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Abstract

This research focuses on hydrogel nanoparticle formation using miniemulsion
polymerization and supercritical carbon dioxide. Hydrogel nanopowder is produced by a
novel combination of inverse miniemulsion polymerization and supercritical drying
(MPSD) metlods. Three drying methods of miniemulsions are examined: (1) a
conventional freeze drying technique, and (2) two supercritical dtgoimiques:

(2a) supercritical fluid injection into miniemulsions, and (2b) the polymerized
miniemulsion injectionnto supercritical fluid. Method 2b can produce nhon

agglomerated hydrogel nanopatrticles that are free of solvent or surfactant (Chapter 2).

The optimized MPSD method was applied for producing an extended release drug
formulation with mucoadhesive propies. Drug nanoparticles of mesalamine, were
produced using supercritical antisolvent technology and encapsulation within two
hydrogels, polyacrylamide and poly(acrylic aciotacrylamide). Thencapsulation
efficiency andrelease profile of drug nanopiates is compared with commercial ground
mesalamine particles. The loading efficiency is influenced by morphological
compatibility (Chapter 3).

The MPSD method was extended for encapsulation of zinc oxide nanoparticles
for UV protection in sunscreens (Chapter 4). ZnO was incorporated into the inverse
miniemulsion during polymerization. The effect of process paramateexaminedn
absorbencyf ultraviolet light and transparegof visible light. For use of hydrogel
nan@articles in a seismological application, delayed hydration is needed. Supercritical
methodsxtend MPSD so that a hydrophobi@ating can be applied on tiparticle
surface (Chapter 5). Multiple analysis methods and coating materials were investigated
to elucidate compatibility of coating material to polyacrylamide hydrogel. Coating
materials of poly(lactide), poly(sulphone), poly(vinyl acetate), poly(hydroxybutyrate),
Geluice 5013, Span 80, @adecyltrichlorosilaneand grfluorobutane sulfatPFBS)



were tested, out of which Geluciresrfiluorobutane sulfatend poly(vinyl acetate)

materials were able to provide some coating arflyprobutane sulfatgoly(lactide),

poly(vinyl acetate) delayed hydration of hydrogel particles, but not to a soffesxgent.

The interactions of the different materials with the hydrogel are examined based on
phenomena observed during the production processes and characterization of the particles
generated. This work provides understanding into the interactiomdyaicpylamide

hydrogel particles both internally by encapsulation and externally by coating
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1.0 INTRODUCTION

Supercriticafluid technologyhas extensive applications in diverse areas including
particle formation, separation, and extraction. This dissertation research utilizes
supercritical technology to solve problemglmarmaceutical anseismological
applications as well as utilizing subjects suchydrogels(Huglin 1986; Peppas 2000;
Cai and Gupta 2002; Hynd 2007; Jurggr 2007 polymerizationDaniels 1992;
Antonietti and Landfester 2002; Rodriguez 2Q@BYying (Leuenberger 1987; Masters
1991, Broadhead 1992; Nail and Gatlin 1993; Giunchedi and Conte 1995; Pikal 2007)
andcaoating (Hester 1990; Brock 2000; Bassett 2001; Goldschmidt and Streitberger
2003) This chaptemtroduessupercritical technology, nanoparticles and their
formation by spercritical antisolvent technology, hydrogels and their formation by
miniemulsion polymerization, drying, and coativgh in-depthdetail of projects

presentedn subsequent chapter3he key specific aims of this research are:

1 producesurfactant andavent freepolyacrylamide nanapvder using
miniemulsion polymerization and supercritical technology

1 encapsulate material within hydrodletough processingith supercritical carbon
dioxide providing insight into the interactiaof hydrogelparticles

1 delayhydration of hydrogeparticlesby hydrophobiccoating



1.1 Supercritical Fluids

A fluid becomes supercritical when heated and compressed beyond its critical point. The
characteristic properties stipercritical fluids encountered in this region have similarities
with both liquid and gas phases. Supercritical fluids hawvevarlviscositythan liquids

with a highdiffusivity similar to gases, which contributes to rapidssand heat

transfes. Chaacteristic diffusivity of a supercritical fluid is &m?/s compared to

gases of 1&cm’/s and 16 cné/s for liquids. The viscosityof a typical supercritical

fluid is 10% g/cm/s, similar to gases, but 1éfld lower than typical viscosity of liquids

This combination of high diffusivity and low viscosity facilitates rapid equilibration.

(Gupta 2005)

Phase diagrams provide a visual understanding of these unique characteristics for
supercritical fluids. The critical point is the temperature and pressure at which a
supercritical fluid is first incurred (Figure 1.1). Along the line from the triple point to the
critical point, the density of the gas increases while the density ofthe decreases

until the critical point is reached where the two densities become equal to each other,
leading to one phase termed as supercritical fluid. Temperatures and pressures greater
than the critical point provide interesting phenomena: beyisgbint greater

compression cannot produce a liquid nor can added heat produceExgawples of

phase diagrams for water and carbon dioxide are shown in Figure 1.1.

H,0 co,

Supercritical
Fluid

Supercritical
Fluid

218 73

P (bar) P (bar)

0.006 5.1

0.0099 374 -56.4 314
Temperature (°C) Temperature (°C)

Figure 1.1Phase diagrams of watéeft) and carbon dioxideight).



Small changes in pressure near the critical point can significantly affect fluid density, as
shown in Figure 1.2; these phenomena can be beneficially utilized in a variety of
applications. Comparing the different isotherms, the effect is more prominsat tb

the critical point.
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Figure 1.2 Density changes of carbon dioxid&upta 2006)

Densitiesof common supercritical fluids, such as water or carbon dioxide, can be found
at theNational Institute of Standards and Technolegbbookat
webboolknistgov/chemistrfNIST) Alternatively, the density , of carbon dioxidecan

be obtainedrom the following equatioJouyban 2002for a given temperaturd, (K),

and pressurd? (bars):

" —A @D Bt wp i TRY @ W (Eq. 1.1)

A list of selected supercritical fluids of interest given in Table 1.1



Supercritical Fluid Tc (eC) P. (atm) Safety hazard

Ethylene 9.3 49.7 Flammable gas

Ethane 32.3 48.2 Flammable gas
Chlorotrifluoromethane 28.9 38.7 0

Carbon Dioxide 31.1 72.8 0

Dinitrogen monoxide Not combustible but enhances
(laughing gas) Sk L7 combustion of othesubstances
Sulfur Hexafluoride 45.5 37.1 0

Propane 96.8 42.4 Extremely flammable
Ammonia 132.4 111.3 Flammable and toxic
Isopropanol 235.2 47.0 Highly flammable
Cyclohexane 280.3 40.2 Highly flammable

Toluene 318.6 40.6 Highly flammable

Water 374.0 212.7 o}

Table 1.1 Supercritical solvent critical constan{&upta 2005)

Out of all these fluids, carbon dioxide is the supercritical fluid of choice in this work.
Carbon dioxde is arelatively inexpensivehenign andmild solvent to use for

experimental and industrial applicationBhe critical point of carbon dioxide is mild for
operational purposes @8.8barand31.1aC. Car b on d i -Baminable datire is 0 n
advantageous ovether more hazardous solvents, such as toluene or hexane to produce
nanoparticles. Supercritical carbon dioxide is used in diverse applications ranging from
natural product extractiomaterials cleaning, and chemical reactions, to nanoparticle
preparaibn and dryingPerrut 2000; Gupta 2006; Reverchon 2007; Gonen 2009)

Carbon dioxide (O=C=0) is a noripomolecule with some polarity due to its
guadrapole moment. Solubility is a defining feature of how best to utilize supercritical
carbon dioxide for a specific applicatioBmall nonpolar or slightly polar ampounds

are fully miscible with C@ Heavy and/opolar moleculs are poorlysolublein

4



supercritical carbon dioxigddutthe solubilityof suchcompound can be enhanced by
adding a small amouie.g., less than 10 wt.%} cosolventsuch as acetone, methanol

or ethanol(Dobbs 1987; Gupta 2005; Thakur and Gupta 2088Jublity enhancement

by usingethanol cosolvent in the extraction of fish oils at 60°C and 250 bar is shown in
Figure 1.3(Catchpole 2000; Gupta 2005)
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Figure 1.3Enhancement of fish oil solubility in G®y using ethanolasolvent(adapted
from (Catchpole 2000)

Carbon dioxide is the most widely studied and utilized supercritical fluid with significant
industrial activity in the last 20 yeafBeckman 2004) Cagniard de Idour first

discovered the supercritical phenomenon in 1822 and Hanney & Hogaréssathits
solving power in 1879Eckert 1996) Supercritical fluids have found their way into a
variety of commercial applications, including nicotine removal from tobacco, extraction
of fragrances and flavors, dry cleaning, and plant wastewater treatment. Supercritical
carbon dioxidgscCQ) wasfirst used for its extraction ability; one of the most
commonly recognized is caffeine extracted from coffee begm®thucedecaffeinated

coffee.



1.2 Nanoparticles

Based on the definition from the National Nanotechnology Initigtiidl 2009) a

nanoparticle is deemed <100 nm in size, which is mostly applicable to hard inorganic
substances, such as Fi@nd ZnO. From a pharmaceutical prospective, nanoparticles can

be viewed as particles less than 300 nm in size, as this is where the smidlier pae

begins to increase elin-vivo bioavailability (Perrut 2003; Yasuji 2008)

Pharmaceutc al s, neutr aceut i cnaatesals and offadiffggemtl y mer s ¢

challengsto form nanoparticls than the hard inorganic materials

A fundamental enhancement over bulk material is that the nanopatrticles have a higher
surface area to volunratio contributing to numerous unique properties suitable for many
applications. In additionhe size reduction enables drug molecules to interact on a more
appropriate sized | evel; comparavis's t o rub
microscopidweezers. These interaction scales of physical, chemical and biological
phenomena become comparable to the size of the particle where new properties and
phenomena emergRoco 1999) Nanoparticlexan play a key role in pooryater

soluble drug, whermany issuestill existdue tothe poorbioavailability (Perrut 2003)

Nanoparticles can bdeo woroo cau cidyabot gagingmrthe a dty. it
top-down approachangarticles can be obtained by grindinghichhas limitations to

the smallest particle size and yieldtainable Conventional grinding can lead to

plasticizing of polymers through unintentional heatiBgpttomup approaches for

producing nanoparticles include emulsification, homogenization, supercritical fluid

precipitation, and wet synthesis.



1.3Nanoparticle Production using Supercritical Carbon Dioxide Antisolvent

Supercritical carbon dioxide is commegnlsed in varietyf techniques to generate
nangarticles. A defining feature of the chosen method to produce particles is the
characteristic solubility of the drug in scg@ither as solvent or an antisolventor
compoundghat are soluble in scGQor solvent based scG@chniques include rapid
expansion of supercritical solution (RESS), rapid expansion of supercritical safition
liquid solvent RESOLV), andrapid expansion of supercritical solutiono agqueous
suspensiofiRESAS. For the corpounds that are insoluble in scCOR&tisolvent
techniques include supercritical antisolvent (SAS), supercritical antisolvent with
enhanced mass transfer (SE®), andgas atomization system (GAS)Numerous
articles are in the literature regarding theagiple formation technologig¥ ork 1999;
Jung and Perrut 2001; Charbit 2004)

Supercritical carbon dioxide technology is utilized in antisolvent nanoparticle formation
processes due to its innate ability to extract the solvents including methanol, acetone,
dichloromethane, and dimethyllgxide) that carry the drug compound&.polymer can

be coprecipitated along with the drug to obtain controlled release formu(startin

2002; Bandi 2004) The increased mass and heat transfer of supercritical fluids enables
extraction of the carrier solvent in the antisolvent prof@&sling and Debenedetti

1999; Mukhopadhyay and Dalvi 2004; Martin 2007)

Supercritical antisolvent technigaéGAS, SAS, SAEM, and SED$vary mostly by

the way the drug solution is introduced to se@Q@erling and Debenedetti 1999;

Reverchon 2007)Supercritical antisolvent method is capable of producing nanosized
particles depending on the process paramé@ragerchon and Adami 20065AS and

SASEM utilize a countercurrent flow of scG@ use the solving power of carbon

dioxide with a polar liquid solverfEigure 1.4). SASEM utilizes the injection nozzle in
contact with the tip of an ultrasonic horn. The ultrasonication increases the mass transfer
and dispersion compared to normal SAS and oftentimes produces smaller particles.
Solution enhanced dispersion by supercriticaids (SED$ introduces carbon dioxide to

the drug solution caurrently into a vesselln all supercritical particle formation



methods, multiplgparametersan beoptimized toattain a desired particle siz€ressure,
temperature, injection nozzle diaraetsupercriticafluid flow rate, drug solution flow
rate drug solution concentratipand ultrasound amplitude (in case of SB) have an

effect on the size of particles produced.

R e
Drug + Solvent

v [ Solvent+ CO,

8
E Supercritical
4 l+—CO,

Figurel.4 GeneralSASprocess.(Gupta 2006)

1.4Hydrogels

Ahydrogelisdef i ned as fAa hydrophilic pol ymer
amounts of water while maintaining ttree dimensiona h a (Cai and Gupta 2002)
Superabsorbent hydrogels asorbup to400 times its weighh water The
superabsorbent capability of hydrogels is a defining feature for utilizatich is

primarily controlled by the degree afosslinking The higher the crosslinkage the

tighter the hydrogel is bound and the less swelling capability.

The ability toabsorbsignificant amount oivatercontribute tch y d r odyerde 6 s
applications in diagnosis, drug delivery, aggtion, absorption, agricul)

waterproofing, and water retentig@ai and Gupta 2002Hydrogels can be composed of
naturally crosslinked materials, such as cellulet@ch gelatin and sodium alginate
polysaccharideor synthetic polymers, such psly(acrylamidg (PAM), poly(acrylic

acid) (PAA), poly(methyl methacrylajg(PMMA), poly(ethylene glycal (PEG,

poly(vinyl alcohol), polyN-vinyl 2-pyrrolidone) (PVP) angoly(hydroxy ethyl

methacrylatg (pHEMA). Many lydrogek areapproved by th&S Food and Drug
Administration (FDA) and a few by the Environmental Protection Agency (EPA) for use

8
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in agriculture consumer products and pharmaticals(Cai and Gupta 2002Hydrogels
areprodu@d by various polymerizations techniques: emulsions, gaseous, bulk,
suspensions, solutioand plasma.This research produces polyacrylamide and
poly(acrylic acid) hydrogels through a miniemulsion polymerization technique.

1.5Hydrogel Formation by Miniemulsion Polymerization

Miniemulsion polymerization is similar to emulsion polymerization kehee disperse
phase, continuous phase, and surfactant are present in the initial steps (Figure 1.6). The
surface energyEs, of the droplets is related to the interfacial tensipietween the

continuous and disperse phases by Equation 1.6
o 0, Q (Eqg. 1.6)

whereN is the number of droplets aulds droplet diameter of the disperse phase.
Surface energy is also related to the volume of the dispersed YWbabg,substituting

the relation of the number of droplets, @w 7 “'Q into Equation 1.6 yielding
o — (Eq. 1.7)

The overall particle size generated in miniemulsion is attributed to the ultrasonication
shear forces and surfactant content. The limited use of surfactant reduces the interfacial
tension of the tw phases iminemulsiondo about40 mN/m for comparison, the

surface tension in microemulsions, utilizing heavy amounts of surfactants, are near zero.
The incompletesurface coverage by surfactamia miniemulsion generatesatically
stabilizedsusgnsion. Most emulsions are metastable colloids, except for

microemulsions which have zero surface tension and use excess surfactant above critical
micellar concentrationThe critical micelle concentration is the point where micelles are

formed spontanesly and @pends upon the typd surfactant.



Emulsions(miniemulsions, microemulsions, regular emulsions, and suspension
emulsionsarenot classified solely based on tharticle size generated baisobased on
the procesgeneratingarticles(Figure 1.5). Similar to suspension emulsions, the
polymerizedparticles of miniemulsionsiaintainedhe size othe original droplets
formed during the initiaproductionprocessand are ofterconsidered microreactors$n
microemulsionsgcomplete surfactaroverageof monomer dropletsoexist with empty
micelles with this complete coveragmijtiation cannot be obtained in @toplets
simultaneously Thefirst polymer chains are formad some droplets le@ug to an
increase of thdropletsize, the formion of empty micelles, and secondary nucleation.
In regularemulsiors, the latex particle does not correspond @ phimary emulsion
droplet insteadhe monomer diffuses into larger monomer droplets through the
continuous phase to micelles to sustailyper particle growth until the monomer
droplets have vanisheHlinetic parameters such as the temperature, the amount of
initiator, nucleation rate as well as nanopatrticle stability play a predomiiant
Microemulsions and regular emulsions are simiahat original droplet size is not the
same as the polymer particle formed. Antonietti and Landfé€26@)provide an iR
depth comparison of polymerization in micnogsions, miniemulsions, regular

emulsions, and suspension emulsions.

Before paly merization ufter polymerization before poly moerization after poly merization

LA

f‘\‘ q’!"-, ® g -‘ i o ) » » o
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Figure 1.5Emulsion owerview: a)Emulsion £100nm) b) Microemulsion (550nm),
¢) Miniemulsion 80-500nm) d) Suspension emulsiodim-1mm)(adapted from
Antonietti andLandfester 2002)
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Figure 1.6 Miniemulsion processStep {immiscible continuous and disperse phases with
surfactant are mixed; StepHligh shear with an ultrasonication horn forms droplets with

incomplete surfactanbwerage; Step HReaction produces polymerized nanopatrticles.

The miniemulsion plymerization(Figure 1.6)allows the formation opolymer particles
with complex structurg such asanoparticles, nanocapsules, and nanoprea@giatd

the encapsulatioof many different materialorganic and inorganic pigments, magnetic
andsolid nanoparticles, hydrophobic and hydrophilic liquids, such as fragrances, drugs,
or phobinitators(Antonietti and Landfester 2002; Xu 2004)Theserteresting

structures arise due to the placement of the components during polymerization. For
example, anoparticlesvhich aremore hydrophobic than the monomer can be dispersed
in the monomer phadeefore miniemulsion polymerizatiorMiniemulsion

copolymerization of hydrophobic and hydrophilic monomers located in different phases
can occumwith a surface active initiatgt. andfester 2000; Willert and Landfester 2002;
Blagodatkikh 2006) Otherwise, the initigdn can be activated by heat, ultrasound,
ultravioletlight, or redox chemical for production of free radicals to react with the

monomers and crosslinkers to produce hydrogel.

Relevant to this work, poly(acrylamide) and poly(acrylic acid) hydrogel jestare

formed by using an inversainiemulsion free radical vinyl polymerization by thermal
initiation. Alternatives utiliz a surfactant free emulsion method which is not suitable for
thermally sensitive materi@¥in and Chen 20049r surface modification to prevent

stickiness of the materi@ayasundera 2009)his work builds upon the priortadies

11



that have generateddirogel particles of polyacrylamidend other polymer@/\illert and
Landfester 2002; Capek 2003; Xu 2004; Blagodatkikh 2006; Zhang and al. 2006)

1.6 Research Work

In Chapter 2, polyacrylamide hydrogels are produced using an infweatexin-oil, w/0)
miniemulsion polymerization, but unlike previous research, this work develops a robust
supercritical drying technique to obtain free flowing, fagglomerated, surfactafree
nanoparticles. In Chapter 3, mesalamine particles gendnatepercritical antisolvent
process are encapsulated in hydrogel nanoparticles for sustained drug release. The
Chapter 4 deals with the effects of hydrogel nanoparticles containing zinc oxide
nanoparticles for sunscreen protection applicati©hapter 5 deals with the hydrophobic
coating of hydrogel nanoparticles so that the hydration can be delayed for proposed
seismological applicationConclusions of this dissertation work are given in Chapter 6,

and the possible future research ideas atediin Chapter 7.
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2.0HYDROGEL NANOPOWDER PRODUCTION BY INVERSE -
MINIEMULSION POLYMERIZATION AND SUPERCRITICAL DRYING

Hydrogel nanoparticles can be successfully produced by polymerizatioverse
miniemulsions, for use in a variety of applications including diagnosis, drug delivery,
separation, soil stabilization, and absorption. Unfortunately, conventional drying
techniques result in agglomerated powder due to the sticky natureveétthgdrogel
particles. This work utilizes supercritical €@rying to obtain free flowing hydrogel
nanoparticles. Polyacrylamide hydrogel nanoparticles (~100 nm in diameter) are
produced in an inverse miniemulsion composed of cyclohexane continumes plaser
dispersed phase, and a nonionic surfactant. The polymerized miniemulsion is dried by
injecting into supercritical COwhich results in rapid removal of cyclohexane, water, and
surfactant. The morphology, particle size and size distributidmeaf@anoparticles are
determined using dynamic light scattering and scanning electron microscopy. The
proposed miniemulsion polymerization supercritical drying (MPSD) method produces
hydrogel nanopowder with much lower agglomeration or residual surfastaeimpared

to convention drying. In addition, the MPSD method produced sefvemianoparticles

due to efficient extraction by supercritical €O
2.1. Introduction

Hydrophilic polymeric networks of hydrogetanabsorbwatermultiple times their own
weightcontributing todiverse applications in diagnosis, drug delivery asafion,
absorption, agriculturevaerproofing, water retention, and solil stabilizat{@ai and
Gupta 2002) Environmentally benign, inexpensive, and readily availabldrogels can
be composed of naturally crelisked materials, sth as cellulosestarchand sodium
alginate, or synthetic polymers, such as poly(methyl methacrylate), poly(acrylic acid),
poly(ethylene glycgl poly(hydroxy ethyl methacrylajeand polyacrylamide.Hydrogel
nanoparticles can be synthesizesihg aminiemulsionpolymerization a techniquehat
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utilizes less surfactant thammicroemulsion polymerizationmstead the miniemulsion
technique utilizesltrasonicatioror intense mixingo create small droplets prior to
polymerization(Antonietti and Landfester 2002; Anton 2008; Landfest&920Hence,

the key difference from microemulsion is the microemulsionzesligreater surfactant
concentration (i.e., above the critical micelle concentration) to produce low surface
tension enabling a stable emulsion. Studies so far have gengrdteddi particles of
polyacrylamideand other polymer@/\illert and Landfester 2002; Capek 2003; Xu 2004,
Blagodatkikh 2006; Zhang and al. 2006yt did not develop a robust drying technique in

order to obtain free dwing, nonagglomerated, surfactafree nanopatrticles.

Available methods for drying amulsions include freezgdrying (Nail and Gatlin 1993;
Pikal 2007; Packhaeuser 2008praydrying (Masters 1991; Broadhead 1992; Giunchedi
and Conte 1995; Muller 2000; Gavini 2004; Lane 2005derivatives thereof, such as
freezespraydrying (Merryman 1959; Leuenberger 1987; Heneczka 2006; Wang 2006 )
Unfortunatdy, thesedrying techniquesvhen applied tmanoparticles result in particle
agglomeration especially due to the sticky nature of the wet hydrogel nanoparticles
(Brinker and Scherer 1990Prying is an important step in determining particle
agglomeration which contributes to bulk powder flow propertiesaddition, the

residual surfactant can affect the final hydrogel priogerfor example, it can affect the
drug release raté&apoor and Chauhan 2008 addition, the existing methods do not
completely remove the surfactaro obtain surfactadiree product, either the emulsion
without surfactant is utilized which results in large particle size, or the polymer is rinsed

with a high amount of solvent in dialysis prior to drying.

Supercritical carbon dioxide (above 73.8 bar ahd °C) has been utilized in a variety of
extraction processes. Organic solvents and soméonansurfactants are readily soluble
in supercritical CQ(Gupta and Shim, 2007), thus the products can be easily separated.
For example, irsupercriticalluid extraction of emulsion (SFEEan oitin-water (o/w)
emulsion ignjected into supercritical carbon dioxide producing an aquagpession of
drug particles; the drug is first dissolved in the oil dropl8teekunov 2006;
Chattopadhyay 2007)he suspension is further freeze drie@btain powder
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In this work, acrylamide monomer is polymerized in wdeoil miniemulsion to

produce hydrogel nanoparticles. The polymerized hydrogel nanopatrticles are contained
in the water droplets. The miniemulsion is then dried using supeat@Q. This work
examines the proposadiniemulsion polymerization and supercritical drying (MPSD)
method, specifically the effect of polymerization and drying conditions on the final
hydrogel nanoparticles properties (i.e., size, morphology, parieialbility, and

residual surfactant and solvent contents).

