suggested. It involved encapsulating the protein inside lipgsante then inside cross-
linked hyaluronic acid. Liposomes themselves are not optimal for kg drug delivery, but
they are known to be a good protective shield from mechanical and chemical stress

The effects of the different steps of liposome encapsulation onrpeatgvity were viewed
in this study and showed that encapsulation in liposome does not causgatiegror loss of the
protein as at the w/o interphase for PLGA. It appears that forleia-glucosidase and tPA the
process of the encapsulation in liposome is gentler on the stalbitltg protein than the double
emulsion method that is used to make PLGA particles. However the encapsefitiency and
the release kinetics remain to be optimized for this formulation.

There was an extensive vivo tissue reaction to LipHAX patrticles, which was quite at first
quite surprising, given than vitro the particles showed no signs of cytotoxicity. The presence of
multiple adhesions in different areas of the abdominal cavity amdased vascular growth are
some of the symptoms that usually appear in the peritoneum rgttey. iHowever, since there
was no injury inflicted on the test subjects, it means that tige lmflammatory process was
initiated in response to the material. In order to determine exaaitly caused the inflammation,
a number of experiments were conducted.

From the confocal data, described in Figure 12, it appeared that Kigtd&icles were not
taken up by macrophages like PLGA, despite the small size. Thgests that particles
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themselves do not induce macrophage activation, which would result imsieetenjury and
subsequent adhesion formation. On the other hand, it is worth noting tha&Xipétticles did
induce high levels of pro-inflammatory cyto- and chemokines ssciiNFo and MIP-2 in
macrophages whereas macrophages incubated with liposome or hyskepgeately did not
induce the same level of cytokine activation. This suggests thgtrtidem may lie in the
soluble components released from LipHAX, such as mineral oil orcsanfa(Span 80),
remaining from particle production, or stray non-cross-linked hyalaracid. In fact low
molecular weight soluble HA is known to sometimes induce cytokipeession [21]. To fully
understand this, it would be necessary to measure e.g. MIP-2 ievalscrophages incubated
with HAX particles in order to see the effect of possible iemas well as macrophages
incubated with HA-ADH and HA-CHO separately to see if these-cross-linked materials can
cause pro-inflammatory activation.

In order to determine how the texture of the material affiebtecompatibility, a LipHAX
hydrogel as well as LipHAX hydrogel pulverized microparscigere testedn vivo. Results
showed a lower number of adhesions 75% and 50% respectively, which aggkbsthat the
last two formulations are more biocompatible than LipHAX micragag. Therefore, if it is
possible to minimize the amount of residual mineral oil and surfaotaLipHAX formulation,
this microparticle system could still be a promising delivery vehicle.

24



CHAPTER 5. CONCLUSION

The main goal of this project was developing a method of micapsodation optimal for
protein stability. A particle system involving liposome and cross-linked hyaluacrdgarticles
(LipHAX) was studied. Characterization of this system suggebtadhis encapsulation method
is gentler on the protein in terms of stability than conventiomaloencapsulation methods.
However, there are a number of factors left to consider and imprasie,as release kinetics,
encapsulation efficiency and biocompatibility. Further investigataiisshow if this LipHAX
microparticle system can be used as an alternative way to deliver protgsn dr
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ABBREVIATIONS

ADH
BCA
DMEM
DOPC
EDC
ELISA
FITC

HA
HA-ADH
HA-CHO
HAX
HOBt
LipHAX
LMV
LPS
MIP-2
Mp

Ms

MTT
PBS
P-NBDG
PLGA
PVA
SDS-PAGE
SEM
SUV
TEM
TNF-o
tPA

w/o

Adipic dihydrazide
Bicinchoninic acid
Dulbecco’s modified eagles medium
1,2-Dioleoylsn-Glycero-3-Phosphocholine
Ethyl-3-[3-(dimethylamino) propyl] carvodiimide
Enzyme-linked immunosorbent assay
Fluorescein isothiocyanate
Hyaluronic acid
HA-adipic dihydrazide
HA-aldehyde
Cross-linked hyaluronic acid
1-Hydroxybenzotriazole
Liposome cross-linked hyaluronic acid composite particles
Large multilamellar vesicles
Lipopolysaccharide
Macrophage-inflammatory protein 2
Microparticle
Microsphere
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Phosphate Buffered Saline
P-nitrophenyl-beta-D-glucopyranoside
Poly lactic-co-glycolic acid
Polyvinyl alcohol
Sodium dodecyl sulfate-polyacrylamide
Scanning electron microscopy
Small unilamellar vesicles
Transmission electron microscope
Tumor necrosis factor alpha
Tissue plasminogen activator
Water/organic solvent
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APPENDIX

Table 1: Results of HAX formulations.

HAX HA- HA- Protein Homogenization Mineral Span 80 Yield
batch  ADH CHO speed (rpm) oil (9) (%)
Q)

H1 490kD 1.36MD 10mg/ml FITC albumin 1500 25g 0.1g 0
20mg 20mg 0.5ml / albumirf

H2 50kD 1.36MD 10mg/ml FITC albumin 1500 25g 0.1g 0
70mg 70mg 0.5ml / albumin

H31 490kD 1.36MD Img/ml FITC albumin 1500 25¢g 0.1g 38
20mg 10mg 0.5ml

H32 490kD 1.36MD Img/ml FITC albumin 1500 25¢g 0.1g 18
20mg 20mg 0.5ml

H33 490kD 1.36MD Img/ml FITC albumin 1500 25¢g 0.1g 15
10mg 20mg 0.5ml

H4 490kD 1.36MD 10mg/ml FITC albumin 1500 25¢g 0.1g 0
20mg 10mg 0.5ml / albumin

H5 490kD 1.36MD 2.5mg/ml FITC albumin 1500 25¢g 0.1g 0
20mg 10mg 0.5ml

H61 490kD 1.36MD 1mg/ml, B-glucosidase 1500 25¢g 0.1g 10
20mg 10mg 0.5ml

H62 490kD 1.36MD 2.5mg/ml B-glucosidase 1500 25¢g 0.1g 0
20mg 10mg 0.5ml

Table 2: Liposome formulations: yield and particle size.