2.2. Materials and Experimental Methods

Electrophoresis grad®9+% puré acrylamide andN,N-methylenebisacrylamide were
obtained from Acros Orgarsc Azoisobutyronitrile (AIBN) and sorbitan mooleate
were obtainedrom Sigma Aldrich. HPLC gradesopropanglcyclohexane, and water
were obtained fronfrisher Scientific.All materials were used as received to produce
hydrogel nanoparticles by a twsiep procedure: inversainiemulsion polymerization

followed by supercritical drying (MPSD), as described below.
2.2.1- Step I: Inverse-miniemulsion polymerization

A schematic of the inversainiemulsion polymerization is shown in Figi2d. Here

the continuous phase cosis of cyclohexane argbrbitan monooleat&Span 8

surfactant, and th@ispersed phase is composed of water, acrylamide monomer, and N,N
methylerebisacrylamide (MBA) crosslinker. Disperse phase was dropwise added to the
continuous phaseith sonicatiomat 1014eC. Subsequentlyhe initiator,

azoisobutyronitrile (AIBN)was added and stirred at 150 rpm, and the emulsion is purged
with nitrogen to remove dissolved oxygen which otherwise can scavenge free radicals
needed for polymerization. Typical amounged are: 24 g cyclohexane, 0.75 g Span 80,
2.253.0 g water, 2.25 g acrylamide, 22.5 mg MBA, and 75 mg AIBN. The

miniemulsion is then heated to 85 to decompose AIBN (which occurs at %T)

producing free radicals. As shown in Figar2, the polymerization mechanism begins
with the initiator thermally decomposing into free radicals which then react with the vinyl
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group in the acrylamide monomer for free radical polymerization. The reaction proceeds
for 2 hours with stirring at 150 rpnSeveral factors, such as the solubility of the

polymer, the type and concentration of the surfactant, agitation speed, and drop wise
addition rate, can affect the final properties of emulsified polymer particles.

Nitrogen Purge

Water, MBA, & Reaction Polyacrylamide
Acrylamide u ~ 65°C Particles.
e Span80 ° LN ]

. g \:N. # . \_/f.\ # . .

. 3 o ~ :
* . * ~ AIBN o @
\_ Cyclohexane / \ . / initiator \ /

600 rpm 150 rpm

Figure 2.1. Inverseminiemulsion polynerization to produce hydrogel nanoparticles

— e L

. ~ P <
7 Me 40 A\ Initiator £ N
| e e RS )
De g <
i \)OL Pase oY : ;
\ SN, \. Y
~ l Wl N, o
—l o — / ‘ P
HsC.Y _CHs
3 CH—CH
Monomer + Ny ., \|C/ —> Polymer o4
|
[l ,
N NH, |

Figure 2.2. A free radicapolymerization reaction mechanism
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2.2.2- Stepll : Supercritical drying

Threedifferentmethodsof drying the synthesized hydrogel nanoparticles were tested as
shown in Figure@.3: (a) conventional freeze dryin@) supercritical C@injection into

the miniemulsion, and (c) miniemulsion injection into supercritica}.Ck¥eezedrying

was carried ouin a manifold dryingapparatus for a minimum of 24 hours and maximum
of 48 hours.The supercritical dryings shown in Figur.4. Supercritical C@flowed
through the 100 ml high pressure vessel continuously and maintainegCatA@ouble
fluoropore membrane filter (0.025 pm and 0.2 um pore sizes) was mounted on the outlet
line from the high pressure vessel to prevent loss of dried hydrogel powder. A heated
back pressure regulator was used to maintain 1600 psi pressure in the system. A vent
nozzleof 150 um internal diameter was utilized to sustain slow depressurization at a
maximum rate of 2.5 ml/min after flushing with carbon dioxide. For supercritical drying
by miniemulsion injection, the polymerized suspension was loaded on one side of the
injection vessel while pressure is applied to the other side of the piston to inject the
contents into the high pressure vessel through a PEEKSIl nozzle. For supercritical CO
injection into the miniemulsion, the injection system was not utilized, asna®

directly injected into the preloaded miniemulsion in the vessel.

P | (> "l_’

filter

Vacuum scCO, } filter ’

—— —— —
(a) (b) (c)
Figure 2.3. Drying of miniemulsion polymerizatio(a) Freezedrying, (b) Drying by

supercritical CQinjection into miniemulsionand (c)Drying by miniemulsion injection

into supercritical CQ (supercritical drying)
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Figure 2.4. Supercritical dryingprocess flow diagram

2.2.3. Hydrogel particle characterization.

Nicolet IR100 Fourietransforminfrared (FTIR)spectrometewasutilized to confirm
polymerization ofacrylamide to polyacrylamideNICOMP 380(Particle Sizing Systejn
dynamic light scatterin¢gDLS) instrumentwas used to determiriee hydrodynamic
diameters of particlesZeiss EVO 5Gcanningelectronmicroscope (SEMyvas wsed to
obtainmicrographs of particlethat weresputter coatedith a15nmlayer of goldby an
EMS 550X gold sputter coater.eBidual solvenin the particles was measured using a
QIR 5000 hermogravimetri@nalyzerwhich is coupled with a maspectroneterand
NIST version 2005 spectral library.eBidual surfactanh the particles was measured

usinga Waters HPLC systemith aUV dual absorbance detector
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2.3. Resultsand Discussion

This studyinvestigats the effect of variouprocess parameters bgdrogel nanopowder
production, specifically the particle size and morphology, and residual solvent and

surfactant contents.

2.3.1. Miniemulsion polymerization. Confirmation of polymerization during
miniemulsionpolymerizationcan be inferred from the FTIR spectra showRigureb.
Thefunctional groupC=Cin the monomer acrylamide vibrates980cni* wavelength
showing two peaks in this region. Upon polymerization, both of these peaks disappear
confirming the conversion dhe vinyl groups. Additional peaks shown are du€+® at
16301700 cm', NH, deformationat 1550 cn', and primary amidest 14201400 cm'.

Monomer = = Polymer

AbsorbanceVY

2000 1800 1600 1400 1200 1000 800
Wavenumber

Figure 2.5. FTIR spectra of acrylamide monomer and polyacrylamide polymer

The emulsion droplet size can be influenced by the extent of shear and the amount of
surfactant used. A sonicator set at 10% amplitude (about 60 W power) was used for 20
minutes in both continuous and pulsed (5 second off and 5 second on cycle) modes
utilizing two different tips (12.7 and 19 mm diameters). The effects of ultrasonic tip size
in a control studyonsisting of 3g water, 24g cyclohexane, and 0.75g surfactant found

the12.7mm tip used in pulsed mode produced smallesnaostconsistent partles
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(316.4 nm in sizecompared to the 18m tip @35.7 nm in sizein a control study.
During sonication the miniemulsion was kept in the chilled water bath maintained at 12
°C to remove heat produced. The duration of sonication did not significaatigeh

particle size from 15 minutes to 20 minutes.

The patrticle size was observed to reduce significantly with an increase in the surfactant
amounts with respect to disperse phase, consistent with the previous (Fuathesetti
and Landfester 2002; Anton 2008; Landfester 200%)e effect of surfactant was tested
at 1%, 3.3% and 5 wt% concentrations vihgave volumeaveraged particle size of 899,
411, and 150 nm, respectively. A recipe consisting of 0.75 g surfactant and 2.25 g water
produced desired particle size of less than 200 nm; hence this recipe was preferred for
most of the experiments. Hydrathmic sizes of the polyacrylamide particles prior to
drying using the preferred recipe was 74 nm (number average) and 155 nm (volume
average) as shown in Figure Bhe partcle size distribution shows two peaks attributed
to the presence d@ither a smaltlegree of clustering of the smaller particles tava
larger particless seen in the number weighted distribution where the second peak is
minimal (1.4%) as compared to the volume weighted average (38.9%). The effect of
water content was tested at tleoels. When the amount of water was reduced from 3.0
to 2.25 g keeping 0.75 g surfactant constant, the particle size reduced significantly from
133 to 74 nm in numbeaverage or 356 to 155 nm in voluraeerage. In fact, out of all
the steps and variables/olved in the process, the surfactant amount with respect to
water content in the disperse phase appears to be the most influential parameter

determining particle size.
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2.3.2. Drying of polymerized miniemulsion. In the case of freeze drying technique,
theemulsion wadreezedried fora minimum24 hourddirectly afterpolymerization The
particles obtaing appeato be molded and fused togetlasra film (Figure 7a)

Individual particleswere not observed due to the presence of surfactdr.bulk
samples wersticky and clumpyvith a distinctyellow colorationdue to visible

surfactant. The powder isot free flowing.

When using supercritical Gnjection into the emulsion, the particles are also fused
together, as shown in Figure 7b. In this technique, polymerized emulsion is first placed

in the vessel and then the vessel is pressurized withcsitigal CO,. The precipitation
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of particles from the emulsion occurs gradually as €Xpands cyclohexane. The
precipitated particles are still wet when they come in contact with each other, causing
particle fusion. The features of individual particles can be seen more clearly here than
those from freeze drying. However the powderilbrsat free flowing and a portion is in
the form of a film. As the cyclohexane extraction by,€éntinues, hard films are

formed giving mass transport resistance to the remaining interior mafEnalkesidual

surfactant softeneandfusedthe particés together.

In the case of miniemulsion injection into supercritical,@&upercritical drying), the
injection nozzle atomizes the liquid into small droplets from which cyclohexane, water
and surfactant are rapidly extracted by, COhe fast extraabtn causes the particles to
harden before coming into proximity, avoiding fusion. The final product is obtained as
individual particles (Figure 7c), with excellent particle flow characteristics. Particles
obtained by varying the nozzle diameter (254, 32 um internal diameter) did not
significantly influence the particle size. However, in some experiments 254 um nozzle
clogged and 502 um nozzle produced aggregated nbleelistructures composed of
polymerized spheres. Due to the lack of jet breakupe 502 pm nozzle, neeédli&e
particles were produced that were of the similar diameter as the nozzle internal diameter.
The 384 um nozzle generated the best powder consistently without obsteudioras
thus utilized for subsequent evaluation tifey process parameters. The emulsion flow
rates of 0.25, 0.5, and 0.8 ml/min were tested and did not show any effect on the particle
size. It was observed that a £© emulsion mass flow ratio of about 20:1 should be

maintained to obtain hydrogel narawpicles of good quality.

The general characteristics of the hydrogen particles obtained from the three drying

methods are compared and summarized in Table 1.
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Drying technique Characteristics

Surfactant film present
Freeze drying Poor flowproperties
Sticky powder

Particles are not distinct

N Surfactant film present
Supercritical CQ

injection into the Poor flow properties

miniemulsion o ) ]
Some distinct particles underneath filn

No visible surfactat film
Miniemulsioninjection .
. " Good flow properties
into supercritical CQ Prop

Spherical particles

Table 2.1. Characteristics of the hydrogel powders obtained from three drying techniques

Figure 2.7. Hydrogel particles obtained from (a) freedying, (b) supercritical CO

injection into miniemulsion, and (c) miniemulsion injection into supercritical CO

(supercritical drying)
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2.3.3. Removal of solvent and surfactant Solvent and surfactant are removed by
supercritical C@extraction. Cyclohexane and the small amaintater (about 7.6
wt.% of total materials utilized present in the inverse miniemulsion) are easily extracted
by CO.. The solubility data for the Span 80 surfactant is not available in the literature.
To evaluate if this surfactant can be extractedgleith cyclohexane, eontroled
miniemulsionconsisting only cyclohexane, wateand surfactanivas injectecat 0.5
ml/min into the high pressure vessdgth carbon dioxide flowing continuously at 15
g/min. At the end of extraction, out of 238 mg offactant injectedonly 2.8 mg
remained irthevesselbproviding confidencéhat supercritical carbon dioxide can extract

the surfactant.

The hydrogel powder obtained from the supercritical drying (i.e., miniemulsion
injection into CQ method), was analyzed for residual solventi®rmogravimetric
analysiswith mass spectrometer (TGMS). The emperaturevasramped initially at
8 5 eoC20fminutes and latdr1 0 e C f o r (Figude 8)rin theuattaehed mass
spectrometer, cyclohera, if present, would shoup at84, 56, or 41 m/e ratios. As
shown in Figure 9, there was no detectable amount of cyclohexane in the powder. The
peak at 18 m/e is due to moisture present in the hydrogel. Even the powders that were
oven dried and therubject to TGAMS analysis showed this peak for water, which
could be attributed to the fadtsat hydrogel quickly absorbs water from humid
laboratory air prior to the analysis due to its strong hygroscopic nature, and the high
sensitivity of the TGAMS instrument.
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The residual surfactant in the hydrogel powder was analyzed ugimgtessure liquid
chromatographwsingisopropanciwvater (60:40 vol%jnobile phasdélowed at 0.5
ml / min through an I nertsil.Spdn80i2madepdf umn ( 4
monoesters, diesters,dsters, and tetraest@@mponentsvhich create multiple peals
the HPLC chromatogram; the standard calibration was based on the 230 nm absorbance
peak area present in-B% minute retention time corregmting to the diester fraction of
commercial Span 80. The dried hydrogel powder was washed with isopropanol to leach
out surfactant. The supernatant was filtered byufnZilter to remove any suspended
particles before injection into HPLC. As eviderdrfr the HPLC resultant data in Figure
10, the samples obtained from freeze drying showed a high surfectdent area under
curve of 1747.3inits), whereas supercritical Gdried powder has a negligible
surfactant amountfea under curve @f.2units). The efficient extraction of neionic
Span 80 surfactant can be attributed to good solubility in supercriticain@@ified with

cyclohexane present in the miniemulsion itself.

When applying the MPSihethodto otherwaterin-oil (w/o) miniemulsiors, akey

aspect to consider lubility of the combinedurfactant and the organic continuous
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phasan carbon dioxide. MPSDtechnologyis expected tavork well for the noronic
surfactants which typically are more soluble in supercritical thén ionc
surfactant@Gupta and Shim 2007)

24. Conclusions

Polyacrylamide hydrogel nanagiclesweresuccessfully produced by the inverse
miniemulsionpolymerizationand supercritical drying (MPSD) methoBy injecting the
polymerizedminiemulsioninto supercriticatarbon dioxiderapid removal of
cyclohexane, water, and surfactanturs,yielding a dry nanopowderThe produced
nanopowdehasbetterflow properties and lower agglomeration tithnse obtained from
freezedrying or CQ; injection into miniemulsion method. In addition, the produced

nanopowder is free of solvent and surfactant.
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3.0HYDROGEL NANOPARTICLES CONTAINING MESALAMINE DRUG

Hydrogel nanopowders with mesalamine, a dragimonly utilized to treat ulcerative
colitis, were produced by polymerization in inverse miniemulsions and supercritical
drying. Microparticles and nanoparticles of mesalamine produced from supercritical
antisolvent technology were attempted to encapssitéo two types of hydrogels,
poly(acrylamide) and a copolymer of poly(acrylic acid) and poly(acrylamide), and
evaluated for encapsulation efficiencytogh performance liquid chromatography
Completepolymerization was determined using Fourier tramafmfrared analysis. The
morphology, particle size and size distribution of the nanopartidesdetermined

using dynamic light scattering and scanning electron microscopy. This study investigates
details of a three step process to create mesalammaiging hydrogel nanopowders and
the interactions between the hydrogels, the drug, aneffibets ofproces parameters
These nanopatrticldgave gpotential to improve local drug delivery to the affected areas

within the colon utilizing the proven maadhesive properties of the hydrogel.

3.1. Introduction

Mesalamine is the first line therapy to treat mild to moderate colitis; ulcerative colitis
affects between 250,0€8D0,000 in the United Stateach yea(Cohen 2006)

Mesalamine dosa&gforms include rectal enema, rectal suppository, extereledse oral
capsule, and delayaelease capsulppased on Rowasa, Asacol, Pentasa, Lidlde5.

Food & Drug Administration 201however, rectal administrat, though effective, is

less appealing to general population and less adhered to than oral administration which is
more natural, less invasive, and less expensivesaldmine has poor absorption into the
colon with exception of the distal colon; thisusss not well understood but is thought to

explain thdow bioavailability. Over 80% of the rectally administered mesalarends
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up excreted by urineA longer exposure of the affected area to mesalamine could
increase its therapeutic effecfo alleviate painful symptom flaiups and minimize
multiple dosages, this research examimesnanoparticlanorphologiedor localized
delivery of mesalamine to the colon.

Forming drugs into nanopatrticles can increase bioavailability by provédiigh surface

area, dissolution rate, and chemical potential while minimizing side effeniaela

1975; Liversidge and Cundy 1998asenack and Muller 2002; Meriskoversidge and
Liversidge 2008) Scientists are constantly trying to develop new technologies to
increase the bioavailability of pdg water soluble drugé&harb 2006) Drug

nanoparticles can be produced hpearcritical technologyGupta 2006; Reverchon 2007,
Pasquali 2008)specifically, sipercritical antisolvent (SAS) methods. Supercritical

carbon dioxide has a mild critical poim3;8 bar and 31.%C), is relatively inexpensive,
andofferseasy removal by simple depressurization. Prior work produced tetracycline
nanoparticles by supercritical antisolvent with enhanced mass transfeis8AS

utilizing ultrasonication at the injection noz£l@upta and Chattopadhyay 2003Jhis
research extends the injection duration from a smaller batch injection to a longer duration
injectionin SAS-EM to produce mesalamine nanoflakes and avoids potential overheating

of the vessel by exterdusage of ultrasonication.

Nanoflakes of mesalamine can be incorporated into a mucoadhesive material for extended
drug release in the colon increasing localizestdpeutic effect. A large number of studies
examined mucosal potential of structural requirements of polymers for successful adhesion
(Robinson and Park 1984; Park and Robinson 1985; Peppas and Buri $&&i) particles

may tale advantage of mucosal membrane irregular surface morphology (cracks and
creviceswhile requiringonly small adhesive interactiofiEhairs 1998; Jackson 2000;
Takeuchi 2001) Smart explains general mucoadhesion theory which occtu® stages:

1) contact/wetting and 2) consolidation establishment of the adhesive inte(&ctiart

2005) The adsorption is key for dosage, while consolidation is more important fer high

stress environments.

35



Mucoadhesive materials are hydrophilic macromolecules containing numerous hydrogen
bond forming group§Smart 2005) Dueto hydrogen bondingpoly(acrylic acig provides a
goodmucoadhesiom the gastrointestinal tractor examplepoly(acrylic acid particles

(1-10 um in diamete) have been found to widen the intercellular spaces of2aeil
monolayers (commonly used for evaluation of mucoadhesion) allowing improved transport
into themucus layer and potential drug deliverytiogé drug sulforhodamingKriwet and

Kissel 1996) The mechanisms of mucoadhesion of poly(acitid) and poly(acrylic
acid-co-acrylamide) were investigated by Park and Robir{d887)and for mucoadhesion

to occur, polymers must have a minimunesirold of hydrogen bond abilit0% for vinyl
concentration) and for pdlgcrylic acid with the presence othe carboxylic groups to

obtain a critical quantity of hydrogen bonds 80% of carboxylic grebpsld ban the
protonated stateCompared to polyacrylamide, poly(acrylic acid) will have more hydrogen
bonding potential due to thesence ofarboxyl groups. A higher crosslinked density of
polymers exhibite@ lower mucoadhesive capabilifiark and Robinson 198#hus a low
crosslinkage amount was pursued in thask. In poly(acrylic acidco-acrylamide)
copolymerstheacrylic acid to acrylamideatios of 80:20 or 75:2providesa
mucoadhesiveimilar topoly(acrylic acid, but drastically reduces at a 66:34 ratio, thus a

copolymer ratio of 75:26r higherwas investigatetbr loading of mesalamine

Copolymers suchs poly(Nvinyl-2-pyrrolidone) and poly(acrylamideo-maleic aail)
oriented in cylindrical matrices showed promise for colon specific oral drug delivery of
Vitamin B (Bajpai and Sonkusley 20025ynthesis of bioadhesive poly(acrylic acid)
microparticles using an inverse emulsion polymerization method for treperent of
hydrophilic drug yielded promising resultsriwet 1998) Macromolecules containing silyl
groups of HEMA and MAA with crosslinkers BVPE and DVEm synthesized for colon
specific drug delivery by Galehassadi thouglpadiclesize indications were mentioned
but thorough dissolution profiles were stud{&hlehassadi 2007Mesalamine was
incorporaed intopoly(N-vinyl-2-pyrrolidone -Clclodextrine, and polyethylene glycol
through a solid kneading meth{dadav and Yadav 2008)None of these studistow

incorporation of drug nanoparticles within hydrogehoparticles.
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Hydrogel nanoparticlegroduced in this researetould haveanincreased probability to
make contact and adhere to the mucosal linirthe wall asnanoparticles flow closer to
this surface than larger microparticl€Silebi and DosRamo 1989; Florence 2006)
Hydrogelinteractng with the mucoa lining prolong their residence time at the delivery
location(Huang 2000; Peppas 2000eppas et. al provides a good review article for

hydrogels in pharmaceutical applicatio(Reppas 2000)

Targeting ofmesalaminaanoparticleto the colon byhe use omucoadhesive hydrogel
nanoparticles ithe keyfeature for tis study The overall process to produce this novel
drug delivery systermvolves threesteps: 1) formmesalamineéanoparticles, 2¢mbed

drug irto hydrogel nanoparticleduring polymerizationand 3) produenanopowder by
supercritical drying.This technology can be applied to drugs that can be wetted by water
provided they are not soluble in the continuous phase sdiventyclohexae or

toluene) or supercritical carbon dioxid8upercritical technology is employed twice in

the processfinal result yielding a water wetting drug embedded in a mucoadhesive
hydrogel nanopowder matrixl he effects of adding mesalamine into this systém,
efficiency of loading, and the interactions of two mesalamine morphologies with two

polymersare examined.

Step 1: Mesalamine Step 2: Miniemulsion Step 3: Supercritical
Particle Production Polymerization Drying

Nanoflake Mesalamine

@ Pe
oe@e@® /

Ground Mesalamine Hydrogel Particles Hydrogel Powder
with Mesalamine Formation

Figure 3.1.Mesalamine encapsulationgzess steps.
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3.2 Materials and Analysis Methods
3.2.1 Materials

Materials for experiments were usaslreceived from Fisher Scientificyclohexane
(HPLC grade)water(HPLC grade)sorbitan monooleate&span 80, azoisobutyronitrile
(AIBN), N,N-methylbisacrylamide (MBA)acrylamide(99.9% electrophoresis grgge
methanol (HPLC grade), hydrochloric acihd potassium bromideMicronized
mesalamine USP was obtained from a pharmaceutical compamgd& carbon
dioxide and nitrogen were obtained fréirGas Acrylic acid99.5% extra purwith
200ppmmonomethyl ether hydroquinon®IEHQ) was obtained frm MP Biomedical
Additional HPLC materialsnclude theptanoic sulfuric acid sodium salt, acetonitrile
(HPLC grade), methanol (HPLC grade), and,RB,. Primary materials of interest,

mesalamine and monomers, are listed in Table 3.1.

Material MW g/mol Tm(eC) Structure
NH,
Mesalamine 153.13 283 HO
O OH
_ 0]
Acrylamide 71.08 84.5 \\‘)LNHQ
Acrylic Acid 72.06 14 \AOH

Table 3.1. Material structures and characteristics.
3.2.2 Analysis Methods

A NiComp 380 Particle Sizing Systewas used to obtaimydrodynamigarticle
distributionsby dynamic light scatteringA Nicolet IR100 Fourier transform infrared
(FTIR) spectrometer was utilized to confirm polymerization of vinyl monomer to
polymer inpotassium bromide<Br) pellets. Zeiss EVO 50 scannietgctron

microscope (SEM) was used to obtain micrographs of particles that were sputter coated
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with a 15 nm layer of gold by an EMS 550X gold sputter cqatavidedvisual
morphology angbarticle size.A NOVA 2200e by Quantachrome Instruments was
utilized to obtain a fpoint BET analysis of mesalamine surface area after degassing

samples overnight at 76.

For mesalamine encapsulation analysis, an HPLC method was developed based on
Kersterd s  wkeenst&kn 1991) A mobile phase of KKHPO, and heptanoic sulfuric sodium
salt (890ml), methanol (50nl), and acetonitrile (3tl) flowed at 1.2ml/min through a
Hypersil C8 column as stationary phaS@uL aliquots were injectednd analyzed by UV
at 220nm wavelength A calibration curvewvas established for mesalaminea 10% N

HCI solution fromconcentration range dfto 100ppm Potential residual interferences
(monomer, crosslinker, initiator, surfaat, and polymer) werasoevaluated Mesalamine
solutions were prepardyy extractingmesalamindrom the hydrogel powaaising various
1IN HCI solution centifuging (2 min at 3400 rpm)and filtering 0.2 um syringe filtey;

these processed solutionsn evaluated using this HPLC methddppendixE)

3.3 Experimental Methods

The production of the novel drug delivery system is composed of three steps:

1) nanoparticle production using supercritical antisolvent with enhancednarester,

2) hydrogel production through miniemulsion polymerization while embedding drug
nanoparticles, and 3) supercritical drying in carbon dioxide to produce nanopowder.

3.3.1 Step 1. Mesalamine Nanoflake Production

Three types of methods were emp@dyto generate mesalamine particles: a supercritical
antisolvent (SAS), a supercritical antisolvent with enhanced mass transfeE@AS

and gmding with mortar and pestle. Supercritical antisolvexperimentsverecarried

out usingasmall100 ml highpressure vessel insemicontinuougnodewith a constant
flow rate of carbon dioxidand batch injection of drug solutior€arbon dioxidelow

rate during injection and purging rangeom 0.5to 2 ml/min controled by a Fvalve.

Total carbon dioxidesolume flushed for purging was at minimum 350anlLl550 psi A
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5 ml injectorvessel loaded with drug solutieam one side of a pistaand a methanol
manualpump to induc&00 psipressure gradiemn the other side afjected the
solution through the cdfary nozzle. The dug solutioninjected was 4.8 mg/ml
concentrationn a 5:1 by volume methanol:acet®wvent A capillary nozzle of 100
pm was employed to inject the drug solution into the pressurized vessel. Multiple
injections of the drug solution can be mada igiven experimerftom the 5ml batch

injectorto increase drug production

Continuous SASEM technology was employed torggrate smaller nanoparticlesa
highyield (Figure 3.2) Experiments consisted of multiplgections of the drug solution

at a flow rate of 1 ml/mim thevessel maintaied at1l600psiand3542e C. unmA 7 5
nozzle was utilized to continuously injebetmesalaminsolution(1.8 mg/ml

concentrationn a 5:1 methanol:acetofy volumelu nt o a 1IJ0 wul trasound
carbon dioxide flowed at-82 ml/min. Ultrasound was applied abnstant 25%

amplitude by a Sonics Vibra Cell Model VCX750. Batches afdi8olutionswere

injected alloving for a highproduction of nanopowders and the vessel flushed with CO
between batches. A back pressure regulatintained pressure and wasated to

prevent freezing and clogging of the outlg¥ith the utilization ofcontinuous ultrasound

as the nozzle injects the drug solution directly onto the ultrasonic horn tip, temperature
monitoring was imperative for experiments during injection as dissipated ultrasound
energy can increase the fluid temperature. The carbarddiavas pumped with a Thar
supercritical high pressure pump from a siphon tube taak¢oies of coils submerged in

a heated water bath of & The 80 ml high pressure vessglipped with two sapphire
windowswas maintained at 8 by an external héag tape, insulation, and temperature

controller with a thermocouplecatedinside the vessel.
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Figure 32. Supercritical antisolvent method. R: Precipitation chamber; SCF Pump:
Supply of supercritical CQ1: Inline filter; H: Ultrasonic horn; G: Pressure gauge;

C: Heating coil with temperatuntroller(Gupta 2006)
3.3.2- Step 2inverseMiniemulsion Hydrogel Formation

Successful polyacrylamide polymerization has been achieviiksilaboratory
(Hemingway 201Q) The process and amounts araikar to the experimental desigm
Chapter 2o produce nanoparticle hydrogsrticlesthrough inverse miniemulsion
polymerization: continuous phase2# g cyclohexane and.75g Span 80with a

disperse phase @259 water, 2.25 monaner, 22.5 mg MBA, 75 mg AIBN and 0.112g
mesalamine. Msalamine particles were suspended in the dispagezbuphasedy

short ultrasonication (3 minutes total of 5s active and 5 s rest pulses 10% amplitude) in
chilled waterprior to drop wise addition into the continuous phad#irasonicatiorof
30min (5 s active and 5 s rest 10% amplitude) completed the miniemalsithreatirg

to 65°C form polymer particle@rigure 3.3). Mesalamine is water wettabded not

soluble in cyclohexane allowing for the incorporation of mesalamine into this process
possible Potential issues in ththermally initiated polymerization weravoided as

mesalamine is a light sensitive and darkens with exposure to light.

Two separatenonomers, acrylamide and acrylic acid, as wed asxtureof these
monomers were evaluatéal the production of hydrogel pactes encapsulating
mesalamine Deviations in tle above technique were not requireddoly(acrylic acid)
or poly(acrylic acidco-acrylamide) (75:25) as threvinyl monomers are similarly

polymerized by a free radical initiation based mechanism. The acrylic acid contains
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monomethyletar hydroquinone (MEHQ) to stabilize the monomBIEHQ retards the
rate of polymerizationhowever Cutie et aimentions adding more initiatéw overcome
this phenomeno(Cutie 1996. The initiator amount of 7&1g AIBN was deemed to

overcome the MEHQ in acrylic acid.

Nitrogen Purge
Water, MSM, MBA, .

a¢8‘eronomer Reaction P0|y_mel’
g ~ 65°C Partlcles.
e Span80 ° —~ N (]

. \ . \/
e o (] ~~ ~
et # s o -} e ..

~ i AIBN

L] [ ]
= ~ ABN | g
\__ Cyclohexane / \__ 2 initiator N\

Figure 3.3 Miniemulsion process: Steplinmiscible continuous and disperse phases
with surfactant are mixed; StepHigh shear with an ultrasonication horn forms droplets

with incomplete surfactant coverage; SteRe&action produces polymerized particles.
3.3.3Ste 3: Supercritical Drying

Supercritical drying experiments were carried out i®@rhl vessel similar to the
methodsand the optimized conditions determined in chaptér @ ©1600psj 384um

injection nozzlg. Injection flow rateof solution wag).5 mlmin with carbon dioxide

flow rate greatethan 18 mil/min for at least 2t&s per injection. Pressure was

maintained using a back pressure regulator (BPR) with slight heating to prevent freezing

over of the outletluid (Figure 34).
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Figure3.4. Supercritical dryingrocess flow diagram

34. Results & Discussion

The production of mesalamine nanoparticles and the utilization of these in inverse
miniemulsion polymerizations and supercritical drying of hydrogel particles are
investigated. The effects of mesalamine on polymerization and efficiency of

encapsulation within hydrogel particles are examined.

34.1 Mesalamine Nanoparticles from Supercritical Antisolvent Process

Particles produced by SABM were smaller than those BAS as evidertty the SEM
images in Figure 3.5The nanoparticlegrodued by SAS are on averageim in length

and 250 nm in thicknesghich is largethan theSAS EM nanoflakes at 1.fim in length

and 98 nm in thicknessThe jetting of the mesalamirselution through the nozzle onto

the ultrasonic horn tip disperses the droplets more efficiently producing smaller particles
(Chattopadhyay and Gupta 2002; Gupta and Chattopadhyay. 200B)s work a

continuous operation is utilized instead of batch operation in the previous studies. In
continuous operation, temperature control was an issue as ultrasonication can produce
heat; this was managed by controlling the heating equipment. The temperature was

maintained above critical temperature of G@the range85 42¢C. Ultrasound aergy
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utilizationis expected to producesultssimilar tothoseof (Gupta and Chattopadhyay
2003) The majority of the mesalamine produced by S\ was collected on the filter

membrane as the G@ow patterns carried smadiized particles to the exit line.

Surface area analysis of the masaine particles were conducted using a 5 point BET
method. The SAEM nanoflakes had two analyses performed based on the location of
sample collection in the vessel. First location of collection was from the filter membrane
where the carbon dioxide egit These nanoflakes were used for encapsulation in
hydrogel and had 21.93%g surface area per mass; the particles are very long and flat.
Other mesalamine particles were collected on the bottom of the vessel after multiple
SASEM experiments and hadsarface area to mass ratio of 11.6%gn Thus, the

smaller particles generated flowed with the carbon dioxide to collect on the Titiese

smaller nanoflakes were utilized for miniemulsions polymerization encapsulation.

The distinction between the mphology of the ground mesalamine and the nanoflakes is
seen in Figures 3.5 and 3.6. The ground mesalamine consists of larger pieces as well as
micronized pieces of indiscriminate shape whereas the mesalamine generated through
SASEM are nanehin flakes. Ground particles were generated by using a mortar and
pestle on the commercial mesalamifidwe average lengiéindwidth of the smaller

ground mesalamine particles are 350amd225 nm) respectively; however, thaverall

ground mesalamine particlapper random in shapend size The overall surface area

of the ground particles is 7.54fg by BET. Simplified estimations are provided of the

two mesalamine particle geometries for nanoflakes as flat elliptical cylinder and smaller

ground particles as g rounded rods (Figure 3.7).
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Mag= 2470KX WD=65mm Date :26 Mar 2010
EHT=1501kv  Signal A= SE1 Time :13:20:01

Auburn 10.0kVY  X3,000 1;1m_ WD 9.6mm

Figure 3.5.Mesalamine particlggroducedvia supercritical antisolvent processes:
a) SAS and b) SAEM

EHT = 20.00 kV/ Signal A = SE1 Date :10 Aug 2010
WD = 9.0mm Photo No. = 7475 Time :16:49:27

Mag = 15.09 KX

Figure 3.7.Mesalamine morphologies (nm): a) small ground particles
and b) nanoflake particles.
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3.4.2 Formation of Hydrogel Nanoparticles Containing Mesalamine

Various formulations of drug in the hydrogel are listedable3.2.

No. | Experiment MSM% AAY% AM% MBA%
I PAM 0 0 99 <1
Il PAA 0 99 0 <1
1] PAA-AM 0 75 25 <1
IV | nMSM-PAM 4.8 0 0 <1
Y gMSM-PAM 4.8 0 0 <1
VI gMSM-PAA-PAM 4.8 71.4 23.8 <1
VIl | NMSM-PAA-PAM 4.8 71.4 23.8 <1

Table 32. Experimental ratios of main componemtesalamine (MSM), acrylic acid
(AA), acrylamide (AM) and methylbisadgmide (MBA).

Confirmation of polymerization during miniemulsion polymerization can be inferred from
the FTIR spectra. Monomers, acrylamide and acrylic acid, theveinyl functional goup

C=C thatvibrates at 980 cthwavelength showing two peaks in this region. Upon
polymerization, both of these peaks disappear confirmingdhgleteconversion of the

vinyl groups. Additional peaks shown are due to C=0 at 68D cnt, NH, deformation

at 1550 crit, and primary amides at 144@00 cm, which are attributed to the amide

group in polyacrylamide and mesalamine and the C=0 in polyacrylamide, polyacrylic acid,
and mesalamineln summary, he polymerizations successful with the dispparance of

the vinyl peaks for polyacrylamide, poly(acrylic acid), and the copolymEigures 31L0-

3.13.

Polymerizations of the acrylic acid or copolymer did not follow similar visible trends to that
observed of polyacrylamiddn the case opolyacrylamide ater the initial drop wise

addition and ultrasonication the solutiomnswhite into emulsion statusln the case of
poly(acrylic acid), the initial yellowed translucence changeswhite upon reaction

initiation. The translucence of kdion until the reaction was also obtained with
polyacrylamide polymerization in the presence NfHCI and copolymer.The dried
poly(acrylic acid)powder has faint yellow coloration compared to the white of

polyacrylamide. For PAAthe attractive forcewere strong enough to collagke dried
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particlesinto a diselike form (Figure3.8). Upon initial manipulation, the disc was hard and

coarsebput afterapplication of mildforce, the disadurnedeasily into powder form.

Two types of mesalamine, gnodi and nanoflakes, were utilized for encapsulation. After

the initial ultrasonication and during dropwise addition of the aqueous phase of the
copolymer, the disperse phase was visibly heterogeneous with ground mesalamine
precipitating to the bottom whickas not obvious during the nanoflake mesalamine

hydrogel synthesis. Hence, mixing was used with the pipette to counteract this
phenomenon, thus the droplets that were created may not have been homogenous. After
ultrasonication, suspension of the majof mesalamine was not achieved and
subsequently yielded a good amount of mesalamine collected in the bottom of the reaction
vessel. In the industrial scale operation, the mesalamine that fell from solution can be
recycled into the next batch for encalpsion.

The coloration of the mesalamine reactioa ood indicator of exposure to light and heat
Thereaction time was minimized from 2 hours, 1 haar30 minutes as the extra time did

not have any impact on the extent of polymerization but the extended exposure to heat did
have an effect on the discoloratioAttempts were made to prevent light exposure which
discolors mesalamine by using ambers@hd aluminum foil. The heating procéss
thermally initiated polymerization does alter the original colorationexamplewhite, tan,
chocolate milk, and dark chocolate colors, light purple, and pugbbeswere observed in
different experimentsThe color indicative nature of this drug allows for visible assessment
of the extent of exposurbased on pharmacists recommendations of drugs containing
mesalamine (Asacol, Pentasa, Rowasaplor change has occurred, the drug is still
considered dove until dark brown though the discoloration may elicit rejection by

potential consumers.

Without mesalamme, the polyacrylamidand copolymersspensiongppear white.ln the
presence of mesalaminégtcopolymergspensia exhibited purple hues. h& color
darkenedo deeper tones of purpdes the reaction time and exposure to heat are extended.
The mesalamine in polyacrylamide appears white initially then with exposure to light will

discolor.
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When handling these powders, the electrostatic ictierss are obvious by the adherence to
the glass and the mobile nature of the powder without physically touchgug€B.9b).

The copolymermoly(acrylic acidco-acrylamide) experimestave the most electrostatic
interactions, this is due to the carbb&yroup of the acrylic acid as well as the smaller size
particles. The differences in the bulk density are shown in FigBeaa\Biere the same
guantity of powder (100 mg) from each experiment is compared sisieldySamples from

experiments VI and Viwith the copolymer have double the bulk density of other samples.

Figure3.9. Powder produced a) side by side comparisons ofridd6f powder produced
for experiments-VIl and b) electrostatic interactioms nanopowder (Expt VII).
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Figure3.10. Acrylamide monomer present at the vinyl @0 wavelength disappears

upon polymerization.
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Figure3.11. FTIR ofsample from eperiment Il PAAAM.
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Figure3.13. FTIR ofsample from gperiment VI gMSMPAA-AM.
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Polyacrylamide and poly(acrylic acid) have notably spherical or rounded morphology
(Figures 3.4-15). To compare the morphology esalaminavasphysically mixed with
polyacrylamide nanoparticles and obserire8EM. The distinaive morphologyof
mesalamineanoflakes contrasts with the polyacrylamsgdaeres as evident kigure 3.16

here polyacrylamide is on the leihdmesalamieis on theright sideof the image.No
mesalamine nanoflakes were seen in sampleéglI{Figures 3.17-18). Hydrogel

miniemulsion polymerization and supercritical drying was not as effective with mesalamine
present hence the spheres typical of bothgmlglamide and poly(acrylic acid) particles are
not as easily visible in the images and particles appear fused and aggloménateldoplet
dispersion obupercritical drying was not as efficient as comparatiédViPSD systerm

Chapter 2vithout mesalmine

The ground mesalamine appeared more difficult to encapsulate into the hydrogel
particles. The disperse phasparateduring the dropwise process as the ground
mesalamine was drastically different in size compared to the nanosized mesalamine. The
interactions prior to introduction of the surfactant and cyclohexane are similar for both
nanosized and microsized mesalamine particles, but the degree of separation was smaller
for nanoparticles. The monomers acrylamide and acrylic acid have excelignilityan

water compared to mesalamine (0.8 mg/ml) so the encapsulation efficiency is due to the
amount of particles contaidevithin the aqueous dropletincreasing water content and
surfactant to maintain surface tension prior to addition to thentmnts phase could

potentially prevent visible settling of mesalamaral maintain higher particles within the
droplets however, increasing ultrasonication duration and amplitude even with extra
measures of cooling water bath and pulsatile mode will loeat the mesalamine drug

and increase discoloration.

Mesalamine with acrylamide in the aqueous phase did not have similar interactions as the
system with acrylic acid. To elucidate interactions, these three main components were
evaluated on their pH (Bée 3.3). In aqueous phase, acrylamide is neutral (7), whereas
acrylic acid is acidic <2 with high instability suggests either the amount of hydronium

ions present is higher than should be used with the pH system or the data exceeded the 4

point calibrdion range of instrument (2, 4, 6, and 8). Mesalamine in water (0.05g/ml) is
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slightly acidic 4.17 pH. A mixture of mesalamine and monomer produces a pH similar to
the most acidic component in the mixture. As a stronger acid is introduced more
hydroniumions are present to create a more acidic solution. The similarities of acidity
between acrylic acid and mesalamine suggested improved compatibility over acrylamide;
however, based on the observations of disperse phase, the neutral acrylamide was better
suted for compatibility with mesalamine. The acrylic acid and mesalamine were

competing for water molecules present as a Lewis base in the mixture.

Material | Mesalaming| Acrylic acid | Acrylamide| MSM + AM | MSM + AA

pH 4.24 <1.2 7 4.24 1.19

Table 3.3. phbf three main components: mesalamine (MSM), acrylamide (AM), and
acrylic acid (AA)

1 pm* Mag = 20.20 K X EHT =20.00 kv Signal A = SE1 Date :15 Sep 2010
|—{ WD = 85mm Photo No. = 7838  Time :14:35:47

Figure 3.4. SEM micrograph of polyacrylamide nanoparticles Experiment I.
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Mag = 20.61 KX EHT =20.00 kv Signal A = SE1 Date :14 Sep 2010
WD = 8.0 mm Photo No. =7810  Time :19:12:17

Figure 3.5. SEM micrograph of poly(acylic acid) Experiment II.

1 pm* Mag = 20.40 KX EHT =20.00 kV Signal A = SE1 Date :27 Sep 2010
WD = 8.0 mm Photo No. =7926  Time :14:46:11

Figure3.16. Physicallymixed PAMNP and MSMNP.
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EHT =15.00 kV Signal A = SE1 Date :13 Aug 2010
WD = 7.0 mm Photo No. = 7547 Time :14:47:15

Mag = 20.19 KX

Figure 3.17 SEM micrograph oExperiment VgMSM-PAM.

EHT = 15.00 kV Signal A = SE1 Date :13 Aug 2010
WD = 7.0 mm Photo No. = 7558 Time :16:02:56

Mag = 1998 KX

Figure 3.18 SEM micrograph of Experiment VI gMSIMAA-AM.
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3.4.3Particle Size Distributions

Before supercritical drying, size distribution of the polymarticles was measured by
dynamic light scattering (Figures 3:-28). The control polymerizations without
mesalaminegxperiments-lil) yielded larger particles than thos&h mesalamine
(experiments IWIl). Polyacrylamide experiment with mesalamia@aoflakes (IV)

yielded surprisinty small particles 31nm number weighted average compared to the ground
mesalamine in polyacrylamide &4n (V), doublethe size.In the copolymewith
mesalaminexperiments, the small particle sizeexperiments VI and ¥ (10.7 nm and
25.4nm, respectively can beattributed tahe precipitation othe majority of mesalamine
during the polymerization leaving the smaller particlesly(acrylic acid) has the highest
average number weighted particle size of 680 nm, thiklde attributed to small particles
agglomeratedh the cyclohexane suspension mediamad their norspherical rounded shape

as the calculations for light scattering data are based on spherical particles and depend on
the orientation of the particles ind path of the laser. The particle size distribution data is

comparedn Table3.4.

Num-Wt Nicomp Distribution of PAM (1)
1.2

0.8
0.6
0.4
0.2

10 15 23 35 53 81 123 187 285 433 658 1,000
Diameter (nm)

Figure 3.19.Particle size distribution gfolyacrylamide.
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Num-Wt Nicomp Distribution of PAA (II)
1.2

0.8
0.6
0.4
0.2

200 338 570 961 1,622 2,738 4,620 7,797 13,159
Diameter (nm)

Figure 3.20.Particle size distribution gfoly(acrylic acid).

Number-WT Nicomp Distribution of PAA-AM (ll)
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Figure 3.21.Particle size distribution gfoly(acrylic acidco-acrylamide).

Num-Wt Nicomp Distribution of nMSM -PAM (1V)
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Figure 3.22.Particle size distribution of NMSN?AM (IV)
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Num-Wt Nicomp Distribution of gMSM -PAM (V)
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Figure 3.23.Particle size distribution of gMSN?AM

Num-Wt Nicomp Distribution of gMSM -PAA-AM (VI)
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Figure 3.24.Particle size distribution of gMSNPAA-AM
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1.2

Num-Wt Nicomp Distribution of nMSM -PAA-AM (VII)
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Figure 3.25.Particle size distribution of NMSN?AA-AM

No. Experiment P(?]?nk) 1 % P(?lar.nk) 2 % Avg

I PAM 109.9 97.5 312.2 2.5 115
Il PAA 232.7 37.1 1094.9 54.3 | 680.8
I PAA-AM (75:25) 224.2 77.4 779 22.6 | 349.6
\Y nMSM-PAM 30.6 97.5 86 2.5 31
V gMSM-PAM 63.8 100 -- -- --
VI gMSM-PAA-PAM 10.7 100 -- -- --
VI NMSM-PAA-PAM 25.4 99.2 -- -- --

Table 3.4. Summary ofumber weighted NICOMP particlastributions.
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3.4.4HPLC Analysis

Mesalamine concentrations were determined by HPLC after extracting the mesalamine from
the hydrogel powder. To determine the best solution to rapidly extract the mesalamine,
multiple solutions were tested on pure mesalamine: ACN:water (50:50), methanol:
(ACN:water (50:50)) (80:20), 10% M HCI in methanol, 10% M HCI in water, 50% N

HCI in water, 75% IN HCI in water, and pure 8l HCI prior to applying to polymer

samples. The solutions with HCI most rapidly dissolved mesalamine as mesalamine has
improvel solubility in dilute acid.HPLC sample preparation involved exposing samples to
dissolution solution, sonicate in a water bath for 2 minutes, shake for 30 minutes, sonicate
again, and either wristhaking for another 45 minutes and sonicate again sit let

overnight. Samples were centrifuged for 2 minutes at 3400rpm to minimize suspended
particles and the supernatant filtered through auth&yringe filter was analyzed via the
HPLC method.

Stability of mesalamine in N HCI was found to be within tolerable rangeure

mesalamine exposed ta\IHCI was evaluated multiple times on HPLC to determine if
degradation occurred. Over two days of constant high HCI acid exposure, the peak area
was maintained. The mesalamine ppinstandard in 10% 1 N HCI solution was

evaluated throughout the process as adstah The recovergf thesestandardsvas 98.0%
with a standard deviation of 2%6 Polyacrylamide displayed no peaks in the mesalamine
retention time (H5 and 141). Mesalamialone with the shorter extraction time recovered

93% of expected mesalamine (H6 and 143).

The extraction solution and exposure time were determined by control samples as to
whether dilute HCI in water or methanol and extraction times of 1.5 hrs orighe

Control samples consisted of pure mesalamine and of physically mixed polyacrylamide and
mesalamine to establish reliability in sample preparation. Water was deemed better than
methanol as the hydrogel will swell more exposing more mesalaminkeqticdissolve in

the HCI despite slightly higher results for experiment IV in methanol than in water by
0.52% but is within standard deviation of the HPLC meth@dntrol samples of known

mesalamine content were physically mixed with polyacrylamidehaddchoticeable
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differences on HPLC compared to pure mesalamine. Concentrations using a shorter
extraction time of 1.5 hrs and 10¥NIHCI were low at 77% recovelyH7, 142, and Expt.

9) for physically mixed, and pure mesalamine recovered using the s&nagtier method
was93% of expected mesalamine (H6 and 143). Recovery from the physically mixed
mesalamine and PAM was 100% (C1) using a longer extraction time overnight and stronger
acid content 75% N HCI solution. This leads to conclude another pinegwon and

interaction of mesalamine with polyacrylamide is occurring even without going through the
polymerization process. Polyacrylamide and mesalamine both have amidetgetups
increase their compatibility. Details of the calibration curve, peasao®ncentrations,

and select chromatagphs are available in Appendix E

Samples of the other components in polymerization process were evaluated on HPLC to
establish if any interference in peak detection and area could be attributed to MBA, AM,
AIBN, and Span 80. Retention times for MBA, AM, and AIBN were prior to that of the
mesalamine peak (~35min); these materials being more polar are not retained on the C8
column. The crosslinker MBA (22.5 mg), at such low concentrations (less than 1%),
compardévely did not appear to play a role in the interactions observed with the

components in the greater quantities: MSM, AMdJAA. The surfactant however does

have a peak after mesalamine in (~38min). For some copolymer results, separation of these

peakswas difficult to analyze for samples with greater HCI concentration and longer time.

Some mesalamine drug was loaded into the hydrogel through the inverse miniemulsions
polymerization procesdable 3.5) In all cases, the actual quantity loaded was much lower
that the theoretical maximum of 5 g of mesalamine per 100 g of polymer. Mesalamine
encapsulated in the polyacrylamide was higher than that in the poly(acrylicoacid
acrylamide).Polyacrylamideexperiments & V (11.4 and 54.3wnt%, respectively
encapsulated mormaesalaminavhich was higher than the copolymer, poly(acrylic ame

polyacrylamidg, in experimentd/I & VIl (<9%).

As experiment IMutilized the mesalamine nanopartickesd experirent V utilized ground
mesalamineapproximately 42%noremesalamine was encapsulated in experiment V with

the ground mesalamind.his can be attributed to the different surface areas of the different

60



mesalamine morphologieddesalaminavith amide groupsad higher encapsulation in
polyacrylamide which also has amide groups, thus leading to conclude mesalamne is
compatible vith acrylamide than with acrylic acidlrhe smaller surface area per mass (7.54
m?/g) of ground mesalamine contribuggater loading efficiencies of the drwfyereas
nanoflakes with 21.93 ffy has nearly 3 times the surface area, so for a constant mass of
mesalamine nanoflake mesalamine would have more interactions with the monomers of

hydrogel than the ground mesalamin

The surface does not solely explain why ground mesalamine encapsulated within
polyacrylamide with higher efficiency than the other experiments. The recovery ratio 4.7 of
54.3% (V) to 11.4% (IV) is disproportionate to the surface area/mass ratiod2ehather
explanation is needed. The polymer solution tested with DLS yielded double the size of
polymer particles with the ground mesalamine experiment V (63nm) as for the nanoflake
experiment IV (31nm). The large length dimension 1.1 um of the mesearanoflakes

was difficult for the spherical polymer particles to maintain mesalamine within the small
droplets. An analogy for this is a foot long hot dog in a sinéd bun; the bun does cannot
hold the hot dog.The ground mesalamine with polyacnyl@e had the most loading

efficiency of all experiments due to general chemical compatibility with polyacrylamide as

a neutral material and physical size compatibility ofrttessalamine ground particles.