Liposome model drug Formulation Liposome nanoparticles
batch DOPC Cholesterol Albumin Model concentration volume Yield Size’
(mg) (mg) (mg) drug (mg/ml) (ml) (%) (nm)
(mg)
L1 FITC albumin 100 25 180 20 12.46 20 77226%9)8
L2 Beta- 100 25 190 10 9.1 20 56 560
glucosidase
L30 Blank 50 12.5 95 35 10 22 322
L31* Blank 100 25 180 10.2 20 65 387.9
L32 Blank 100 25 180
133 Blank 100 25 180 19.16 20 63 354
L4 FITC albumin 200 50 380 20 28 50 61 %?)?3)
L5 tPA 23.5 5.9 447 2.382 11.6 11 69 (3(5;2)

2 FITC albumin/ albumin in 25:75 ratio, FITC albungs the model drug

® The values indicated italic were measured pre ultra-filtration; the other ealindicate the particle size post
ultra-filtration.
* Batches LH31-L4 are double batches

® The liposomes were prepared with 112mg of altepladich contains 2.353mg tPA
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Table 3: Encapsulation efficiency in Liposome, LipHAX and PLGA.

Liposomes
DOPC cholesterol (mg) albumin Alteplase tPA (mg) measured % TLE % %
(mg) (mg) (mg) in tPA ELE EE
Alteplase (mg/ml)
in
liposome
23.5 5.9 44.7 112 2.352 0.028 1.3 0.32 257
LipHAX microparticles
HA-A  HA-B (1.3MD) liposome tPA (mg) % TLE % eLE % EE
(50kD) (mg) (mg) loaded not assumed
(mg) measured
28 14 20 0.065 1.0E-01 100
PLGA microspheres
PLGA albumin (mg) tPA tPA(mg) % TLE % ELE % EE
(mg) loaded lostin3
washes
150 3.5 0.55 5.9E-04 0.36 0.55 154

%TLE = theoretical FITC-alb/liposomes % w/w
%ELE=FITC-alb/liposome %w/w
%EE=ELE/TLE
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Table 4: LipHAX formulation, yield and size.

LipHAX  Model drug HA-  HA- Liposome MineralSpan Homo-  Yield Size
batch ADH CHO Batc Volume Concentration Oil 80 genization (%) (um)
(ml) (mg/ml) (9) (9) speed (rpm)
LHla FITC albumin 490kD1.36MD L1 0.5 12.46 25 0.1 1500 72 ~20
20mg 10mg 6.2mg
LH1b  FITC albumin 490kD1.36MD L1 0.5 12.46 25 0.1 1500 54 ~20
20mg 20mg 6.2mg
LH1c FITC albumin 490kD1.36MD L1 0.5 12.46 25 0.1 1500 0
10mg 20mg 6.2mg
LH2 pw  490kDL36MD 45 25 01 1500 0
10mg 20mg
.. 490kD1.36MD L2
LH3 Beta-gIuco&daseZOmg 10mg 38mg 4.2 9.1 25 01 1500 26 20
LH40 Blank 490kD1.36MD L3b0 5.46 3.5 25 0.1 1500 23 ~20
20mg 10mg 19mg
LH41 Blank 490kD1.36MD L3b1 3.7 10.2 25 0.1 1500 25 ~20
20mg 10mg 38mg
490kD1.36MD L3b2
LH42 Blank 40mg 20mg 76mg 7.4 10.2 50 0.2 9000 20 -
50kD 1.36MD L3b
LH43 Blank 140mg 70mg 100mg 5.2 19.16 50 0.2 9000 32 -
50kD 1.36MD L3b
LH44 Blank 140mg 70mg 100mg 5.2 19.16 50 0.2 9000 41 4.93
50kD 1.36MD L3b
LH45 Blank 140mg 70mg 100mg 5.2 19.16 50 0.2 9000 33 -
50kD 1.36MD L3b
LH46 Blank 140mg 70mg 100mg 5.2 19.16 50 0.2 9000 65 -
50kD 1.36MD L3b
LH47 Blank 140mg 70mg 100mg 5.2 19.16 50 0.2 9000 20 4.90
LH5  FITC albumin 50kD 1.36MD L4 0.71 28 25 0.1 9000 10 2.96
28mg 14mg 20mg
LH6 tPA S0kD 1.36MD LS ) 4, 11.6 25 01 9000 20 277

28mg 14mg 20mg

® See Table 2 for batch description
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Table 5: Biocompatability in mouse model.

Liphax mp Liphax mp Liphax mp  Liphax hydrogklphax hydroge
pulverized
microparticles
Total mass (mg) 50 25 25 50 50
Liposome (mg) 16.7 8.4 8.4 16.7 16.7
HA-A (50kDa) (mg) 23.3 11.7 11.7 23.3 23.3
HA-B (1.3 kDmg) 11.7 5.8 5.8 11.7 11.7
days to dissection 7 7 28 8.5 8.5
number of mice (n) 4 4 4 4 4
adhesion 4 4 4 2 3
residue 4 4 4 ? ?
spleen size (cf
include stdev from the raw d: 0.77 not available 0.98 0.99 0.97
adhesion (%) 100 100 100 50 75
residue (%) 100 100 100 ? ?
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