The extent of mesalamine encapsulated in poly(acagidco-acrylamide) was less than

9%. The lowest calibration point for reliable detection limit of the HPLC instrument was at
1 ppm of mesalamineThe general reliability of the HPLC resultsti®.16% given

deviations in mesalamine standards withouymer present. Given this variation the
experimental results from VI overlaps experiment VII and VI results in the minimum and
maximum, respectively, applying this variation. The extraction of VI having no

mesalamine content was only for a 1.5 hr timegakeand an 8.8% recovery was with

greater HCI content and time; the mesalamine encapsulated may have been more difficult to
extract and require the longer tim@/ith the addition of acrylic acid in the polymerization
process with its carboxylic group hasreased attraction to water by hydrogen bonding in
such a manner that the mesalamine is displaced from the aqueous phase. This conclusion

drawn from the behavior observed during polymerization where the mesalamine was
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difficult to stay suspended in tligsperse phaselhemorphological differences of
mesalamineannot be determined for copolymer experiments based on the variation

efficiency of encapsulation.

However, exhibited by the disc formation of the poly(acrylic acid) powder without
mesalamingresent the sefittractive forces of acrylic acid is very strong. The smallest
grounded mesalamine particles were comparable to the mesalamine nanoflakes and thus
elicited similar encapsulation efficiencieg/ith assistance by ultrasoupdor to
polymeization,the monomers could wedge between nanoflakes surrounding the drug
mesalamine and size fractionation of the smaller drug nanoflakes were incorporated into the
hydrogel. The mesalamine ground particles showed a fractionating of the smaller rounded
mesalamine particles begin incorporated into the hydrogel during the polymerization
process.Greater surfactant quantitiesincreasing agueous phase contaight overcome

this issuebut is dependent upon the self attractive nature of acrylic Meédalamine to

some extent is compatible with this polymerization procésstead, the repulsive

interaction between the mesalamine and the acrylic acid brought on by the increased
attractive forces between water and acrylic acid pushed the mesatarhah¢he

suspension
No. Experiment Mez;:iirgm:i I((gz;j ‘N9
[\ nMSM-PAM 115+ 2.16
V gMSM-PAM 54.3+2.16
VI gMSM-PAA-PAM 8.8t 2.16
VI nNMSM-PAA-PAM 4.7+ 2.16

Table3.5. HPLC results of mesalamine loaded into different hydrogels.
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3.5 Conclusiors

Using miniemulsion polymerization and supercritical dryimgdrogel nanoparticles
containing mesalamine druwgere produced Smaller polymer particles were produced with
mesalamine than without mesalaminThe interactions of treerylic aed in the aqueous

phase displaced the larger mesalamine flék@tng incorporation into the hydrogel.

Mesalamine experiments yielded incorporation of some mesalamine into the polymers.
The efficiencies were lower than the theoretical maximum faxgleriments. The
mesalamine ground particles showed a fractionating of the smaller mesalamine particles
which are incorporated into the hydrogel during the polymerization comparable to the
nanoflakes. The ground mesalamine with polyacrylamide had thdeadsg

efficiency of all experiments due to general chemical compatibility with polyacrylamide
and improved morphological compatibility of the mesalamine ground particles compared

to nanoflakes.
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4.0HYDROGEL NANOPARTICLES CONTAINING ZINC OXIDE FOR
ULTRAVIOLET PROTECTION

4.1 Introduction

Long term ultraviolet exposure is commonly linked to skin cancer. According to the
American Cancer Socief009) sin cancer is the most common of all cancers
accouning for nearly half of all cancers in the United Statéstheyear 2009 alone,
more than 1 million casewenonmelanoma skin cancéype most of which are
considered to be suelated and nelanoma, the most serious type of skin cancer,
accoungédfor about 68,720 casesd11,590 deaths.

Prevention of skin cancer utilizes topical application of sunscreen with ingredBato
block out most of UVA and UVB rays. Currdmtoad spectrum ingredients approved by
the Food and Drugdministration(2009)includes benzophenones (oxybenzone),
cinnamates (octinoxate cinoxate), sulisobenzone, salicylates, titanium dioxide, zinc
oxide, and avobenzone (Parsol 1788psmetics containing alpHaydroxy acids

increase sun sensitivignd susceptibility to sunburriBunscreens that contain physical
broad spectrum ingredients, such as zinc oxide, arérntating and norallergenic;
flake-like zinc oxide provides more comfortable feeling for sunscreen cosniidtcshi
1992) Sensitivity and allergic reactions are more common with chemical sunscreens
(Bryden 2006; Rodriguez 200@nd safety issues surfaced with oxybenzbtason
2006; SCCP 2006; Sutton 2008)

Zinc oxide isoneofthwor | dés most ¢ ommoaiwhichhesnest nanop:
common usage is for protectitnom ultraviolet exposureZinc oxide is found in many
commonpersonal care products, including lotions, cosmetics, as well as paint, rubber,

and paper coatingin addition, mnc oxide nanoparticles have demonstrated interesting
antibacterial propertig’amamoto 2004; Li 2007; Wahab 2010)
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Zinc oxide usage as sunscreen is a well depicted 1980s icon of whitevatiseg

around the beach. Ittaviolet (UV) radiation is composed of three typg§/-A at 320

400 nm, W/-B at 280320 nm, and UMC at 100-280 nm. Of the global UV radiation at

the ground, which varies based on altitude and latitude, the majorg@§®asUV-A,

10-6% is UV-B, and U\LC is absorbed completely in the stratosphere by ozone

According to the World Health Organizati@2010) UV radiation damages DNA after

surpassing the small amount promoting vitamin D generation. A recent change in sun
protection factor (SPF) labeling based on only UVB protection has mandatory disclosure
ofiNo UVAO protection i fectrumpedugtr oduct i s not

For industrial applications, zinc oxide has been incorporated into various polymer
materials for UV protection. For example, composite sheets of poly(methyl
methacrylate) with ZnO nanogieles (100 and 300 nm) reduced transmittasfddV

light (290, 320, and 360 nnfflom 90.1 to 0% when greater thari% ZnO is utilized
(Anzlovar 2008) The UV absorbance of ZnO/poly(amic acid) compaositeition in
dimethylacetamidevas found to be larger than that of its components taken separately
due to capping of the linear organic chains for better dispefiseMine 2004) Modified
ultrafine flakelike zinc oxide with silica and trimethyl siloxane produces particles that
arehighly transparent in the visible range and still provide UV prote¢Gao 2009)
Modified zinc oxide with poly(vinylpyrrolidone) as the cappingeagwas investigated
for optical respons@suo 2000)

Microfine zinc oxide demonstrates superior protection compared to microfine titanium
dioxide, another physical sunscrean,longwave UVArange 840 and 380 ninend is

less white asimilar concentratios (Pinnell 2000) The whiteness of ZnO can be further
reduced by reducing particle size to nanosclle.protectionrelates with the scattering
and/or absorbancd @nO particles. The scattering property plays an important role in
shielding of UV irradiatior{Klein 2004) Nanoparticle ZnO would provide an improved
UV absorption if dispersed well throughout a sample allowing for improved surface
coverage and increased probability that UV light will encounter a ZnO particle. A
methodto prevent growtlof ZnO nanoparties is quenching by adsorption of a ligand,

such aoctanethiolPesika 2002)
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Several techniques/nthesizezinc oxidein a wide range of particle sizes and shapes
using solution chemistry and calcinatigBahnemann 1987; Spanhel and Anderson
1991; AlHilli and Willander 2006; Wang 2006¥inc oxide ultrafine particlessurface

and photocatalytic properties are investigated by (#861) Zinc oxide nanoparticles

for transdermal penetration was explored by C(2667)

Numerous idustrial patents and some literature articles emerge on zinc oxide
encapsulated polymers. Mostently,zinc oxide rods (2000 nm diameters) were
conjugatedo poly(N-isopropylacrylamidghydrogelfor bioimaging(John 2010) Zinc
oxidewasdispersed in oil phase ofaterin-oil for cosmetic usag@Michiya 2007) An
oil-in-water type with a triazine and silicone compound is patented for photoprotecting
thes ki n b y(Allard adnd @oanlbert 2001)Kanagawa, Japanased researchers for
Shiseido hee patented a development process of zinc oxide that is UV protective and

transparent for cosmetic and sunscreen usage.

Zinc oxide has been encapsulated in mudtipblymers, for exampl@olystyrene
amphiphilicN,N-dimethylacrylamide (DMAA)Sakohara and Mori 2008porganic
siloxane compounds Inoue JP 04161245 1992, pelyiM lactam}polysaccharide for
antimicrobialapplicationgGruening 2005pr surface functionalizegKhrenov 2005)
Zinc oxide in polyurethane decreased adhesion of astroglia neurongbedliand
Webster 2008) Zinc oxide hydrogels can be employed in wound healing and food

packaging due to antimicrobial effects.

ZnO-hydrogel nanoparticles provide an alternative foe sabrpenetrating, transparent,
topical sunscreen formulationZinc oxide nanoparticles within hydrogel nanoparticle
improve the individual properties for use within a sunscreieg;axide particles are
employed in sunscreens and polyacrylamide aghkething agent. This workmits
agglomeration of nanoparticles into microparticles reducing the white appeadaiee
improving dispersion of nanoparticlasproving absorbance &fV light. Utilizing
physical sunscreen in a biocompatible hydrogel wbel@dvantageous over chemical
sunscreenfr consumers with sensitive skin. The hydrogel portion provides

compatibility with sweat though the nanopartiblgdrogel is not tested watproof

68



usage Chemical sunscreens have higher sensitivthes utilzing the physical broad
spectrum sunscreen generates aintating productand improving thghysical broad
spectrum ingredierdispersion redugsthe visible white appearandaoth advantageous

for consumers.

This work produces zinc oxieembedded hyagel nanoparticles by inverse
miniemulsion polymerization and supercritical drying for potential topical applications.
Two types of zinc oxideapoutl pum and50 nmin size are encapsulatadto hydrogel

of crosslinked polyacrylamide in this work by meanf an inverse miniemulsion
polymerization process and supercritical carbon diodigeng tocreate nanopowder.
Effect of various process parametehg size of zinc oxidandthe amount of
ultrasonication appliedre examined on their effectivenesabsorb UV while
transmitting visible light.

4.2 Materials and Methods

Acrylamide and\,N-methylenebisacrylamigdéoth biochemistrglectrophoresis grade
99+% purewereobtained from Acros OrganidAzoisobutyronitrile (AIBN),sorbitan
monooleatéSpan 80) ZnO microparticles (99%1um), and ZnO nanoparticles @7
<50nm)were obtained from Sigma AldrictHPLC grade isopropanatyclohexane, and

water wereobtained from Fisher Scientific
4.2.1 Step linverseminiemulsiorznO-hydrogel formatio

Method for ZnGhydrogel formation is similar to that for synthesizing polyacrylamide
hydrogel as mentioned inh@pter 2. c oxideparticles were suspended in the aqueous
phase with monomer and crosslinkgrutrasonication. This disperse phase wadded

to the continuous phase ane tieaction method was continueer the methodin Chapter

2.
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Figure 4.1 Inverseminiemulsion polymerization to produce hydro@&O nanoparticles

4.2.2 Step 2: Supercritical drying

Supercritical drying exeriments were carried out in@fhl vessel with identical methods

employed in Chapter 2. A reproduction of firecess flow diagrarsetup is provided.
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Figure 4.2 Supercritical dryingrocess flow diagram
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4.2 .3 Particlecharacterization.

Nicolet IR100 Fourier transform infrared (FTIR) spectrometer was utilized to confirm
polymerization of acrylamide to polyacrylamide. NICOMP 380 (Particle Sizing System)
dynamic light scattering (DLShstrumentwas used to determine the hydrodynamic

diameters of particles. Zeiss EVO 50 transmission electron microscope (TEM) was used to
obtain micrographs of particles that were suspended in cyclohexane and dried on 300 mesh
copper grids.Zinc oxidehydrogel paticles blended ipetrokeum jelly were evenly spread

onto microscope slides then analyzed by light microscopy before and after exposure to

water.

4.2.4 Utraviolet Transmittance.

Ultraviolet/visible spectroscopy is utilized to discern absorption of figim 200to 800nm
where visible light is from 400 to 8Gtm. Ultraviolet (UV) radiation having wavelengths
less than 200 nm is difficult to handle, thus is seldom used as a routine tool for amalysis.
modified method developday Caoet al.(2009)was used to analyze UV and visible light
transmission In this methodthe powder was added toelted white petra@tum (65°C),
ultrasonication of sample (short or long duration of time), then placing melted dispersed
sample betweequartz platesvith a polyethylene spacer, pressed and allowed totoool
room temperature (Figure 4.3Analysis ofUV/Visible transmission on a Geng®
Spectrometewascarried oufat four points:290, 320and 360 nm to encompass B\And
UVB radiations, and visible ligkat 500nm (Figure 44).

Quartz slide Imm

- Spacer Sample - Spacer

Quartz slide Imm
Figure 43. Diagram of the apparatéms UV transmission.
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Figure 44. Diagram of ultraviolet andisible light detection points.

4.3 Results & Discussion

Hydrogel blanks, pure ZnO nanoparticles, and ZnO lodgeldogel particles were

evaluated for UV and visible light transmittance. Experiments were performed at varying
concentrations (1, 2, andWg%) of zinc oxide with respect to the monomer (acrylamide)
amount usedTable4.1). Confirmation of polymerization by FTIR, particle size
distributions by dynamic light scattering, transmission electron microscopy images, and
UV/Vis transmission result@re examined.

Zn0O
Expt. ZnO Size amount
wit%
A 0
B <50nm 1
C <50nm 2
D <50nm 5
E <lum 2

Table 4.1. Experimental loading of ZnO quantity (wt% to monomer amount).

Confirmation of polymerization during miniemulsion polymerization can be inferred
from the FTIR spectra shown in Figwte. The functional group C=C in the monomer
acrylamide vibrates at 980 Emvavelength showing two peaks in this region. Upon
polymeiization, both of these peaks disappear confirming the conversion of the vinyl
groups. Additional peaks shown are due to C=0 at 16300 cm', NH, deformation at
1550 cnt, and primary amides at 142@00 cnf-
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The polymerization process produces a @hiiniemulsion. As such, the incorporation
of zinc oxide into the disperse phase proved difficult to detect any dissonance with the

polymerization process.

= Monomer

===5% ZnO-
PAM

2% ZnO-
PAM

PAM

A ~

B o S

e 7N0 <50nm

1900 1400 900 400
Wavenumber

Figure 45. FTIR spectra oZnO experimentsZnO < 50nm, polyacrylamide (PAM),
2% ZnOGPAM, 5% ZnOPAM, andacrylamide monomecircled is the vinyl group.
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4.3.1 Tfansmission Electron Microscopsnages

The spherical morphology of polyacrylamide nanoparticles produced remains centtant
and without zinc oxide presenZinc oxide microparticles are very dense and allow no
transmission of electrons. The ZnO nanoparticles are tiotlgropagque otransmission
electron microscope imageBEM) (Figure 4.6 but the distinct shape compared to

spherical PAM allows for cleatifferentiationbetween the two types of particles.

The larger PAM particles absorb more electron charge in Tad the smaller spheres
causing difficulty distinguishing a darker shape within the sphere is a zinc oxide particle
or the overlap of anber polymer particleThe occurrence of the smaller less dense PAM
particles inceased whedecreasing the water content of the miniemulsion process t@2.25
thuscreating smaller PAM particlebere some larger polyacrylamide particles are still
present All scalebars are 200 nm unless otherwise marked.

As demonstrated by the TEM images, not every polymer particle contains zinc oxide. From
the images, there appearsiaprovedability to encapsulate the <50nm than the m1znO
nanoparticles Circlesindicate the ZnO embedded within the hydragedtigures 48-10.

The larger zinc oxide particles (Expt. E) were difficult to fully encapsulate due to the
similarity in size to the polymer particles (Figur@y4. The zinc oxide tends to be on the
outer pations of the polymer particles. This is attributed to the curvature of the water
droplet and cohesive forces in the polymerization process prior to drying. The zinc oxide
that is not encapsulated in the polymer may have been partially encapsulatesdoteth
portion of the particle and after supercritical drying the zinc oxide was workeddgose
shear forcefrom the soffoosely crosslinked hydrogelncreasing the crosslinker amount
could overcome this. The smaller zinc oxide particles with pofi@mide appear to be

well separated compared to the images of the physically mixed sample (Figyranti1
petrolatum (Figure 4.)2 The zinc oxide in these images forms larger agglomerates than

the zinc oxide encapsulatedth polyacrylamide.

74



Figure 46. TEM imageof ZnO nanoparticles. Magnificatiord,00k
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Figure 47. TEM image2% ZnO microparticles in PAM. MagnificatiodpOk

Figure 4.8 TEM image2% ZnO nanoparticlegn PAM: circles indicate locations of ZnO
within the PAM: scale bar is 20@m. Magnification,100k
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Figure 4.9 TEM image: 2% ZnO nanoparticles in PAM. Magnificatid@0k

Figure 4.D. TEM image: 2% ZnManoparticles in PAM. Magnification, 80k.
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Figure 4.1.. Physically mixed Zn@anoparticleand PAM nanopdicles. Magnification,
63 k (left) and 100 k (right)

Figure 4.2. TEM ZnOnanoparticlesn petrolatum Magnification, 63k

78



4.3.2 Dynamic Light Scattering

Two types of particlsize distributions, number weighting (NMD) and volume weighting
(VMD), are obtainedTable 4.2) Number weightednean diameteof polyacrylamide was
steadilyaround100nm, consistent with sizes in the TEM imagé&snc oxide within

agueous phase is easiedisperseanto individual particles with ultrasound as seen with the
DLS graphs (Figures 43118). The original zinc oxide samples were evaluated in water.
Viewing the NMD the zinc oxide is near the vend®essment of <50 nm and the VMD is
bimodal with 50 nm and 250 nm, most likely a complex of three particles togéther.

particles produced have NMD near 100 nm.

DLS data was obtainefr pure zinc oxide samples in petrolatum heategbi®. This data
produced interestingesults(Figures 4.120). Whenmixed withpetrolatum, the
interactions between the petrolatum and zinc oxide (<50nm) were minimized by the
aggregation of zinc oxide yielding large clusters identified by DLS volume weighted
average of 82 nmandthe number weighted averagg0Inm. This leads to the strong
likelihood that the zinc oxide remained in the aqueous disperse phase droplets prior to

polymerization and would have a stronger attraction to staying inside the polyacrylamide.

Num-Wt. Nicomp Distribution of PAM
Nanopatrticles
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Figures 413. Numberweighted hydrogel particle size distribution.
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Num-Wt. of ZnO Nanopatrticles (<50nm) in Water
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Figures 414. Numberweighted hydrogel particle size distribution.
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Figures 415. Volumeweighted hydrogel particle size distribution.
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Figures 416. Numberweighted hydroggbarticle size distribution.
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Figures 417. Numberweighted hydrogel particle size distribution.
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Num-Wt of 5% ZnO -Loaded PAM Particles
1.2
1
0.8
0.6
0.4 -
0.2 -
0 - - -
81 100 123 152 187 231 285 351 433 534 658
Diameter (nm)

Figures 418. Numberweighted hydrogel particle size distribution.

Expt. ZS?Z% ZnO% | AvgNMD | Avg VMD
A 0
B <50nm | 100 55.8 160
C <50nm 1 51.3 115.8
D <50nm 2 141.7 301.2
E <50nm 5 74.3 154.5
F <lum 2

Table 4.2.Sizedistributionof zinc oxidehydrogel particlesnumber weighted average
(NMD) and volume weighted average (VMD) with Zif©weight % to monomer
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Num-Wt. Nicomp Distribution of ZnO Nanopatrticles
(<50nm) in Petrolatum
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Figure 4.19 Zinc oxide in petrolatum
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Figure 4.20 Zinc oxide in petrolatum
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4 .3.3 Ultraviolet Transmittance

The desiredormulation shoulchave maximuntransmission o¥isible lightand
minimum transmission afltravioletlight. The light transmission was testesing a
modification of the method developed by Cao et al. (2009), in which particles are mixed

with melted petrolatum and then applied onto quartz plates for UNslg@nalysis.

Multiple concentrations of zinc oxide in petrolatum were investigated assvelrious
exposures to ultrasecationto determinethe optimum time The zinc oxide agglomerates

in the petrolatum (Figure 4.21) and to overcome this ultrasonication of the zinc oxide in the
petrolatum was utilizedincrements of 2 minutes, 3 minut&® minutes and 30 minutes
ultrasonicatior(US) were appliedy an ultrasonication homrit 10% amplitude The short
duration is compared to the long duration (Figure 4.28)e smaller the concentration of

zinc oxide loading, for example 0.5%, the lasasound dwation was required to achieve a
similarabsorbance as a higher concentration of zinc oxide withuleasound exposure.

Further sample analysis employed longer duration ultrasonication to improve the dispersion

of the particles.

When anlyzed separately, both petrolatum and polyacrylamide absorb Regfitolatum

has transmissi@of 45% at 290 nm and 85% at 500 nm. Polyacrylamide shows a more
linear trend than petrolatum across the four wavelengths examined: 3.8% at 290 nm,
9.4% at 32(hm, 14.3% at 360 nm, and 25.5% at 500 nm.

To study water uptake, petrolatum that contained 13% polyacrylamide particles was
spread upon a microscope slide. Water droplets were placed at various locations on the
slideandobserved for visible separationer time. After 6 hours, no separation was
detected; hence in the presence of water the hydrogels maintain their original location.
The hydrogel particles will be a conduit of compatibility between the skin and aqueous
perspiration as hydrogels can atislarger amounts of wateAs hydrogel absorbs

water, they become more transparent as the refractive index becomes nearly that of water.

Theamountand size of zinc oxide loaded into polyacrylamide nanoparticles has an effect

on the amount of UV abdoed and visible light transmitted.o have absorption greater
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than that of polyacrylamide by itself, more than 2% zinc oxide must be loaded into the
hydrogel (Figure 4.25)When utilizing he sane amount of zinc oxide material,

nanoparticle Zn@an yield greater surface ar@averagecompared to larger ZnO particles
asthe probability a UV beanmteracting withzinc oxide nanoparticle goes (feigure 4.22.

By zinc oxidenanoparticlebeingembedded within the hydrogel improvement of
separatiorbetween zinc oxide nanoparticles was achieved preventing agglomerations and
decreasing the amount of UV light transmittdchis could be attributed to the large

surface areavailablegenerated by the embedded nanoparticlesdatdbuted throughout
thesample. Improved distribution within the petrolatum enhances the transmission as seen
in Figure 4.23.Higher concentrations of nhanoparticles loaded into the petrolatum
demonstratgenerallylower transmission ailtraviolet light. Hence e ZnO nanopécles
reduce transmission of UV light while maintainiatpw absorption owisible light(Figure
4.24).

(a)‘|:||::(b)!‘!{i!};i‘
Figure 4.2. Diagramof differentsurface coverage lsame mass of zinc oxigearticles
a) ZnO microparticles and b) ZnO nanoparticles.

Dispaity in the sample thickness between slides can contribwariations in theesults

the measurement error of the thickness was to the neanest.40oncentration gradient

was sometimes evident and visible from the slide preparation and yieldedresuésd
hencemultiple samples were prepared to confirm results. aMeeagehicknessof all
slideswas130mm with a standard deviation of &n. Thickness deviations ithe

individual slides are minor but present which correlated to slight diffeseimc

transmission. To avoithis bias, measurements were made for samples at three positions on

the slide: center, left and right.
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Trends of UV lighttransmission is slightliinearuntil the visible light where a drastic
increase of transmittance ocswith constant powder loadings of 26y of vaying
percentages of zinc oxidEigure 4.22. The amount of powder loaded into the petrolatum
was maintained constant at 18vi with the zinc oxide concentration varié€d 2, and 5%
in the polymer) andoing ultrasound duration was applied to all samples for mixing with
petrolatum The addition of zinc oxide to polyacrylamide began to overcome the initial
absorption by polyacrylamide itself at 5% loading. The 0.5% loading with high
ultrasonication time25 minutes) produced the most drastic difference in transmission at

visible light compared to ultraviolet.

The same percentage (2 wt%) of the two types of zinc oxide particles are compared in
Figure 4.2. The difference between the UV and visible traismce is larger for the
nanoparticles than microparticle. Embedded within polyacrylamide, the smaller zinc oxide
nanoparticles are not hindered from absorbing UVB but appear to have a lower UVA
absorption. Zinc oxide particles polymerized with hydragelstill capable of absorbing

UV light, but absorbs UVB slightly better than UVA.
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4.5 Conclusions

Zinc oxidenanoparticles wersuccessfully loagdinto hydrogel nanoparticles. The
compatibility of zinc oxide in water allowed for incorporating thetal oxide into the

agueous phase prior to polymerizatidvV absorption can benhancedby an increase in
theconcentration of zinc oxidendbr an increase in the dispersion of particles in the
petrobtumjelly by ultrasonication.The morphology of plyacrylamide nanopatrticles

produced with and without zinxile present remairspherical Zinc oxide nanoparticles

have improved separation with the presence of polyacrylamide preventing agglomerations.
At a fixed weight loading oZnO in hydrogel, wha compared to microparticles, zinc oxide

nanoparticles show higher absorption of UV light and a lower absorption of visible light.
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5.0 COATING OF HYDROGEL PARTICLE S USING SUPERCRITICAL CO,

5.1Introduction

Coating technologies have numerous applicatiopharmaceutical, food, fertilizer,
cosmetics, electronic, and biomedical fiel@go 2008) Encapsulating and coating
particlesarecommony carried out using organic solviebased processes, such as
coacervation, solvent evaporation, enfidation, homogenizatiorgpray drying, and hot
meltextrusion; many of these processes can rasidiv yields, high residual solvent,

and thermal degradation thfe active substanc@Majerik 2007)

When supercritical carbon dioxide is utilized for coating, typically the residual solvent is
very low. Supercritical technology hdeeen utilized to coat pharmaceutical particles, by
a variety of methods for delayed drug reledsethe rapid expansion from supercritical
solution (RESS) process, the material is first dissolved in se@® or without a ce

solvent. The solution ifien expanded padly through a nozzle to forroated drug
particles. For exampl&om et al. showed that RESS could be used to encapsulate
microparticlefTom and Debenedetti 1991; Tom 1998)m et al. (1996) used RESS to
encapsulate naproxen in polylactic acid) and Dos Santos (2002) coatedotein
microparticleswith lipid compounds Dynassan® 114 and Gelucire®@32Qutilizing a

multi-step process.

WhenCO, cannot dissolve the coating material, an organic solvent can be utilized to
dissolve the material and the solution is thgected into scC@using a variety of
processes including gas antisolvent precipitation (GAS) which involves injecting CO
into an organic solvensupercritical antisolvent precipitation (SAS), precipitation by
compressed antisolvent (PCA), aerosol saextraction system (ASES), and solution
enhanced dispersion by supercritical fluids (SED8dst of these processes have

focused on encapsulating pharmaceutical compounds in biodegradable poRgners.
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example GAS was used bylizassore et al2001)to prepare insulin/PEG in poly{L

lactic acid)(PLA) nanoparticles Young et & (1999)and Falkand Randolpl1998)
encapsulated lysozyme and gentamycin, respectively, in biodegradable polymers via
PCA. Bleid et al.(1994)used ASES to encapsulate drugs in poligttic acid). The

use ofcoaxial nozzles in supercritical antisolvent methods can produce and encapsulate
nanoparticles simultaneougiWang 2004) SzeTu et al.(2002)used ASES to
encapsulate paflaydroxybenzoic acid in poly@actic acid). Ghaderi et al. used SEDS

to encapsulate hydrocortisone into poléctic acid) Davies, Cooper, and Cocero
review applications of supercritical G@n the encapsulation/eprecipitation systems
(Cooper 2000; Cocero 2008; Davies 2008)percritical antisolvent with enhanced mass
transfer (SASEM) utilizes ultrasonication to produce naadjcles(Chattopadhyay and
Gupta 2002; Gupta and Chattopadhyay 2003)

None of above efforts have focused on utilizing supercritical technology to produce a
protective shell/coating around hydrogel parti¢dtegelay hydration, which a focus of
this work. Coated hydrogel particles (Figure 5.1) are recommended to prevent
liquefaction in patenPCT/US2008/00939¢Iton and Gupta)details in Appendix G

The coating must be water insoluble, water wettable, biodegradabtke@ychydration

Coatingpolyacrylamidehydrogel particlesising supercritical technology is explored
using two methods: A) carbon dioxide as an antisolvent for the coating matedal
B) carbon dioxide as a solvent for the coating material.

coating

Figure 5.1 Targetparticle structure

The crystalline and amorphous nature of coating materials can be a factor in selecting the
suitable materials. Coating material, such as ethyl cellulose, that has a more amorphous
and plasticizable nature increases the likelihood of the coating mabect@ldr the entire

core particle surface. In the coating process, enough time should be allowessfadll

to harden prior to interacting with tle¢her particles, to reduce aggation.
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5.2 Experimental Materials & Methods

5.2.1CoreHydrogel Rarticles

Commercial polyacrylamide (Soil Moist from JRM Chemicalpvwggound and sieved to

collect various distributions>75um, 4575 um, 2545 um, and <25um. The smaller

particle distributions of less than pn and25-45 um were utilized as the cofeydrogel

particles. Detailed grinding procedure is presentedppendixF.

5.2.2 Coating (Shell) Materials

, Solubility Parameter
Chemical Structure MW (g/mol) and Density
Polyacrylamide (PAM) CHz—CH
©=0 Crosslinked
CAS No.: 900305-8 NH

Poly(vinyl acetate?VAc

H—EC—!;—TI—«]—ET—!—CHZ}H
n

U 19.Y% MPa

Pt 100000
CAS No.: 900220-7 | I 1.19 g/ml amorph at 26
CH, 0 = ~ 1
Polysulfone “Oﬁ{\:’}_# U 20.%8 MP
3 > n MW
PSF 35000 1.24 g/ml
CAS No.: 25135%1-7 M. 16000
Poly(L-lactide)
PLA 50000 2 diig
CAS No.: 2616342-2
Poly(hydroxybutyrate)
M,, 437,000
PHB J[D—'?H—C“:—. ]l
Gy Sl M, 300,000
CAS No.: 260630-3

Gelucire50-13
CAS No.: 1215485-8

e e e e e o e e ~OH

Table 5.1. Coating material structures and properties.
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Coating materials, poly@actide), poly(hydroxybutyratepoly(vinyl acetate), and
poly(sulfone), were obtained from Sigma Aldrich and used as received. Geludige 50
samples, composed stearoyl polyoxylglyceridewith minimum T, of 50°C with a
midrange hydrophilidipophilic balance (HLB) of 13 were donatbg Gattefossé SAS

based in France.

5.2.3 Hydration Analysis

Coated PAM particles were evaluated for delaygdration This simple and cheap
testingwasexecutedy adding 10 mg sample to 1.5 ml of deionized water or adding 20
mg sample to 5 ml adeionized water. As the hydrogel hydrates, the viscosity of the
mixture drastically increases; hence visual inspection of the flowes tas the measure

of hydration either as no hydration, immediate, delayed, or complete hydration.
5.2.4 CoatingMethod A and B

Two coatingmethods were explored in which supercritical carbon dioxide served as an
(A) anti-solvent and (B) solvent. The astblvent method is utilized for the coating
materials that are not soluble in carbon dioxide, and the solventaneshdilized for the
coating materials that are soluble in carbon dioxide. Both utilize apnagsure vessel
equipped for ultrasonication (Figure 5.2). Suspension of polyacrylamide particles in
scCQ was achieved by both ultrasonication and contin@Osflow in Method A, and

by ultrasonication in Method B.
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CO; Exit

CO,

SCE Inlet

Pump

Figure5.2. Apparatus for coating using supercritical £@R: Precipitation chamber;
SCF Pump: Supply of supercritical @@ Inline filter; H: Ultrasonic horn; G: Pressure
gauge; C: Heatingoil with temperature controller.

5.2.4.1Method A: CarborDioxide as Antisolvent

The method A (SAEM-Coatingmethod) employs suspending particles in supercritical
carbon dioxidewith ultrasonicatiorand utilizing an optimum carbon dioxide flow rate to

aid suspensionPolyacrylamide particles (<25um) were preloaded into a-prgissure

vessel in 250 or 500 nguantities. The coating experiments were carried out using a

500 ml highpressure vessali¢sign shown in Appendix Agt 4@&C and 120 bar equipped
with a 3/ 406 wul tr asericatoroda stiriing impeltadat 00 rprm a Ce | |
Carbon dioxide flowed continuously at a minimuate of 15 g/mirby Thar PSeries

pump. Multiple experiments were performed with injecting tloating solution unto the
ultrasound tip while hydrogel particles were suspended in carbon dioxide. Coating
materials polyvinyl acetate (PVAc), polyhactide) (PLA), and polysulphone (PSF) were

investigated with this method.
5.2.4.2Method B: Carbon Dioxie as Solvent

This methodinvestigates a coating process that utilizes sc&@ultrasonication
Figure5.2 shows the supercritical coating batch process appasdttusiltrasonic horn
attached to the vesserlhe supercritical phase, which has bothiliglike and gadike
properties, provides increased mass transfer and solubility of the coating material.

Organic solvents are not used in this new prqdessce organisolvent sensitive
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particles such as proteins can be safely processed avoidingrdéoatul he process
exploitsthe difference between the core and shell material solubility in §d6O
example, PHBEand Gelucire arsoluble in scCQ while PAM is not soluble Solubility

of PHB in CQ as a function of pressure atamperature is shown Figure 5.3.The
biodegradable polymsp o | -jy@réxybutyrate) (PHBand Gelucire (5@.3), composed

of fatty acid glycerides, anavestigated ashell coating materiah this method.

/
/
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A
/ A —=—318K
/ /( 328 K
M ——338 K

- —#—348 K

Solubility (g/L)
O N W A 0O O N 00 ©

100 150 200 250 300 350 400
Pressure (bar)

Fi gur e 5Shydoxyburymie)yNVE=800,000) solubility itarbon dioxiddGupta
and Shim 2007)

The overall process béour steps, as sketched in Figixd. In sketches A and By

vessel is depicted with electrical heating tape and insulation on its exterior and a
sonicationhorn centered inside the chamb®AM particlesaredepicted by the white
shapes and the coating material by black shapks.ddshedectanglaepresents

pouch (more details aprovidedin the appendixjnade ofGrade Ifilter paper(pore size

11 um) housing thecoating materials The pouch allowed dissolvedating materiain

scCQ to leave the pouctand retaineény excessoating materialrom entemng the

main vessel Figure 5.4 depicts steps of the solvent coating prodesStep A,PAM

was loaded into the vessel: half of the coating material was loaded into the vessel, and
other half of the coating material was loaded into the filter po@gerational conditions

of 4 5 @il 182 bar are reached as the vessaatdand pressured with carbon
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dioxide. Step B hathe same temperature and pressure as in Step A, but PAM was
intimately mixed with the dissolved coating material by the use aéaton In Step B,

the sonication horwasutilized in 5 or 2 second pulses for a total sonication of 20
minutes spread throughout 3 hours.Skep C, the insulation and electrical heating tape
were removed and a fan was aimed at the véssatle in ooling the vessel by
convection using ambient aifThe temperature@as allowed to decrease to ambient
temperature. This process took approximately 1.5 hours and the pressure remained above
the critical pressursuch that liquid carbon dioxide and pretapion of the coating
material occurred For mixing while precipitating, the ultrasonication was used in 5 or 2
second pulses for a total of 12 minutesesprthroughout the 1.5 hours; coating
accumulatd on the white PAM particles. In Step D, the vesgat depressurized, which
changed the C£o the gas phas€omplete depressurization of the vessel took
approximately 1 to 2 hoursThefinal particles were collected from the bottom of the

vessel.

Ar— Br— Cr— D

o % a
Q0 e
o
C s
o @

& ok e o ° . R0
Figure5.4. Supercritical fluidsolventcoating processA-coating(black) and PAM

(white) preloaded into vessdB-coatingdissolved in scC@and PAM suspended by
ultrasonication horn; &low dissolution of coating>-depressurization and precipitation

Experiments were designed to investigae effects of polyacrylamide amount, initial
polyacrylamide particle size, and sonioatmethod on the coating outcoméshe
temperature and pressure were held constahtbatari@ 182 bar, respectively. In
addition, the amount of PHB was held cons&trl00 mg. The experimentanameters
includedpolyacrylamideamount(100 mg or 50 mg)initial PAM particlesize (25-45 or
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<25 micron) and sonication methods include traditional (5 s on and 5 s off) and extended

rest (2 s on and 8 s off) for totalrscation time of 2 minutes.

5.3 Results

The morphology of ground commercial polyacrylamide microparticles is irregular yet

smooth as shown in Figure 5.5.

“Mag= EHT=2001kV SignalA=SET  Date 8 Jun 2009
e L e 134255 WD=75mm  PhotoMNo.=500 Time:12:16:33

Figure 5.5. Polyacrylamide microparticles

Rheometry was utilized to analyitee flow charateristics todifferentiatefully coated
particlesfrom uncoated particlesSamples were evaluated with an Anton Paar Physica
MCR 301 rotational rheometer in plate mode. Shear rate was varied frdr@@st and
viscosity was calculated from the measured torque and shear stress. Data with torque
below 0.5 uNm was below detection limits and not utilized in data analysis. The size
incrementof particlesarethoseless than 2puim, 2545 um, 4575 um, and greter than
75um. The viscosity ohydrated groungolyacrylamide added to water drastically
changes wittsize (Figure 5.6)With increasing sizeviscosity increased due to the
decreased ability of particles flow over one another. The larger partices less likely

to move around each other than smaller oméglrating uncoated polyacrylamide of
different size ranges results in an obvious viscosity difference if same water content is

added. Hydration in a vial at concentrations around 10 mg/lveamthe primary
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method to ascertain coating of the hydrog#hen shear was applied in the rheometer,

thenonsphericapatrticles aligned with the flow dhe water

90
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Figure 5.6.Viscosity of dependence of the size of polyacrylamide in water at 2r&lmg/

concentration.
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5.4 Supercritical Antisolvent with Enhanced Mass Transfer for Coating

Supercritical antisolvent with enhanced mass transfer {EMpproduced nanoparticles
as described in Chapter 3 and in prior resef@ttiattopadhyay and Gupta 2002; Gupta
and Chattopadhyay 20Q3Yhismethod br coating hydrogel particlesmployed
supercritical antisolvent technology for coating with PLA, PSF, and PVAc.

Type of | ratio of Loaded Vessel Coating
Expt Coating | shell/core PAM Type conc. Solvent
(mg) (Wt%)

1 PVAc no PAM 0 SASEM 5 Acetone
2 PVAC 1to3 250 SASEM 1 Acetone
3 PVAC lto5 500 SASEM 1 Acetone
4 PVAC 1to6 250 SASEM 1 Acetone
5 PVAC 1to 8 500 SASEM 1 Acetone
6 PVAC 1to 15 500 SASEM 1 Acetone
7 PLA lto5 250 impeller 1 DCM
8 PLA no PAM 0 SASEM 5 DCM
9 PSF no PAM 0 impeller 5 DCM

Table 5.2. Antisolvent Coating Experiments.

The PLA and PSF formed particles around the PAM in a coprecipitammer. To
improve the PLA coverage on the PAM particle surface, heating of the composite
particles to anneal coating wawwestigated The PLA particles did encompass the
hydrogelmicroparticles (Figure 5.8)A delay in hydration was observed for some
samples, but only by a few minutes compared to hydration of the uncoated

polyacrylamide.

Polyvinyl acetate forms a film in the vessel under supercritical carbon dioxide. Samples
from the SASEM Coating experiments were easily hydrated despite the giogea
concentrations of coating materiagl. coating experiment utilizing the impellar high
pressure vessalith 1:8 PVAc:PAMratio alsohydrated (15ng/2.5ml) similar to the

other samplesFoaming issues were also encountered with PVAc coating in sitigaic
carbon dioxide.
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EHT = 2000 K Signal A= SE1 Date 10 Aug 2010 EHT = 2000 KV Signal A = SE1 Date 110 Aug 2010
WO = 85 mm Photo No. = 7468 Time :16:2148 F———  wo-e5mm Photo No. = 7488 Time 164701
Mag = 3028 KX Mag= 2018 K X

=B - LN . ol
Mag= 2018 KX EHT=2000kv  Signal A= SE1 Date :27 Sep 2010 Mag= 158KX EHT=2000kv  Signal A=SE1 Date :27 Sep 2010
WD = 8.0mm Photo No.= 7936 Time :15:20:48 — WD = 7.5mm Photo No. = 7937 Time :15:28:21

1 pm* Mag= 2018 KX EHT=2000kv  SignalA=SE1  Date:27 Sep 2010
— WD = 85mm Photo Mo.=7832  Time :15:08:12

Figure 5.9. Polysulfone produced by particles by &A%
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5.4.1Compatibility

To determine compatibility gfolyacrylamide with coating material, millimeter sized
polyacrylamide granules were covered with a film of coating dissolved in a solvent and
left to air dry. Multiple Igers were placed on the granule as well as granules submerged
in a 5 wt% solution.Hydrationof granulesvastestedto evaluate the extent of protection

by the polymer coatings. The start of hydration was defined as the edges of the
polyacrylamide changing from opaque to clear as water diffuses into the polymer matrix.
With these graneis, the degree of swelling is very evident.

Coating Material % Loading in solution Solvent
PVACc 1,5 Acetone
PLA 5 DCM
PSF 5 DCM

Table 5.3. Coating of PAM by material dissolved in a solvent and then air drying.

Uncoated polyacrylamide instantaneously swells when contacted with water. PAM
granules (1 mm) were immersed in the above solution (listed in Table 5.3), air dried, and
evaluated by the time hydration starts. With PVAc and, B&Fhydration wadelayed,

only for aboutl5 minutes. With PLA, hydration delayed for less than 5 minutes. PSF
coating hydrated within 10 minutes. Interestingly, the samples in the corners took about
1.5 times longer to hydrate than granules in the center of the vial; thuspohgreer

content generates a thicker polymer matrix that takes longer for the water to penetrate.
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5.4.2Annealing of Blymers

To minimize or eliminate pores in the polymer matrix in which water could penetrate,
polymer solutions air dried on microscopielas are compared to those heated in an oven
(65C, 85%C, 10QC) for three hoursifhages imlAppendixH). In the case of heat

treatment, the polymer will either not charsygface morphology, the polymenll

spread, or the polymé¢PLA, PSF, PVAcWill coalesce into larger beads. The coating of
the PAM surface that spreads will fill in incomplete coverage areas to coat the entire
hydrogel surface, thyzotecting the surface of the polyacrylamide from water. As water
reaches the hydrogel and initiaggelling, the sheltoating is displaced causing a rapid
increase in hydration.

The polymers heated on the microscope slides were compared to those not heated.
Poly(vinyl acetate) remained a clear film before and after heating. Polysulfoneg@t 100
for 3 hours exhibited change from smaller dried droplets to larger droplets. This
demonstrates a behavior of satfraction against the glass microscope slide instead of
the desired effect of spreading and reduction of void spaces within the polymer.
Coalescing allows the interfacial area to reduce thus decreasing the free energy of the
system(Yuan and Favis 2004jproducing a pronounced increase in size of ®B& co-
blend observed upon annealing; the morphology can also be affected by the thermal

history.

Granules 6PAM were placed in coating solutions, air dried, then heated @100

Heated PLAcoated PAM delayed hydration by only 10 minutes. Initjalrhtion was
observed with PVAevithin 15 minutes and PSkithin 10 to22 minutesdependent on

initial amount ofcoating solution added. During heating to ADOPSF expanded and
doubled in size, no decrease in size occurred within 1 hour at returning to room
temperature. This expansion improved coverage of the hydrogel particles however pores
were still open allwving water access for hydrogel. Overall, annealing of polymer

coating did slightly extend the delay of hydration.
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5.4.3Depressurization Issge

The PVAc foams with C@depressurization anté depressurization rate plays a critical
role in the resultingpolymer coating. A rapid depressurization (183 bar to ambient) in
less than 5 minutes createshagh foaming(Figures 5.18,c); whereasa slow
depressurization develops film on the vessel walls. To ensuriiKénooating of the
particles, a slow depssurization rate that took > 2 hours was utilizédr illustration,

PVACc beads (Figure 5.10a) were exposed to sdG(CB0 minutes, during which the

beads plasticized PVAc to a clear film. With depressurizing over 50 minutes, the foam
(Figure 5.10b) igienerated when the pressure is around 600 psi as the dissolved carbon

dioxide in the polymer expanded.

Figure 5.10. Polyvinyl acetageCQ foaming a) original bead, b) bead after exposure to
scCQ and rapid depressurization (15 min), c) fast depressurization (45 min) with PVAc
and PAM in vessel

107



5.5 Supercritical Carbon Dioxide as Solventor Coating

Two coating materialgoly(hydroxybutyrate) (PHBand Gelucirés0-13, are utilized

with this mehod. Experimental variables for PHB are shown in Tables 5.4 and 5.5 and

that for Gelucire in Table 5.6. Initial experiments C1 through C4 with PHB evaluated

parameters of interest to design experiments and formulate the mechanics of the different

stages:pressurization, solubility, cooling, and depressurization. These were carried out
with PAM (<75 pum) prior to the sieves 25 pum (No. 500),46 (No. 325), and 7am
(No. 200) refining the size ranges as <25 um43pm, 4575 um, and >75 pm of

ground ptyacrylamide respectively (more details are provided in AppertgixThe

pouch for delivery of coating material was used in these experiments (i.e., loading 50 mg

into the pouch and 50mg directly into the vessel).

Experiment .PAM PAM, PHB, T P
Size, pum mg mg (C) | (bar)
PHB-PAM c1 <75 500 50 45 150
PAM cl <75 500 0 45 | 150
PHB c1 <75 0 200 45 150
PHB-PAM c2 <75 500 250 45 | 150
PHB-PAM c3 <75 100 100 45 182
colored
PHEPAMc4 | ¢ 100 50 45 | 182
colored
Table 5.4. Experiments of Method B.
Experiment| Sonication Methoq PAM Size, um| PAM, mg
51 120 s 5s on 5s off 25-45 100
5-2 120 s 5s on 5s off 2545 50
5-3 120 s 5s on 5s off <25 100
54 120 s 5s on 5s off <25 50
55 120 s 2s on 8s off 2545 100
56 120 s 2s on 8s off 2545 50
57 120 s 2s on 8sff <25 100
5-8 120 s 2s on 8s off <25 50

Table 5.5. Experiments of Method B with 100 mg PHB.
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PT

I 1| 2 | | S A%
scCOZE Equilibriate Cool Vent

Time

Figure 5.11 Stages amtisolvent coating processléthod B: | supercritical conditions

of carbon dioxide, Il allow coating material to solubilimescCO2 conditions, Il cool
vessel to allow coating material to precipitate while suspending hydrogel particles, and
IV venting and depressurizing to atmospheric conditions.

The samples were tested for hydration by mixing 20 mg in 5 m| \gatieg following

results: PAM 1 clear and viscous, PAM C1 sefeiar, C1 sercloudy less viscous than

PAM 1, and C2 cloudy with water like viscosity. From these results, the ratio of 2:1
coating to core in C2 produced the best quality of powder; this ratio wagubed

following experiments. By lowering the polyacrylamide quantities in the vessel suitable
for the amount of coating material that can be dissolved in the CO2 present in the vessel.
At 45¢C, solubility of PHB in scC@is 0.58 g/l at 150 bar and is06 g/l at 182 bar. The
material loading was based on the solubility at34&nd 182 bar.

The surface morphology of PAM to the surface morphology of coating material was
compared using SEM. PAM has an irregular but generally smooth surface with random
smaller pieces, whereas coating material PHB is composed of many smaller particles.
Figure 5.12hows the PHB morphology law magnification and at a higher

magnification where PHB is@llection of spheres that when looked at from a lower
magnificaton resembles a fuzzy texturé\ll images showedvidence of PHEnd PAM

agglomeration
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From the SEM images and hydration studies with PHB (Appendix X), these particles
were not coated but simply agglomerated mixtures. The best operating conditions for a
slower hydration was using <25 um PAM initial size and 50 mg of PAM with sonication,
(experiment 54); however, this gave the least amount of hydrogel in the smallest size
range yielding the least viscosity in hydration test. Experiment 2 appeared @ loave
hydration viscosity contributed to the small PAM size <25 um. The conditions for
Experiment 4 are the basis for future experiments when testing other coating polymers
wherethe overall ratio of coating to core (2:1) is preserved.

In water, small PIB particles float and large particles sink. All PIPBM samples
hydrated in the presence of water and solution thickened with the floating of white PHB

particles on top confirming lack of coating.

10um Mar 2008 Mag= 15.54K X EHT=2000KkV  Signal A = SE1 Date :31 Mar 2008

Mag= 301KX EHT=2000KkV  Signal A = SE1 Date :31
WD = 8.0 mm Photo No.=479  Time 11:16:00 WD = 8.0 mm Photo No. =480 Time 11:19:09

Fi gur e 5-hytiraxybutpratd) (PKB) fromupplier.
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Mag= 11.86 KX EHT=2000kV  Signal A= SE{ Date 31 Mar 2008 FaaAkay Mag= 10.25KX
WD = 7.0mm Photo No. =495 Time :12:00:53

Signal A = SE1 Date
Photo No, =497 Ti

Mag= 6.22KX EHT=2000kV  Signal A= SE{ Date 31 Mar 2008
WD = 6.5mm Photo No. =493 Time :11:56:02

2pm Mag= 2355 KX

EHT=2000kV  Signal A = SE1 Date :31 Mar 20
WD = 6.0mm PhotoNo. =488 Time 11:44:54
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Signal A = SE1 Date :31 Mar 2008 FANKSY
Photo No. =489 Time :11:47.03

Figure 5.14. PHEPAM C2.

Auburn SEI 150kV X550 10pum WD 10.1mm

Figure 5.15. PHB is on the left and PAM is on the right.

Auburn

Auburn 1 X550 10pm WD 10.3mm

Figure 5.16. Experiment3.
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SEI 15.0kv  X3,500 lpm_ WD 10.1mm

Auburn SEI 150kV X700 10um WD 102mm Auburn SEI 15.0kV 100pm WD 10.0mm

Auburn SEI 150kv X600 10um WD 102mm

Figure 5.18. Experiment4.
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Auburn Sl 5 X1,900 10um WD 102mm

Auburn / N 3 Auburn lum WD 10.3mm

P
Auburn S 15.0kV 10pm WD 10.1mm

Figure 5.20. Experiment6.
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Auburn

Figure 5.21. ExperimentB.

Auburn SE > 0 ) SE 15.0kv  X1,400

Figure 5.22. Experiment3.
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Experiments with Gelucire 503 were performedsingultrasound in a pulse mode with
5s on and 5 s off cyclesGelucirepellets, composed of stearoyl macrogolglycerides,
were ground and loaded half insidhe vessel with the PAM (50 mg ar@5 pm) and
another half (50 mg) inside the pouch. Experiments were carried out at two
temperatures: 35 and 45°C. Gelucire melt90a€C%and has hydrophilitpophilic
balance (HLB) of 13 as indicated by the nomenclaturé®@om the supplier
Gattefosse. This michnge HLB value was to offer compatibility onto the hydrogel
without being too lipophilic. The original Gelucire has #idike morphology.

Experiment| Sonication Methog T (°C) | PAM Size, um| PAM, mg
1 120 s 5s on 5s off 45 <25 50
2 120 s 5son 5soff 35 <25 50
Table 5.6 Experiments for Method B with Geluci{€00 mg).

The morphology the original Geluciesd coated samples were examined by SEM.
Based on these images, the Gelucire aC4%as softened due to proximity to melting
temperature at ®2 along with carbon dioxide aided plasticization to help spread on the
hydrogel particles. Despite the proimig coating based on SEM images, Gelucirel 30

did not delay hydration of the hydrogel. When mixed with water, Gelucire particles self

agglomerategiving an appearance afloudiness.

An experimentwith Gelucire (50 mg) and PHB (50 mg) with no poucB%ftC was

carried out to determine the interaction. The final powder in the vessel was clumped on
the bottom with little on the sides of the vessel. Upon hydration GelEiB2sample
clouded the water and the PHB patrticles floated on the water. Towifull SEM

images (Figures 5.237) are obtained from the powder produced.
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Mag = 15.02KX EHT=15.01kV  Signal A= SE1 Date :10 Sep 2008 FA3AN
WD = 75mm Photo No. =692  Time :12:13:39

Figure 5.23. Gelucire from supplier.
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WD 9.6mm Auburn S 10um WD 9.7mm

Auburn SE 150kv  X1,600 10pum WD 10.0mm Auburn SE 15.0kv  X3,000 1gm~ WD 10.0mm

Auburn SE X12,000 Tum WD 9.8mm

Figure 5.24 Gelucirei PAM (45C).
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i L

Auburn S 150kv X 100um WD 99mm Auburn S 5.0kV 10um WD 9.8mm

LY &

Auburn SEI 15.0kvV X850 10pum WD 9.9mm

10 10
o Mag= 5.04KX EHT=15.01kV  Signal A= SE1 Date :10 Sep 2008 FA3ANY Ll Mag= 5.26KX EHT=1501kV  Signal A=SE1 Date :10 Sep 2008 FAIANY
WD = 65mm Photo No. =728  Time :14:35:59 WD = 6.5mm Photo No. =730  Time :14:40:33

Figure 5.26. PAMGelucire.
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Auburn S 150kV  X1,500 10um WD 10.1mm U S 15.0kV X700 10um WD 10.0mm

Auburn S X500 1I\'m||_ WD 10.2mm Auburn S 15.0kV  X1,500 10um WD 10.1mm

Figure 527. Gelucireand PHB

Neither Gelucire nor PHB in coating was successful in extended delay of the hydration of

polyacrylamide particles.
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5.6 Alternative Coating Methods

Several liquidbasedmethods were tested for coating PAM as follows:

5.6.1Coating by Coacervation

Coating of polyacrylamide with polyvinylacetate (P\jJAxy coacervating in miglyol 840
was investigatedMiglyol provides a viscous material to susgehe polyacrylamide
partides,and then aan acetonpolyvinylacetate solution is added, the acetone dissolves
into miglyol causing PVACc to precipitate/coacervateaime polyacrylamide particte

In theseexperimentsPVAc does precipitattkom acetone wheathreshold

concentation is reachedhe extent of PVAc precipitating on PAM versus vessel wall

wasunresolved

Coating + Acetone

. Hydrogel
. ¢ + ° .o

. Miglyol . °

—

Miglyol + Acetone

Coated
* Hydrogel

Figure 5.28. Coacervation process.

Experiment PVAC S(?Iﬁzgn Added Solution
No Concentration . PVAc/ Acetone
Migylol
mg/ml ml ml mg/ml
MPA 1 1.67 5 1 10
MPA 2 2.86 5 2 10
MPA 3 28.57 5 2 100

Table 5.7 Coacervation quantities.
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Label Addition Method Agitation Outcome
MPA 1 Rapid wrist shaker miscible

MPA 2 DW 1.4ml/min open to air for 2.5 hrs | precipitated on wall
MPA 3 DW 0.16ml/min open to air foB hrs big clump

Table 5.8 Coacervation method and results.

5.6.2 Coating by Solvent Evaporation

Multiple materials were employed to determine compatibility with polyacrylamide by
adding a coating solution onto polyacrylamide particles and evaluagéf¢ictveness

against hydration.
5.6.2.1Span 80

The ability of Span 8(already employed for the creation of hydrogel nanoparticles in
Chapter 1to protect polyacrylamide from hydration was investigated as coating material.
If the original surfactantontributed to protecting the hydrogel from hydratiomm itself
would be advantageous. Several recipes of coating commercial ground polyacrylamide
with surfactant Span 80 were attempted. Th&@3fam PAM particles were employed to
visually determinavhether the particles would swell in water after the coatiraple 5.9

lists variables for these coating experiments

Coating Experiment Parameters
PAM Span 80 + | Span 80 - .
Eﬁpt. mass CycF:)Iohexane Enass %loading | Stirring Stlrrlng Stirrer

0. Time RPM

(mg) volume(mL) (mg)
1 70.00 1 24 34.29 No
2 140.02 2 48 34.28 Yes overnight 100
3 140.03 1 24 17.14 Yes 2 hrscap 100
4 140.52 1 24 17.08 Yes 1.5 hrs 200
5 140.40 1 24 17.09 Yes 1.5 hrs 200
6 140.16 1 24 17.12 Yes 1.5 hrs 200
7 140.22 2 48 34.23 Yes 1.5 hrs 200

Table 5.9 Coating quantities and methods utilizing Span 80
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Experiments 1 and 2 were unsuccessful in that the power swelled immediately when
placed in water. Experiment 3 resulted in a less viscous, cloudy hydrogetwaritanted

with water indicating a partial coating. Experiments 4, 5, 6, and 7 also resulted in partial
coating with even lessscous hydrogels.

5.6.2.20ctadecyltrichlorosilane

OctadecyltrichlorosilanéOTS) has a long hydrophobic chain that is oftesed in MEMS
devices for its selassembling monolayer capability on silicon dioxide substrates. Its
hydrophobic nature is well documented as the primary active component €X®ain
Octadecyltrichlorosilane waedded to @yclohexanesuspension dPAM particles(45-75
pm and 32 mm) by three methodg:irst, OTS was idectly added to the PAM
suspension.The nextwo techniques apid a silicon dioxide basen the dry
polyacrylamide particletor OTS to attachvapor deposition of trimethylsilanol and a
seeding layer These treated PAM particles were then suspended in cyclohexane and the
OTS solution then addedlhe suspensienwerethen vacuum filtered and dried.o
evaluate this materialpmetreatedparticles were added to water to tegtiration All
techniquegproved incomplete coveragéth immediatehydration of particlesvhen

subjected tavater.
5.6.2.3Perfluorobutane Sulfate

Perfluorobutane sulfate (PFB®)¢e active ingredient in Scotolyd®, was tested for its
functionalability to repel water and protect the particles from hydration. A solution of
perfluorobutane sulfonate, isopropanol, and acetone, was sprayee/6pm5

polyacrylamide particleand granules As the coating dried the particles were gently
rotated and sprayed agavery hour for a day, allowing approximately 12 coating
applications. When introduced to water, the particles resisted initial swelling. The paper
towel underneath coated with PFBS solution also shaxegdgoodwater resistance

ability. After 1 hourof submersion in water, however, the paper towel was wetted and
the particles were hydrated. Hence, this material was unsuccessful in significantly

delaying the hydration.
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5.6.2.4Polyvinyl Acetate

PAM (<25 um in diameter) particles weteated with polyvinyl acetate in acetone. The
powder was initially added to cyclohexane, sonicated for 2 minutes, and dropwise
addition of various percentages of the coating solution while agitating ap20fdr

1.5hrs. While adding the acetone cogtsolution of 5mg/ml or 20mg/ml to the
cyclohexanepolyacrylamide mixture, the powder precipitated out due to the interaction
between cyclohexane and acetone where acetone is a stronger interferrant than
cyclohexane. When cyclohexane is added to a laxgame of acetone the interaction is
minimized. These samples were then dried overnighe samples formed film on the
bottom of the vial which were detached and brokemtgpowder. These weenalyzed
via SEM rheometry and light microscopeFilming commonly occurred with all solvent
evaporation samples with higher percentages of PVAc loading giving a higher probability

of filming.

Mag= 707KX EHT =20.00kV Signal A = SE1 Date :29 Apr 2009 Mag= BO6KX EHT = 20.01 KV Signal A = SE1 Date 8 Jun 2008
WD = 7.0mm Time :12:30:13 WD=55mm Time :14:26:50

Figures 5.29 SEM image: ab% PVAc and b) 10% PVAc<25um FAM.
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i, b ia .
Mag= 798KX  EHT=2001kv Signal A=SE1  Date 8 Jun 2009
WD = 55mm Time :14:42:58 ﬁ

Figure 5.30 12.5%PVAc <25um FAM.

5.7 Alternative Analysis Results

5.7.1 Rheometry

Varying weight percentages polyvinyl acetate were utilized tatpolyacrylamidevia

the solvent evaporation metho@hese samplesere mixed with water anain on an

Anton Paar Physica MCR 301 rotationlaéometer in plate mode. Shear rate was varied
from 0.1-100 s and viscosity was calculated from the measured torque and shear stress.
Upon visual assessment, 3¢Ac samplebehaved thicker likpolyacrylamidewith no
coating. The 12.5% and 15% PVAc tedparticles behaved similarly upeisual

inspection Bah flowed like water and appeared to have particles suspehoeeéver,

these samples became thiclath time as hydrogdhydrationincreased.

As illustratedin theFigure 5.31the viscosity is ot linear with shear rate whics
attributed to the asymmetof thecommercially groungbarticles. Thenonspherical
morphologywas more pronounced than any coating differereegreatershear is
applied, the particles orient themselves toward the gfdtast resistance in the flow
direction. Initially, the particles are in a more chaotic state and with increasing shear
align in the direction of flow lending to a more linear relatidme distinction between
coating percentages influencing the vsitpis not clear (Figure 5.32).
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Other issues regarding rheoméiiy these samples are particle settling and comparisons
of samples to control of watef.he sample with 6% coating does not show any settling
even after 15 hours as opposed to the 15% Paoating(Figures 5.334). Thegreaest
difference amongst the coated particles cgtuthe lower shear radehowever, e

sample data for DI water is not reliable below 15'8lsear rate due to the low torque
required to sustain the experimei.the midrange shear rateoated particles do not

follow a trend relating to PVAc content (Figure 5.35).

\Y

i

°p

c a == Control PAM only

o}

s ——5% PVAc Coating

.S

: 7.5% PVAC

t Coating

y =0-10% PVAc Coating
0.01

Shear Rate &

Figure 5.31.Solvent evaporation rheometry results: PAM <25uratedvarying
percentages of PVAc
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Figure5.32. Rheometry results at constant shede 0f15.8s".
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6% PVAC in Water

== Run 2
=—Run 3
== Run 4
Run 5
== Run 6
=0-Run 7
=== RUN 8

< = n oo un —<

Y

a ' = RUN 9
Run 10

s 0.1 1 10 100
Shear Rate,o, 1/s

Figure 5.33. 6% PVAsolvent evaporation experimemdurability evaluation.

15% PVACc in Water

< == nooun —<

-

0.1 1 10 100
Shear Rate), 1/s

Figure 5.34. 1% PVAc solvent evaporation experimerdurability evaluation.
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0.4

\i/ 0.35 Control PAM
only
Sp 03 =#=5% PVAC
¢ a 0.95 Coating
o : 7.5% PVAC
s 0.2 - Coating
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y 0.1 Coating
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Shear Rate (1/s)

Figure 5.35Rheometry results d?AM (<25um) PVAc with shear rate 0.5 ®s* range

5.7.2Contact Angle

To test the hydrophobicity due to the coating, contact angle with water droplet was
measured. The powder was compressed into a pellet to form a smooth surface. However,

the surface was not smooth enough whichltedun the erroneous angle measurements.

5.7.3Light Microscope

Hydration of ground particles can be visibly detected under a light microscope. This
technique was used to evaluate coating of particles. The diverse particle distribution
average measize prior to and after hydration did not provide reliable results as the
individual particles were difficult to track. The coating slows the rate of swelling but the
precision between initiation and completion of swelling for rate determination was

diffi cult by this method. A dye was further added to aid in visualization. The
polyacrylamide particle (Figure 5.36) swelled to approximately 140% its original size

when placed in water.
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Figures 5.36 Light microscopicviews of samples at 40>A) dry commercial

polyacrylamide B) swollen polyacrylamide with water
5.7.4Humidity Tests

Another method to analyze the extent of coating was to place samples of hydrogel into a
saturated humidity vessel and detect the incrieaaeight for the amount of water

absorbed from the afffable 5.10)Samples were placed in a sealed oven &t 3Gth
watercontainer to saturate the alihe samples were left for durations of time and
periodically analzed for change in weighthe twelve control samples of various

weights of hydrogel proved this method was highly variable and would not provide more
insight applied to coating materidlhe diffusion of the water from the air into the sample

is highly dependent on how the samples vgpread on the aluminum platéhe sample

was placed on the aluminum plate and tapped to spread powder. Similar sample amounts
produced variable percentages of water content: for example, 20 mg were 8.5%, 11%,
and 27.8%, 50 mg were 36%, 46%, and 48.8%,18@dmg were 50.13% and 35.5%.

T Ctrl 1 Ctrl 2 Ctrl 3 Ctrl 4 Ctrl 5 Ctrl 6
sample 0 0 10.79 21.35 20.34 20.38
dry 16Jun 33 982.96| 981.22| 982.22 983.63 983.04| 983
18Jun| 31 982.86 981.2| 993.52| 1006.65| 1005.96| 1006.66
difference -0.1 -0.02 11.3 23.02 22.92| 1006.66
water
content 0.51 1.67 2.58| 986.28
water % 4.73 7.82 12.68| 4839.45
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21-Jun| 31 982.94| 981.24| 993.71| 1007.46 1006.3| 1006.06
difference -0.02 0.02 11.49 23.83 23.26 23.06
water
content 0.7 2.48 2.92 2.68
water % 6.49 11.62 14.36 13.15

24-Jun| 31 982.85| 981.23| 993.63| 1006.79| 1005.62| 1009.04
difference -0.11 0.01 11.41 23.16 22.58 26.04
water
content 0.62 1.81 2.24 5.66
water % 5.75 8.48 11.01 27.77

8-Jul| 31 982.48| 981.29

difference -0.48 0.07
T Ctrl 7 Ctrl 8 Ctrl 9 Ctrl 10 Ctrl 11 Ctrl 12
sample 50.98 51.14 50.41 101.9 101.23 0
dry 24Jun 979.74| 984.02 986 986.72 987.2| 986.96
979.7| 983.94 985.9 986.76 987.18| 987.03

979.67

Avg 979.7033| 983.98 985.95 986.74 987.19| 986.995

29Jun| 31| 1046.47| 1055.3| 1057.73 1133| 1133.42| 0.9869
difference 66.76667  71.32 71.78 146.26 146.23| 0.9869
water
content 15.78667| 20.18 21.37 44.36 45| 0.9869
water % 30.97 39.46 42.39 43.53 44.45 --

8-Jul| 31| 1035.54| 1041.57| 1046.02, 1114.08| 1125.15| 986.73
difference 55.84| 57.55 60.02 127.36) 137.95 -0.23
water
content 4.86 6.41 9.61 25.46 36.72 -0.23
water % 9.53 12.53 19.06 24.99 36.27 -

14-Jul 1055.58| 1059.29| 1054.56| 1139.72| 1124.39| 986.76
difference 75.88 75.31 68.61 152.98 137.20 -0.24
water
content 24.90 24.17 18.20 51.08 35.97 -0.24
water % 48.84 47.26 36.10 50.13 35.53 -

Table 5.10Polyacrylamide humidity tests.
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5.7.5HydrateandFilter with Centrifuge

To evaluate hydration of coating samples, a method hydration polyacrylamide particles
then filtering by centrifuging was designed and evaluated. Control samples of uncoated
polyacrylamide (<25 pm) were placed in centrifuge filter tubes, hydrated with 3 ml of
water, then centrifuged to remove excess water. Commerciaicitgrifuge tubes
(Centricon YM10 and VectaSpin 3) proved difficult to remove excess water from
samplesven with increased rpm (3460 to 5000) and time (1 hour); thus, a custom system
(Figure 5.37)with polypropylene filte( ANOG6) of pore size 0.6 pum was designed. Most
samples maintained higher than 100% water content which is expected for hydrogel.
Howe\er, results iMTable5.11 demonstrate varying percents of hydration based on the
quantity PAM utilized and centrifuge time with weight steadily decreasing concluding
issues of incomplete removal of excess water, or removal of absorbed water by

compressiomf hydrogel subjected to the centrifugal forces.

Top Bottom
Cap
Sample | Collection
Vessel
Teflon
tape _
Filter

Figure 5.37. Centrifuge filter
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Hydrate and Filter withCentifuging Ctrl #1 Ctrl 2 Ctrl 3 Ctrl 4
PAM mg 10.112 15.08 20.05 15.1
Water 3 3 3 3
Water
content % | Centrifuge
Date Hydration | time
6/18 dry 2404.5| 25495| 25245 24742
0.6um

6/21 15 4442.8| 4865.8| 5050.4| 4650.1

water
contentmg 2028.188| 2301.22| 2505.85 2160.8
%hydration 200.57| 152.60| 124.98 143.10
3 4372.8| 4814.3) 5009.2| 4594.1

water
contentmg 1958.188| 2249.72| 2464.65 2104.8
%hydration 193.65| 149.19| 122.93 139.39
10 4242.5| 4687.3 4919.1| 4468.5

water
contentmg 1827.888 2122.72| 2374.55| 1979.2
%hydration 180.76, 140.76| 118.43 131.07
5 4158.5| 4628.8| 4850.8| 4412.6

water
contentmg 1743.888| 2064.22| 2306.25 1923.3
%hydration 172.46, 136.88| 115.02| 127.37
2 4121.8| 4596.1 4827 | 4392.3

water
contentmg 1707.188| 2031.52| 2282.45 1903
%hydration 168.83 134.72| 113.84) 126.03
3 4058.1| 4551.8| 4787.6 4346
water mg 1643.488 1987.22| 2243.05| 1856.7
%hydration 162.53| 131.78| 111.87| 122.96
6/23 0 3900.31 4430.9 47125 4268.8
water mg 1485.688| 1866.32| 2167.95 1779.5
%hydration 146.92| 123.76/ 108.13| 117.85
5 3774.3| 4307.8| 4587.4 4146
water mg 1359.688| 1743.22| 2042.85| 1656.7
%hydration 134.46| 115.60| 101.89| 109.72
5 3689.5 4221| 4509.4| 4069.2
water mg 1274.888| 1656.42| 1964.85 1579.9
%hydration 126.08| 109.84| 98.00| 104.63
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5 3621.30 4139 4420 3998.4
water mg 1206.688| 1574.42| 1875.45 1509.1
%hydration 119.33| 104.40| 9354 99.94
2.5 3591.4 4109.8| 4397.2| 3972.1
water
contentmg 1176.788| 1545.22| 1852.65| 1482.8
%hydration 116.38| 102.47| 92.40 98.20
2.5 3562.3 4083.9 4380 3951.2
water
contentmg 1147.688| 1519.32| 1835.45| 1461.9
%hydration 113.50| 100.75| 91.54 96.81

Table 5.11 Results of polyacrylamide hydration with filtration by centrifuging.

5.7.6Moisture Analysis

A Denver Instruments moisture analyzer IR 35 was utilized to measure the degree of

swelling various sizes of polyacrylamidin Tables 5.1215, three solvents (methanol,

acetone, and water) were compared to elucidate the extepivent absorbed on

polyacrylamide (PAM) Moisture percentage contained within the hydrogel (% M), the

solid residual (% S), and the (% MS) were obtained. The final solid mass after drying

requires being above the scale minimum detection IMethanolswells the polymer up

to 15%, whereaacetoneswellsthe polymeless at 8%. Water swells the hydrogel the

most absorbs around 100%. The instrument generates errors (Err01) when the percent

moisture is over 100%.

PAM (25-45 pm)in Water
Starting Residual

Run | T (£) Mass (g) %M %S %MS Wt. (9) time (min)
1 110 0.501 101.68 -1.68 Err 01 0.004 25
2 110 0.513 99.81 0.19 51400.0 0.001 27
3 110 0.508 95.87 4.13 2319.05 0.021 26
4 110 0.522 100.19 -0.19 Err 01 -0.001 23
5 110 0.503 100.99 -0.99 Err 01 -0.005 20
6 110 2.068 100.00 0 Err 01 0.001 37
7 110 2.085 99.62 0.38 25962.5 0.008 39
8 110 2.044 100.2 -0.2 Err 01 -0.004 34

Table 5.12. Moisture content oblyacrylamide.
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PAM (>75 um) in Water

Starting Residual time
Run T (eC) Mass (g) %M %S %MS WHt. (9) (min)
1 105 2.076 97.11 2.89 3361.67 0.060 43
2 140 2.158 96.94 3.06 3170.77 0.065 44
Table 5.13. Moisture content oblyacrylamide.
PAM (>75 um) in Acetone
Starting Residual time
Run T (eC) Mass (g) %M %S %MS Wt. () (min)
1 105 2.249 7.19 92.81 7.74 2.079 4.2
2 105 2.030 8.38 91.62 9.15 1.858 9.0
3 105 2.059 4.86 95.14 5.10 1.959 7.4
Table 5.14. Moisture content oblyacrylamide.
PAM (>75 um) in Methanol
Starting Residual time
Run T (eC) Mass (g) %M %S %MS Wt. (g) (min)
1 105 2.770 14.55 85.45 17.03 2.366 5.0
2 105 2.209 8.69 91.31 9.52 2.017 5.0
3 105 2.221 6.03 93.97 6.42 2.087 5.8

Table 5.15. Moisture content oblyacrylamide.
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5.8Discussion

Multiple methods and coating materials proved to not be successful in delaying the

hydration ofhydrogel particles.

Incomplete coverage can explain the results evident fromEM$oatingshown in

Figure 5.8. The SASEM coating demonstrated properties more similar to
coprecipitation. Higher material loading of PLA and PSF provides a thicker tyuainti
coating particles that increases the time for diffusion of water through the coating particle
layer, but unless they bind to each other by annealing or use of secondary coating

material that is plasticizable polymer by scCydration of PAM hydrogel will occur.

Another material utilized in SA&M-Coating, PVAc despite the ability to easily form

film in supercritical carbon dioxide, higher quantities injected had an increased rate of
foamformation. Carbon dioxide easitiffuses into PVAc, and upon depressurization
generates sponge structure. The pores generated by carbon dioxide diffusing out of the

polymer even with slow depressurization would create access paths to hydrate hydrogel.

' Water
Water —~
Q\\_) )
\—C
C%)O %O C )
| -
Hydrogel surface Hydrogel surface

Figure 5.8. Water accesw hydrogel a) incomplete coverage and b) open pore access

With the supercritical carbon dioxide solvent method, Gelucisg@®Hand PHB did not
delay hydration of the hydrogel particleSelucirecoating appeared to mold to the
surface of polyacrylamideeiter than the other coatings. This could be attributed to the
processing temperature @3 being close to theriginal melting temperature (%G) and
the addtional effect ofcarbon dioxide reduces melting temperailitazarian 2002;

Verreck 2006; Li 2008) Gelucire ncreased solubility in carbon dioxidéthis higher
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temperaturallowedfor more material to precipitate onto hydrogel particlelswever,

Gelucire did not provide enough hydrophobiditydelay hydration

A highly lipophilic coating, such as PFBS and OTS, does not bind well to the
polyacrylamide hydrogel due to the repulsive surface interactions. Drying by slow
evaporation can lead to capillaries forming or direct pore access to the core hydrogel that
smallwater molecules can easityaneuver Fundamental compatibility is necessary for
physical adherence of one to the other. Large molecular weights utilized (PLA 100,000
g/mol and PVAc 50,000 g/mol) that are not very polydisperse contributed to the open
pores accessible by water; however, utilizing smaller molecular weights leads to higher
solubility in carbon dioxide. Exploration into the combinations of processing conditions,
coating material, and molecular weights, by eliminating potential coating alatefi
polyacrylamide was achieved. A combination of various molecular weights and
materials should be pursued to achieve longer delay of hydrogel hydration.

Surface interactions between the hydrogel and the coating material are vitally important.
Looking at the molecular structures in the materials table (Table 5.1) demonstrates some
of the incompatibilities. The acetate group ¢Ci.-) in the polyyinyl acetate) may be

too hydrophobic with the methyl group blocking the oxygen for physical adherence to the
polyacrylamide with ketone (=0), alcoheOH), and amine groups (RN)}Hoff the

polymer carbon backbone. The benzyl backbone of polysulfoneepaywater and

produce hydrophobicity gradient in the molecule, and the sulfur dioxide group
contributes to its water wettable nature. More than likely it is due to the physical open
pore formations by the particles themselves allowing water accesshydittogel core.

During solvent evaporation experiments, the coating material adheres to the
polyacrylamide but the slow evaporation leads to capillaries that deeper solvent creates

by diffusing to evaporate through the dried material closer to the surface

136



5.9 Conclusions

Multiple methods and coating materials were investigated to delay hydration of
polyacrylamide hydrogel particles. These methods were unsuccessful in this pursuit due
to incompatibility of the material with the hydrogel. Coatingsa&fucire,

perfluorobutane sulfaieand poly(vinyl acetate) occurred; however, some delay of
hydration occurred with the antisolvent coating materials, PVAc, PLA, and PFBS but not

sufficiently. The solvent method did not delay hydration of the hydrogetieat
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6.0 CONCLUSIONS

This research pertains to hydrogel nanoparticle formation using miniemulsion
polymerization and supercritical carbon dioxide drying. Hydrogelbpowders
producedvia a novelinverse miniemulsion polymerization and supercritical drying
(MPSD) methody injecting the polymerized miniemulsi@olutioninto supercritical

carbon dioxide Due to efficient extraction by scGQhe powder obtained free of

residual solvent or surfactanthis work analyzed the processes of generating hydrogel
nanopowder and the effect the addition of an inorganic (zinc oxide) material, an organic
drug (mesalamine), and polymer coatings have on the hydrogel. &tpmpsgments

provide understanding of interactions of the hydrogel with these materials.

The spherical particle morphology generated by the polymerization misthaalist as

the supercritical fluid and additional materials do not significantly affestatl hydrogel
particles formed. The smaller disperse phase droplet size limits the additional particle
type to be encapsulated as the ground mesalamine with polyacrylamide had the most
loading efficiency of all experiments due to general chemical amghotgical
compatibilities. Also,hle selfattraction of thecrylic acidmonomersn the aqueous

phase displasghe larger mesalamingarticleslimiting incorporation into the hydrogel

Zinc oxide, being ionic, resides within the water droplets more easily than thmolaon
cyclohexane phase. Also, zinc oxides amphoteric nature as an acid or base is comparable
to interactions of mesalamine. Polyacrylamide with an amine group versgaqoglic

acid) with carboxylic groups interacts with the addition of another substance in water
differently. The nature of the material determines the extent of interference in the
hydrogen bonds formed in water with the monomer and thus relates toctpEselation

ability of the process. This work has provided insight into the interactions of
polyacrylamide hydrogel particles both internally by encapsulation and externally by

coating.
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7.0 FUTURE WORK
This research leads to the following suggestionguture work:

Nanoparticle hydrogel coating can be pursued usintatige (0.5L) high pressure vessel
(Appendix A). Experiments can now mEcomplisheavith double injection onto the
ultrasound horn tijn supercritical conditionsCoating hydrogehanoparticles from the
miniemulsion solutiorns suggestedftereither supercritical drying grecipitaing the
polymer solutiorby acetone additiofCampbell and Anand 197.2)This would provide
either dry powder or acetosgvollen particles to be coated. After removal of the
supernatantwo coating dynamics are possible using supercritical technology: 1) the
precipitated coatingolutionwith the directaddtion of coating materiain a single
injection or2) simultaneougjection of polymer solution and coating solution unto the
horn tip. A potential issue could be the precipitatadoparticles are too large from the
cyclohexaneacetone precipitate and block the injection ngzzégea mixing device to
help suspend thparticles would be required prior to injection. Experiments of multiple
component injection into supercritical conditions to evaltlaextraction properties of
carbon dioxide are also suggested.

Future efforts of encapsulatimgaterials vithin hydrogel nanoparticles include

me s al a mi n e 6 acidferarprovedencapsulation within the polymerized
hydrogelnanoparticlesevaluation of improved mucoadhesion of the hydrogel
nanoparticles by in vitro studieand potential use of reactions of zagetate to zinc

oxide within the hydrogel particlegould ke novel

Future improvement for coating hydrogel particles are suggésteelaying hydration
of hydrogel particles. Incorporation of ethylene glycol dimethacryla®DM) in place
of methylbisacrylamide (MBA) as a crosslinker in the polymerization process could

contribute to better compatibility with a hydrophobic coating materiatfaSe
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modifications ofthehydrogel particles arauggested in favor acd more canpatible
foundation for coating@dhesion as hydrophilic and hydrophobic material are not
compatible. Surface impregnation of an amphiphilic compound need only be partial to
improve physical adherence of a hydrophobic material for hydration protection.

Copolymers are alternatives to the coating materials attempted in this research.
Combining PLA with PS, this coploymer was generated by Yuan and 2&4) could
provide better hydration protection and dependent upon the ratio used improve
biodegradabitly of polystyrene material, and minimization of PS content should be
attempted as PS in the ground is not an environmetitadhydly solution to the

prevention of hydrating a hydrogel.

A bottomup method corshell polymerization can be beneficial teate a hydrophobic
coating that would otherwise be incompatible with the core mafesaland Rudin
1992; Vanderhoff 1992; Bassett 2001; Ho 201Dhis mandates placement of the
initiator in with the core material itself such that polymati@n occurs on the surface of
the corematerial similar to that used to generatephiphilic particles consisting of ret
like structure over a polyacrylamide cdgte and Ruckenstein 1996)

Future research efforts to improve cateell analysis are needed where the polymer
polymer combinations have elemental similarities and where the differentiation of
material is difficult. For example, utilizing XC as a coating material, elemental

analysis is possible with chlorine present for detection. The fact that polyacrylamide has
an amide interferes with the nitrogen present with mesalamine to utilize elemental
analysis. Characterization of particles withlystyrene would be straightforward on

TEM as contrast issues are not anticipated. Ruthenium tetraoxide staining of PS on PS
PMMA particle slices after microtoming for visualization on transmission electron

microscopy produced clear imagége and Rudin 1992)

142



8.0 REFERENCES

Adamsky, F. A. and E. J. Beckman (1994). "Inverse emulsion polymerization of
acrylamidein supercritical carbon dioxideMacromolecule®7 312-314.

Al-Hilli, S. M. and M. Willander (2006). "Optical properties of zinc oxide npadicles
embedded in dielectric medium for UV region: Numerical simulatidodrnal of
Nanoparticle Researéh 79-97.

Allard, D. and C. Gombert (2001). Synergistically {p¥otoprotecting triazine/silicone
compositionsSociete L'Oreal S.AUnited States5,171,579

Anton, N., JP. Benoit, et al. (2008). "Design and production of nanopatrticles formulated
from naneemulsion templatesa review."Journal of Controlled Relead@8
188199.

Antonietti, M. and K. Landfester (2002). "Polyreactions in miniemulsidAgress in
Polymer Scienc@7(4): 689757.

Anzlovar, A., Z. C. Orel, et al. (2008). "Nanocomposites wahato-sul>micrometer
size zinc oxide as an effective UV absorb@olymeri29: 84-87.

Bahnemann, D. W., C. Kormann, et al. (1987). "Preparation and Characterization of
Quantum Size Zinc Oxide: Fluoresence and Non Linear Optical EffdciBhys.
ChemB 91: 37893798.

Bajpai, S. K. and S. J. Sonkusley (2002). "Hydrogels for Cspmtific Oral Drug
Delivery: An In Vitro Drug Release Study (lh)l¥anian Polymer Journdll(3).

Bandi, N., R. Gupta, et al., Eds. (2008upercritical Fluid Technology fordg Product
DevelopmentNew York, Marcel Dekker.

Bassett, D. R. (2001). "Hydrophobic Coatings from Emulsion Polymé&ne'Journal of
Coatings Technology3(912): 43.

Beckman, E. J. (2004). "Supercritical and perdical CO2 in green chemical synthesis
and processingJournal of Supercritical Fluid28(2-3): 121191.

Beckman, E. J. and R. D. Smith (199D)Phys. Chenf4 345.

Beckman, E. J. and R. D. Smith (1990.)Supercrit. Fluid8: 205.

Blagodatkikh, I., V. Tikhonov, et al. (2006). "New Apprbao the Synthesis of
Polyacrylamide in Miniemulsified System$Jacromolecular Rapid
Communication®7(22): 190601905.

Bleich, J., P. Kleinebudde, et al. (1994). "Influence ofdmssity and pressure on
microparticles produced with the ASES proces#&rnational Journal of
Pharmaceutic$06(1): 77-84.

Brinker, C. J. and G. W. Scherer (19990tGel Science: The Physics and Chemistry of
SolGel Processing.San Diego, CA, Academic Press Inc.

Broadhead, J., S. K. E. Rouan, et al. (1992). "The spragglofipharmaceuticalsDrug
Development and Industrial Pharmak&(11): 1169206.

Brock, T., M. Grotelaes, et al. (200@uropean coatings handbod#annover, Germany,
Vincent Verlag.

143



Bryden, A. M., H. Moseley, et al. (2006). "Photopatchitgstf 1155 patientsesults of
the U.K. multicentre photopatch study grouBritish Journal of Dermatology
1554): 73+747.

Cai, W. and R. B. Gupta (2001). "Polyghylacrylamide) hydrogels for lignin
separation. .Ind. Eng. Chem. Red((15): 34063412.

Cai, W. and R. B. Gupta (2002). Hydrogels

Kirk-Othmer Encyclopedia of Chemical Technology (5th Editit$)729-754.

Campbell, A. N. and S. C. Anand (1972). "Phase Equilibria in the Systems Aeetone
Methanol, Acetone Cyclohexane, MethanoCyclohecane, and Acetone
Methanot Cyclohexane Canadian Journal of Chemis&®: 479

Cao, L., L. Chen, et al. (2008). "Synthesis of PNIPA/PBHBAA CoreShell
Composites in Supercritical Carbon DioxideJournal of Applied Polymer
Sciencel10838433850.

Cao, Z., Z. Zhang, et al. (2009). "Synthesis and UV shielding properties of zinc oxide
ultrafine particles modified with silica and trimethyl siloxan@dlloids and
Surfaces A: Physiochem. Eng. Aspe®A$): 161-167.

Capek, I. (2003)Designed Monomers arRRblymers6(4): 399409.

Catchpole, O. J., J. B. Grey, et al. (2000). "Fractionation of fish oils using supercritical
CO2 and CO2+ ethanol mixturesJgurnal of Supercritical FluidsX(1): 25-37.

Charbit, G., E. Badens, et al. (2004). Methods of particle produ&igeercritical Fluid
Technology for Drug Product DevelopmeYit.Peter, B. K. Uday and S. Boris.
New York, Marcel Dekker367-410.

Chattopadhyay, P. and R. B. Gupta (2002). "Protein pamicles Formation Using
Supercritical Antisolvent with Enhanced Mass transf&rChE J.48: 235244.

Chattopadhyay, P., B. Y. Shekunov, et al. (2007). "Production of solid lipid nanoparticle
suspensions using supercritical fluid extraction of emulssétEE) for
pulmonary delivery using the AERx systerAdvanced Drug Delivery Reviews
59: 444453.

Cocero, M. J., A. Martin, et al. (2008). "Encapsulation angregipiation processes with
supercritical fluids: Fundamentals and applicatiodsSupercritial Fluids

Cohen, R. D. (2006). "Review article: evolutionary advances in the delivery of
aminosalicylatese for the treatment of ulcerative colitidilthent Pharmacology
and Therapeutic24: 46574.

Consani, K. A. and R. D. Smith (1990)Supercrit Rlids3: 51.

Cooper, A. (2000). "Polymer synthesis and processing using supercritical carbon
dioxide."J. Material Chemistrgy0207-234.

Cross, S. E., B. Innes, et al. (2007). "Human Skin Penetration of Sunscreen
Nanoparticles: Irvitro Assessment of a Novel Micronized Zinc Oxide
Formulation."Skin Pharmacology and Physiolog§(3): 148154.

Cutie, S. S., D. E. Henton, et al. (1996 ). "Hftects of MEHQ on the Polymerization of
Acrylic Acid in the Preparation of Superabsorbent G&siyerabsorbent Gel
Preparation

Daniels, E. S., E. D. Sudol, et al., Eds. (1992lymer Latexes Preparation, Latexes,
and ApplicationsACS Symposium Sers. Washington, D.C., American
Chemical Society.

144



Davies, O., A. Lewis, et al. (2008). "Applications of supercritical CO2 in the fabrication
of polymer systems for drug delivery and tissue engineeridyanced Drug
Delivery Reviews60 373-387.

Dobbs, JM., J. M. Wong, et al. (1987). "Modification of supercritical fluid phase
behavior using polar cosolvent$itd. Eng. Chem. Re26(1): 56-65.

Eckert, C. A., B. L. Knutson, et al. (1998)ature383

Elton, D. and R. B. Gupta WATER STABILIZATION USING MICBRPARTICLES.
PCT/US2008/009398. United Staté¢0/2009/020594

Elvassore, N., A. Bertucco, et al. (2001). "Production of indolded poly(ethylene
glycol)/poly(L-lactide) (PEGPLA) nanoparticles by gas antisolvent techniques."
Journal of Pharmaceuticati®nce90(10): 16281636.

Falk, R. F. and T. W. Randolph (1998). "Process variable implications for residual
solvent removal and polymer morphology in the formation of gentarigashed
poly(L-lactide) micropaticles.Pharmaceutical Researth(8): 12331237.

FDA. (2009). "Food and Drug Administration. Radiatiémitting Products
Sunscreen." Retrieved 3/2010, fromtp://www.fda.g@v/Radiation
EmittingProducts/RadiationEmittingProductsandProcedures/Tanning/ucm116445.
htm.

Florence, A. T., Ed. (2006INanoparticulates as drug carriek&anoparticle Flow:
Implications for Drug Delivery. Danvers, MA, Imperial College Press.

GalehassadM., M. Mahkam, et al. (2007). "Synthesis and characterization of new
macromolecule systems for colon specific drug delivesP'blymers028

Gavini, E., P. Chetoni, et al. (2004). "PLGA microspheres for the ocular delivery of a
peptide drug, nacomycin iag emulusification/spragrying as the prepartion
method: in vitro/in vivo studiesEuropean Journal of Pharmaceutical Sciésite
207-212.

Giunchedi, P. and U. Conte (1995). "Spdaying as a preparation method of
microparticulate drug delivery systenas overview.'S.T.P.Pharmaceutical
Science$: 276:290.

Goldschmidt, A. and HJ. Streitberger (2003BASF Handbook on Basics of Coating
Technology Hannover, Germany, BASF Coatings AG.

Gonen, M., D. Balkose, et al. (2009). "Supercritical Carbon DioRigeng of Methanol
Zinc Borate Mixtures.Industrial & Engineering Chemistry Resea#d{14):
68696876.

Gruening, R., D. J. Perschbacher, et al. (2005).-izfdictious hydrogel compositions. .
Hydromer, USA. United States.

Guo, L., S. Yang, et al. (2000). "Synthesis and Characterization of
poly(vinylpyrrolidone}Modified Zinc Oxixde NanoparticlesChemical
Materials12: 22682274.

Gupta, R. B. (2005). Supercritical Fluid Extracti&mcyclopedia of Chemical
ProcessingMarcael Dekker.

Gupta, R. B. (2006). Supercritical fluid technology for particle engineering. .
Nanoparticle Technology for Drug Deliveri. B. Gupta and U. B. Kompella,
Drugs and the Pharmaceutical Scien&8.53-84.

145


http://www.fda.gov/Radiation-EmittingProducts/RadiationEmittingProductsandProcedures/Tanning/ucm116445.htm
http://www.fda.gov/Radiation-EmittingProducts/RadiationEmittingProductsandProcedures/Tanning/ucm116445.htm
http://www.fda.gov/Radiation-EmittingProducts/RadiationEmittingProductsandProcedures/Tanning/ucm116445.htm

Gupta, R. B. and P. Chattopadhyay (2008¢thod of forming nanoparticles and
microparticles of controllable size using supercritical fluids with enhanced mass
transfer. United State6620351

Gupta, R. B. and P. Chattopadhyay (2003). Method of forming nanopatrticles and
microparticles of contitable size using supercritical fluids with enhanced mass
transferUS Patent 6620351.

Gupta, R. B. and U. B. Kompella, Eds. (20@$noparticle Technology for Drug
Delivery. Drugs and the Pharmaceutical Sciences. New York, Taylor & Francis
Group.

Gupta,R. B. and JJ. Shim (2007)Solubility in Supercritical Carbon DioxideBoca
Raton, FL., Taylor & Francis Group.

Haishi, T., E. Sakamoto, et al. (1992). Flaky powder of zinc oxide and its composition for
external use. United States.

Hanson, K. M., E. Gatton, et al. (2006). "Sunscreen enhancement ofridvced
reactive oxygen species in the skifrée Radical Biology and Medicirid(8):
1205.

Hemingway, M. G., R. B. Gupta, et al. (2010). "Hydrogel Nanopowder Production by
InverseMiniemulsion Polymerization and Supercritical Dryintnd. Eng. Chem.
Res.

Heneczka, M., J. Baldyga, et al. (2006). "Modeling of sffragzing with compressed
carbondioxide." Chemical Engineering Sciencé% 28802887 .

Hester, C. I., R. L. Nicholson, et al. (199Bbwder coating technologiPark Ridge, New
Jersey, Noyes Data Corporation.

Ho, K., W. Li, et al. (2010). "Amphiphilic polymeric particles with ciosbell
nanostructures: emulsidmsed syntheses and potential applicatigdsllbid &
Polymer Sciencel-21.

Huang, Y., W. Leobandung, et al. (2000). "Molecular aspects of namcbbicadhesion:
tethered structures and sgpecific surfaces.J. Control. Relase

Huglin, M. B., M. M. A. M. Rehab, et al. (1986). "Thermodynamic interactions in
copolymeric hydrogels Macromoleculed49(12): 29862991.

Hynd, M., J. A. Turner, et al. (2007). "Applications of hydrogels for neural cell
engineering.'d Biomater Sci. 8lymer Edn18(10): 12231244

Jackson, S. J., D. Bush, et al. (2000). "Effect of resin surface charge on gastric
mucoadhesion and residence time of cholestyramingtnational Journal of
PharmaceuticR05 173181.

Jayasundera, M., B. Adhikari, et €2009). "Surface modification of spray dried food
and emulsion powders with surfaaetive proteins: A ReviewJournal of Food
Engineering®3: 266-277.

Jing, L., Z. Xu, et al. (2001). "The surface properties and photocatalytic activities of ZnO
ultrafine particles."Applied Surface SciencE0 308 314.

John, S., S. Marpu, et al. (2010). "Hybrid zinc oxide nanoparticles for biophotonics."
Journal of Nanoscience and Nanotechnold@\g): 170712.

Jounela, A., P. Pentikainen, et al. (1975). "Effect of dartize on the bioavailability of
digoxin. ."Eur J Clin Pharmac@(365-70).

146



Jouyban, A. R., M., B. Y. Shekunov, et al. (2002). "Solubility prediction in supercritical
CO2 using minimum number of experiment®urnal of Pharmaceutical Science
91(5): 12871295.

Jung, J. and M. Perrut (2001). "Particle design using supercritical fluids: literature and
patent survey.Journal of Supercritical Fluid0: 179219.

Junginger, H. E., J. C. Verhoef, et al. (2007). Drug Delivery: Mucoadhesive Hydrogels.
Encyclopedn of Pharmaceutical Technolagy1691200.

Kapoor, Y. and A. Chauhan (2008). "Drug and surfactant transport in Cyclosporine A
and Brij 98 laden HEMA hydrogels."Journal of Colloid and Interface Science
3222): 624633

Kazarian, S. G., N. Sakellariog,a. (2002). "Highpressure CO2duced reduction of
the melting temperature of ionic liquid€hemical Communicatiof$2): 1314
1315.

Kersten, B. S., T. Catalano, et al. (1991). “pairing highperformance liquid
chromatographic method for the determination-ah&inosalicyclic acid and
related impurities in bulk chemicalJburnal of Chromatograptb88 187-193.

Kharb, V., M. Bhatiaget al. (2006). "Nanoparticle technology for the delivery of poorly
water soluble drugsPharm TechnoBBO

Khrenov, V., M. Klapper, et al. (2005). "Surface Functionalized ZnO Particles Designed
for the Use in Transparent Nanocomposit&atromolecular Cemistry and
Physics206(1): 95101.

King, M. B. and T. R. Bott, Eds. (1993xtraction of natural products using neaitical
solventslLondon, Blackie Academic & Professional (A&P).

Kiran, E., G. Brunner, et al. (2009). "The 20th anniversary of thendbaf Supercritical
Fluids A special issue on future directions in supercritical fluid science and
technology.'Journal of Supercritical Fluid&7(3): 333335

Klein, K. (2004). "Using zinc oxide in sunscreen produdBa&metics & Toiletried99
22-25.

Kriwet, B. and T. Kissel (1996). "Poly(acrylic acid) Microparticles Widen the
Intercellular Spaces of Ca@cell monolayers: an examination by confocal laser
scanning microscopyEuropean Journal of Pharmaceutics and Biopharmaceutics.
42(4): 233240.

Kriwet, B., E. Walter, et al. (1998). "Synthesis of bioadhesive poly(acrylic acid) nano
and micropatrticles using an inverse emulsion polymerization method for the
entrapment of hydrophilic drug candidate®otrnal of Controlled Releasé
149158.

Landfeste, K. (2009). "Miniemulsion Polymerization and the Structure of Polymer and
Hybird Nanoparticles.Angewandte Chemie International Editié& 44884507.

Landfester, K., M. Willert, et al. (2000). "Preparation of Polymer Particles in
Nonaqueous Direct arldverse Miniemulsions.Macromolecule83: 23762376.

Lane, M. E., F. Brennan, S., et al. (2005). "Comparison ofgrosisification freeze
drying or spray drying for the microencapsulation of plasmid DNAUurnal of
Pharmacy and Pharmacology(7): 831-838.

Lee, S. and A. Rudin (1992). Control of C@&kell Latex MorphologyPolymer Latexes
- Preparation, Characterization, and ApplicatidasS. Daniels, E. D. Sudol and
M. S. EFAasser. Atlanta, GA, American Chemical Sociét92: 234-254.

147



Leuenbergr, H. (1987). Process of drying a particulate material and apparatus for
implementing the process. US, 4,608,764.

Levine, K. L., J. O. Iroh, et al. (2004). "Synthesis and properties of the nanocomposite of
zink oxide and poly(amic acid)Applied SurfaceScience?23024-33.

Li, B., X. Zhu, et al. (2008). "Supercritical carbon dioxidduced melting temperature
depression and crystallization of syndiotactic polypropyleRelymer
Engineering & Sciencé8(8): 16081614.

Li, H. and E. Ruckenstein (1996). "Axhiphilic particles with hydrophilic
core/hydrophobic shell prepared via inverted emulsial®itnal of Applied
Polymer Sciencé1(12): 21292136.

Li, Q., S. L. Chen, et al. (2007). "Durability of nano ZnO antibacterial cotton fabric to
sweat."Journal ofApplied Polymer Scienc&031): 412416.

Liversidge, G. G. and K. C. Cundy (1995). "Particle size reduction for improvement of
oral bioavailability of hydrophobic drugs: absolute oral bioavilability of
nanocrystalline danzol in beagle dodsat'J Pharm12591-97.

Majerik, V., G. Charbit, et al. (2007). "Bioavailability enhancement of an active
substance by supercritical antisolvent precipitatidnSupercritical Fluid40
101-110.

Martin, A., A. Bouchard, et al. (2007). "Mathematical modeling of tassransfer from
agueous solutions in a supercritical fluid during particle formatidoutnal of
Supercritical Fluidgl1(1): 126137.

Martin, T. M., N. Bandi, et al. (2002). "Preparation of budesonide and budegtindide
micropartilces using supercriticBuid precipitation technology. AAPS Pharm
Sci TechnoB(3).

Masters, K. (1991)Spray Drying HandbookNew York, John Wiley & Sons.

MendezSantiago, J. and S. Teja (1999). "The solubility of solids in supercritical fluids."
Fluid Phase Equilibrium158160; 501510.

Merisko-Liversidge, E. M. and G. G. Liversidge (2008). "Drug nanoparticles:
formulating poorly watesoluble compounds. Toxicol Pathol.36 43-8.

Merryman, H. T. (1959)Sciencel 30 628629.

Michiya, T., K. Matsuyama, et al. (2007). Oprticles containing zinc oxide particles,
hydrogel particles containing the same, and manufacture thereof. E. P. Office.

Ming, H. Y. and X. S. Li (2003). "Fully Coupled Analysis of Failure and Remediation of
Lower San Fenando Danudburnal of Geotechnicahd Geoenvironmental
Engineeringl294): 336:349.

Mitchell, J. K., C. D. P. Baxter, et al., Eds. (199¢rformance of improved ground
during earthquakesoil Improvement for earthquake hazard mitigation. Reston,
VA, ASCE.

Mitchell, J. K., H. G. Cookegt al. (1998)Design considerations in ground improvement
for seismic risk mitigationGeotechnical Special Publication. Conference on
Geotechnical Earthquake and Soil Dynamics Ill. Part 1 (of 2), Seattle,
Washington, ASCE.

Moyler, D. A. (1994). Extractin of flavours and fragrances with compressed CO2.
Extraction of Natural Products Using Nearitical SolventsM. B. King and T.

R. Bott. Glasgow, UK, Blackie Academic & Professional.

148



Mukhopadhyay, M. (2000Natural Extracts Using Supercritical CarboroKide Boca
Raton, FL, CRC Press.

Mukhopadhyay, M. and S. V. Dalvi (2004). "Mass and heat transfer analysis of SAS:
effects of thermodynamic states and flow rates on droplet Jike.Journal of
Supercritical FluidS80(3): 333348.

Muller, C. R., V. L. Basani, et al. (2000). "Preparation and Characterization of Spray
Dried Polymeric Nanocapsules.Dtug Development and Industrial Pharmacy.
26 (3): 343347.

Nail, S. L. and L. A. Gatlin (1993Freeze drying: principles and practitéew York,
Marcel Dekke, Inc.

NIST. "National Institute of Standards and Technology." from
webbook.nist.gov/chemistry/.

NNI. (2009). "National Nanotechnology Initiative." fromww.nano.gov

O'Neill, M. L., M. Z. Yates, et al. (1998). "Disp&ra Polymerization in Supercritical
CO2 with a Siloxandased Macromonomer Macromolecule81(9): 2838
2847.

Ohde, H., C. M. Wai, et al. (2007). "The synthesis of polyacrylamide nanoparticles in
supercritical carbon dioxideColloid & Polymer Scienc@854): 475478.

Packhaeuser, C. B., K. Lahnstein, et al. (2009). "Stabilization of Aerosolizable Nano
carriers by FreezBrying." Pharmaceutical Resear2f(1): 129138.

Park, H. and J. R. Robinson (1985)Controlled Releas& 257-275.

Park, H. and R. Robinson (1987). "Mechanisms of mucoadhesion of poly(acrylic acid)
hydrogels."Pharmaceutical Researd(6): 45764.

Pasquali, I., R. Bettini, et al. (2008). "Supercritical fluid technologies: An innovative
approach for manipulating the sehtate phanaceuticals.’Advanced Drug
Delivery Reviews0: 399410.

Peppas, N. A., P. Bures, et al. (2000). "Hydrogels in pharmaceutical formulations. ."
European Journal of Pharmaceutics and Bioplarmace&€ic27-46.

Peppas, N. A. and P. A. Buri (1983)Contrdled Releas®: 257-275.

Perrut, M. (2000). "Supercritical Fluid Applications: Industrial Developments and
Economic Issueslhdustrial Engineering Chemical Resear8®12 ): 4531
4535.

Perrut, M. (2000). "Supercritical fluid applications: industrial depments and
economic issueslhd. Eng. Chem. Re89(12): 4531 4535.

Perrut, M. (2003). "Supercritical fluids applications in the pharmaceutical induST."
Pharma Science$3(2): 8391.

Pesika, N. S., Z. Hu, et al. (2002). "Quenching of Growthr) Klanopatrticles by
Adsorption of Octanethiol J. Phys. Chem. B06 (28): 69856990.

Pikal, M. J. (2007). Freeze Dryingncyclopedia of Pharmaceutical Technolodly
Swarbrick. Pinehurst, NC., Informa Healthcare USA, Inc.

Pinnell, S. R., D. Fairhursgt al. (2000). "Microfine zinc oxide is a superior sunscreen
ingredient to microfine titanium dioxideDermatologic SurgeryAmerican
Society for Dermatologic Surge®6(4): 30914.

QuinteraOrtega, I., A. VivaldeLima, et al. (2007). "Modeling of the Homogeneous
FreeRadical Copolymerization Kinetics of Fluoromonomers in Carbon Dioxide

149


http://www.nano.gov/

at Supercritical ConditionsJournal of Macromolecular Science w, Part A: Pure
and Applied Chemisy 44: 205213.

Rasenack, N. and B. W. Muller (2002). "Dissolution rate enhancement by in situ
micronization of poorly watesoluble drugs.Pharm Res191894900.

Reverchon, E. (1997). "Supercritical fluid extraction and fractionation of essential oils
and related productsJournal of Supercritical Fluids)(1): 1-37.

Reverchon, E. and R. Adami (2006). "Nanomaterials and supercritical flulisirrial
of Supercritical Fluid87 1-22.

Reverchon, E., I. De Marco, et al. (2007). "Nanoparticles produlticupercritical
antisolvent precipitation: A general interpretatioh. Supercritical Fluidd3:
126-138.

Rizvi, S. S. H., Ed. (1994%upercritical fluid processing of Food and Biomaterials
London, Blackie Academic & Professional (A&P).

Robinson, J. Rand H. Park (1984)nt J Pharm19: 107-127.

Roco, M. C. (1999). "Nanoparticles and nanotechnology resedrclirhal of
Nanoparticle Researd{l): 1-6.

Rodriguez, E., M. C. Valbuena, et al. (2006). "Causal agents of photallergic contact
dermitis diagosed in the national institute of dermatology of Columbia.”
Photodermatol Photoimmunol Photon##{4): 189192.

Rodriguez, F., C. Cohen, et al. (200Bjinciples of Polymer Systemiew York, New
York, Taylor & Francis Books, Inc.

Sakohara, S. and K. Mof2008). "Preparation of ZnO nanoparticles in amphiphilic gel
network."Journal of Nanopatrticle Researt(2): 297#305.

SCCP (2006). "Opinion on Benzopheneéh&European CommissionScientific
Committee on Consumer Products

Seed, H. B. and I. M. 1drig4982).Ground Motions and Soil Liquefaction During
EarthquakesEERI, UCB, Berkley, CA.

Seed, H. B., F. Makdisi, et al. (1975Jides in the San Fernando Dams During the
Earthquake of February 9,197ASCE Journal of the Geotechnical Engineering
Division.

Seil and Webster (2008nt J Nanomedicing(4): 52331.

Sefiorans, F. J., A. RuRodriguez, et al. (2003). "Isolation of brandy aroma by
countercurrent supercritical fluid extractionJdurnal of Supercritical FluidZ6
(2): 12935.

Shekunov, B. Y., P. Chattopadhyay, et al. (2006). "Nanoparticles of Poorly-Water
Soluble Drugs Prepared by Supercritical Fluid Extraction of Emulsions."
Pharmaceutical ReseargB(1): 196204.

Silebi, C. A. and J. G. DosRamo (1989). "Separation of submeter particles by
capillary hydrodynamic fractionation (CHDFJburnal of Colloid and Interface
Sciencel 30 14-24.

Smart, J. D. (2005). "The basics and underlying mechanisms of mucoadhadwn."
Drug Delivery Review$7: 15561568.

Society, A. C. (209, 2009). "Skin Cancer Facts." fromww.acs.org

Spanhel, L. and M. A. Anderson (1991). "Semiconductor clusters in Hgekptocess:
guantized aggregation, gelation, and crystal growth in concentrated zinc oxide
colloids." Journal of the American Chemical Socié®38): 28262833.

150


http://www.acs.org/

Stahl, E., K. W. Quirin, et al. (1987). Dense Gases for Extraction and Refining. Berlin.
Spring-Verlag

Sutton, R. (2008). "CDC: Americans Carry Body Burden of Toxic Sunscreen Chemical
Environmental Working Group (EWG)Environmental Working Group Science
Analysis from www.ewq.org/analysis/toxiesscreen

Sze Tu, L., F. Dehghani, et al. (2002). "Micronisation and microencapsulation of
pharmaceuticals using a carbon dioxide antisolvé&dwder Technology
126(132-149).

Takeuchi, H., H. Yamamoto, et al. (2001). "Mucoadhesive microparticulate sylstems
peptide drug delivery.Drug Delivery Reviewsl7: 39-54.

Thairs, S., S. Ruck, et al. (1998). "Effect of dose size, food and surface coating on the
gastric residence and distribution of ion exchange rekihJ'Pharm176. 47-53.

Thakur, R. and R. B5upta (2005). "Rapid Expansion of Supercritical Solution with
Solid Cosolvent (RESSC) Process: Formation of Griseofulvin Nanoparticles. ."
Industrial & Engineering Chemistry Researt{19): 73807387.

Tom, J. W. and P. G. Debenedetti (1991). "Formatioimioerodiable polymeric
microspheres and microparticles by rapid expansion of supercritical solutions."
Biotechnol. Prog7: 403411.

Tom, J. W., X. Kwauk, et al. (1993). "Rapid expansion of supercritical solutions (RESS):
fundamentals and applicationgluid Phase EquiB2.

U.S. Food & Drug Administration, F. (2010). "Orange Book: Approved Drug Products
with Therapeutic Equivalence Evaluations." Retrieved March 5, 2010, 2010,
from www.accessdata.fda.gov

Valderrama, J. O., M. Perrut, et al. (2003). "Extraction of Astaxantine and Phycocyanine
from Microalgae with Supercritical Carbon Dioxide.Jdurnal of Chemical and
Engineering Dat&(4): 827%830.

Vanderhoff, J. W., J. M. Park, et al. (199Rjeparatia of Particles for Microvoid
Coatings by Seeded Emulsion Polymerizat@dilst National Meeting of the
American Chemical Society, Atlanta, GA, ACS Symposium Series.

Verreck, G., A. Decorte, et al. (2006). "The effect of pressurized carbon dioxide as a
plagicizer and foaming agent on the hot melt extrusion process and extrudate
properties of pharmaceutical polymerghe Journal of Supercritical Flui@8(3):
383-391.

Wahab, R., A. Mishra, et al. (2010). "Antibacterial activity of ZnO nanoparticles
preparedsia norrhydrolytic solution route.Applied Microbiology and
Biotechnology87(5): 19171925.

Wang, Y., R. N. Dave, et al. (2004). "Polymer coatamgapsulation of nanoparticles
using a supercritical ansiolvent processJournal of Supercritical Fluid23: 85
99.

Wang, Z. L. (2006). "Novel Zinc Oxide Nanostructures Discovery by Electron
Microscopy."Journal of Physics: Conference Se@és1-6.

Wang, Z. L., W. H. Finlay, et al. (2006 ). "Powder formation by atmospheric-spray
freezedrying." Powder Techology 170 45-52.

Werling, J. O. and P. G. Debenedetti (1999). "Numerical modeling of mass transfer in the
supercritical antisolvent procesg."Supercritical Fluid$6: 167-181.

151


http://www.ewg.org/analysis/toxicsunscreen
http://www.accessdata.fda.gov/

WHO. (2010, 2010). "Ultraviolet radiation and the INTERSUN Programhiverid
Health OrganizatiorRetrieved 3/2010, frorhttp://www.who.int/uv/en/

Willert, M. and K. Landfester (2002). "Amphiphilic Copolymers from Miniemulsified
Systems.'Macromolecular Chem. Phy203 825-836.

Xu, Z. Z,, et al. (2004). "Encapsulation of nanosized magnetic iron oxide by
polyacrylamide via inverse miniemulsion polymerizatioiotirnal of Magnetism
and Magnetic Material277: 136:143.

Yadav, A. V. and V. B. Yadav (2008). "Improvement of physicochemical properties of
mesalamine with hydrophilic carriers by solid dispersion (kneading) method."
Research J. Pharm. and Tetf).

Yamamoto, O., M. Komatsu, et al. (2004). "Effect of lattice constant of zinc oxide on
antibacterial characteristicslburnal of Materials Science: Materials in Medicine
15(8): 847851.

Yasuji, T., H. Takeuchi, et al. (2008). "Particle design of poorlenstluble drug
substances using supercritical fluid technologi@slv Drug Delivery Review$0
38898.

Yin, N. and K. Chen (2004). "Ultrasonically initiated emulsHiere emulsion
copolymerization of fbutyl acrylate and acrylamide. Part |: Polymeliat
mechanism.Polymer45: 35873594.

York, P. (1999). "Strategies for particle design using supercritical fluid technologies."
Pharmaceut. Sci. Technol. Tod2y430440.

Young, T. J., K. P. Johnston, et al. (1999). "Encapsulation of lysozyme in a
biodegadable polymer by precipitation with a vagmverliquid antisolvent.”
Journal of Pharmaceutical Scier8%6): 64050.

Yuan, Z. and B. D. Favis (2004). "Macroporous poHdcttide) of controlled pore size
derived from the annealing of @ontinuous polyyrene/PLA blends."
Biomaterials?5: 21612170.

Zhang, D. and e. al. (2006). Phys. Chem B10. 90799084.

152


http://www.who.int/uv/en/

APPENDIX A. High Pressure Vessel Design
A.l. Vessel I Large High Pressure Vessel withWindows

This vessel was designed by Melinda Hemingway and manufactured by Brian Schweiker
the Chemical Engineerir@epartmentMachinist. The intent of this new vessel addition

to the high pressure supercritical fluids laboratory is to enable two injectionvehtat

one time while utilizing an ultrasonication horn for enhanced mass transfer as well as a
larger volume capacity at 5001 with windows toobservgphenomenon occurring and
increase product yield. Semmontinuousexperiments were executed in Chaféor the

coating of hydrogel particléa a continuous flow of supercritical carbon dioxide.

An adaptation piece to account for the larger diameter vessel and the smaller diameter
horn a novel design for usage of the ultrasonication horn was genesatpdsed of the

top, adapter, and main body pieces (Figure?.1Some initialéak issues during

pressure tests yielded modifications to initial design at Teflongs locations.
Requiredninimumapplied torque when closing the vessel configuratigorévent
significant pressure lealts under investigation, and will soon be completed following a
torch wrench purchase and final vessel ports installesitructured base support has

been designed to allow the option of a bottom port installed wheliredcand to allow
easier collection of powder material. Initial pressure tests and ultrasonication activation
experiments were promising-his large vessel has been physically pressure tested to
4200psi and withstood no significant leak&n activatian of ultrasonication while
pressurized to 1600 psi and heated t&CA@as promising with harmonics tolerable from

20% to 35% amplitude, typical operational parameters.
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Figure Al. High Pressure Vessel.
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Figure A3. Adapter piece and the ultrasound horn that rests on the lip.
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Figure A4. Top with screw holes.

Figure A5. Main Body of Vessel.
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The vessel dimensions were diagramnme8olid Edgeby Mr. Schweiker The view

sights were determined byiagni ng t he windows to view the
top 10 of the Svdapmpiwse dwiamdeaves .(1i n. di amet
were obtained instead of quartz based on pressure rdtmggstandard safety factor at

room temperatureisthreSapphi re window di mensi ons ar e
which can withstand6064psi (Figure AH.

Dimensions (inches) PRESSURE (psi)
Diameter Plate Thickness SAPPHIRE Quartz
1.0 0.035 79 10
1.0 0.075 361 45
1.0 0.125 1004 128
1.0 0.200 2570 321
10 0.250 4016 502
1.0 0.500 16064 2008
20 0.035 20 #
20 0.075 aaQ #  Design Stress(psi)
20 0.125 251 31 Sapphire 20000
20 0.200 543 S0 PCA 17500
20 0.250 1004 126 Quarz 2500

Figure A6. Maximum Allowed Pressure Limits for CircuMfindows Saphikonmnow

SaintGobins Crystals)
A.2 Center of Gravity (COG) Calculations

Center of gravity calculations were executed to evaluate the proper location of welded
holding arms to attach to the support base and frame. In the three types of calculations,
the measurement is determined to be within a tolerable allowance to maghegrsijon

and human error in measuremenfgith the development of an axis of rotation

supporting the weight of the larger vessel, the center of gravity was calculated for the best
location of rotation to minimize forces on the joint in both an uprightrmaaand in

horizontal direction for collecting powder. A scr@int instead of solid weld was

decided upon in this positiorthe center of mass gravity,R, is defined asheaverage

of positions, i; weighted by massesy:

B > mar;

R = S
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An integral is utilized to calculate the center of massafmntinuous distributiomvith

mass density (r), and total mas, M, the sum becomes an integral:

' dv
! /rdm=%/p(r)r dV=ML.

R —
M [ p(r) dV

Three numerical integration methods based on location (left weighted, right weighted,
trapezoi@l) were utilized to estimate the center of mass of the large high pressure vessel,

then averaged to obtain the position of the rotating support.

L R Mid
Sum(m*r) 2006.49 2007.621 1968.911
Sum
Mass 613.43 613.43 613.43
COG 3.271 3.273 3.210
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A-3. Vessel 2 Small High Pressure Vessel Design

This vessel was designed by Melinda Hemingway and manufactuechéghanical
engineeringnasterstudentunder the mentorship of Lewis Peytofhe intent of this

new vessel addition to the high pressuneesaritical fluids laboratory is to enable

multiple experiments taking place in the laboratory while utilizing an ultrasonication horn
for enhanced mass transfer. A santinuous state is planned as batch development of
nanopowder in a continuous flov supercritical carbon dioxide. Thailization of this
manufactuedvessehas lead to some insights on how to repair major leaks at juncture
ports for high pressure tubingtlizing two ferrules and Teflon tape around the gland
produces a secure sedlhis vessel (403/304 instead of 316 SS) has tendency to rust and
routine preventative maintenance to remove is recommended. A Solid Edge version of

the below sketch is available from mechanical engineering.

A-4. High Pressure Safety

High pressure operating conditions required of supercritical fluids warrant special safety
precautions in place for mandatory protection of persoringhe laboratory

environment, this is indicative of wearing safety goggles and appropriate attire,
placement of high pressure devices behind secondary enclosures, and proper ventilation.
Carbon dioxidealthoughnonflammableis a potential asphyxiation hazard if

uncontrolled expulsionf the high pressure vesselrelPentative protective methods and

extraprecautions should be paramount in a routine work environment
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Appendix B. Detailed Polymerization Recipe for Polyacrylamide

Continuous Phase: cyclohexane 24 g, Span 80 (sorbitan monoleate) 0.75 g
Cool cyclohexane (CH) in refrigerator while weighimgt disperse phase
Bubble Nfor 2 min at 10 psi through chilled CH while weighing Span80

Disperse Phas&ater 2.253.0 g, monomer acrylamide 2.25 g
N,N-methylenebisacrylamide (MBA) crodisker 0.0225 g (1%} 0.111 g (4%)
Place on shaker >#7 setting ilMBA is dissolved (30 minutes)

For particle loading, add particles first, ultrasonicate sample (1 min 10%), then

remaining components, ultrasonicate prior to dropwise additionin 10%)
Mix continuous phase covered until Span 80 dissolved & golden &0 minutes)
Add disperse phase to continuous phase drop wise at a rate of at 1 drop / 5 sec
#4 Thermix magnetic stirrer around 15 minutes minimum

Allow to mix for 1 hr at this rate covered with teflon tape on rim of 140 ml glass flask

glass plate, gbil and parafilm around to secure vessel and prevention evaporation
Ultrasonicate = horn (1/206 default tip) ti
10% Amplitude, 15 min total sonication time, pulsed 5sOn/5sOff (take 30 min)
Chilled water bath around flask=T1 4 ¢ C
Nitrogen Purge = 2 min ~5psi no stirring occurred
Cover with aluminum foil, paraffin, and glass cover
Initiator AIBN added 75 mg directly, 150 rpm

Flask hovered over hot water bath at@%ith plastic shelf underneath
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Continue to purge ~10 psirfé min

Added flask to heat at 65eC (start timer),
At 10 min into reaction, adjust to 2 psi purge bubbles

After 15 min into reaction, turn Nank off

Allowed reaction to continue until completion (2 klefault)

Run POLY samplen DLS (estimate 5 drops in 10 ml CH, intensity 300 kHz)
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Appendix C. Materials of Interest.

Chemical MW Tm (€) Water
CAS # Structure (g/mol) | T,(eC) | Solubility | APPe:
. 0]
Acrylamide 2.04 kg/L
G VLNHE 71.08 | Tn845 | “op AM
POIy . CH—CH
(acrylamide) Tl Cross Highly PAM
" linked Absorbs
900305-8 " n
o Q To139 | ..
Acrylic Acid \)J\ 72.06 Tb 4 Miscible AA
OH m
NH;
Mesalamine 0.8 mg/ml
89.57-6 HO 153.13 | T,,283 (20°C) MSM
0] OH
. : 0.16mg/
Zinc Oxide F27 /2 Tm975
1314132 (Zn*?)(0?) 81.408 T.2360 (1300%n)| ZnoO
POIy(meI Rlote CH o CH CHomm CH == A
acetate) L ! %EJ, } 100,000 T430 PVAc
900320-7
Polysulfone . . C %
2513551-7 MW 35000 000 PSF
M, 16000
Polylactide s T,60
2616142-2 T° A 50000 Thn175 PLLA
My
Poly(hydrox —cH—cH 437,000
ybutyrate) &y d M PHB
2606300-3 300 ’600
Gelucire IS
(50-13) |
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Appendix D. Supplementary Information on Chapter 2 Experiments
D-1. Surfactant Effect and Ultrasound Effect on Polymerization

The effects of varying surfactant amounts through direct experimentation were
investigated with three amounts (1%, 2%, and 5%) utilized, all other factors held
constant. Surfactant percentages were determined based on monomer weight. As
expected through previous emulsion studies, the more surfactant amount utilized the
smaller theparticle size (numbeweighted mean diamet&MD) as the surface tension

is lessened. The surfactant quantity is based on weight percentage to monomer is not
approaching the critical micelle concentration that is utilized in typical emulsion
polymerizatons with zero surface tension. These experiments were prior to lowering the
guantity of water in disperse phase fromg ® 2.25g which increased the ratio of

surfactant to monomer disperse phase to obtain smaller particles with similar surface

tension a the initial 5% Span 80 with 3 g water in disperse phase.

NMD Span 80 1% Span 80 3.3% | Span 80 5%
Peak 1 | 135.11 97% | 92.51 97.1% | 75.71 98.3%
Std Dev | 18.51 13.7%| 11.4i1 11% 9.31 12.3%
Peak 2 876.41 3% | 278.10 2.9% | 254.2i1.7%
Std Dev | 66.91 7.6% | 40.97 14.1% | 29.97 11.8%

The effect of ultrasonication horn tip diameter was examined. For these experiments
only the three phase system was utilized of cyclohexang)(2dater (3g), and

surfactant Span 80 (0.¢pequivalent to 3.3 mentioned previoug). The same
ultrasonication amplitude of 19 was employed on both solutions in a pulse output of 5
s OnOff intervals for a total of 15 minutes. The 0iB0horn tip with less surface area at
the same energy input generated slightly smaller parati@s6nm, whereas the 0.76.

tip produed 436nm particles intensityveighted mean diameter (IMD).
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IMD US tip 0.5in | US tip 0.75in.
nm 316.4 435.7
Std Dev nm 133.2 250.5
Std Dev % 42.1 57.5
VMD 342.5 547.7
Std Dev nm 133.2 250.5
Std Dev % 42.1 57.5
NMD 138.3 94
Std Dev nm 58.2 54
Std Dev % 42.1 57.5

The swelling percentage for hydrogels can be calculated by the difference of the initial
weight of sampleqy, from a fully water saturated of the same sampte

% swelling = (el my) / my (Eq. 1.4)

The swelling diffusion mechanism in hydrogain changérom Fickian to norFickian
when the crosinker content is increased and whenpmmymers are usedrickian
diffusion relates the rate (flux) a substance will move through another stdystamass

transfer, in relation to the concentration gradié@ai and Gupta 2001)
0 —_ (Eqg. 1.5)

wherelJ is the diffusion flux (mol/rs), D is the diffusivity (n¥/s), the index is

indicative of thel' speciesg is the concentration (molf)) € is the chemical gtential
(J/mol),Ris the gas constant (J/(K mgl)is temperature (K), anlis the direction of

the gradient change. This equation typically describes mass transfer and concentration

gradients in one direction.
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D-2. Water Solubility Calculations in scCO,

Calculations were performed to evaluate a basis for the limiting step in the supercritical
drying of the miniemulsion polymerization, water removal. The knowledge of this data
assisted in optimization of the systéliow rates of scC®and the miniemulsion

injection. These calculationauggested initial flow rate parameters, lower injection flow
rate0.25 ml/minto higher CQ flow rate 15+ ml/min, based on injecting only water into

the vessel.

Defined Constants. @; density at 4°C

Water
CO2 MW Solin MW
Temp C  Pressure density CO2 CO2 H20
40 1500 0.96 44 0.00428 18

Water solubility in CQat T 313.2K mol% and mg/mI%Guptaand Shim 2007)
Referenced and extrapolated.

mol water/ mg water/

P bar mol CO2 ml CO2
101.3 4280 0.00428
111.5 4400 0.0044

126.7 4670 0.00467
152 5070 0.00507
177.3 5430 0.00543
202.7 5800 0.0058

Calculation % of water in injected miniemulsion

Volumetric
Polymerization Components ml % by vol
Cyclohexane 24 g 30 0.888689
Water 3 g 3 0.088869
Span 80 0.75 g 0.757576 0.022442
Total 27.75 g 33.75758

Dry (assume dissolves with no impact on volume)

AM 2.25 g
MBA 0.0225 g
AIBN 0.075 g
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Volume of vessel

To reach water in
POLY

100 ml

0.1680873 ml

0.5287071 ml

Flow rate balance of scCO2 solving ability and injected water content

Balance

Water
8.89%

40C, 101.3bar

ml/min

CO2

5
10
12
15
18
20
24

Inj

0.25

0.5

Water
ml/min

0.022217

0.044434

0.088869

0.0084044
0.0168087
0.0201705
0.0252131
0.0302557
0.0336175

0.0403409

0.013813
0.005409
0.002047
-0.003
-0.00804
-0.0114
-0.01812

0.03603
0.027626
0.024264
0.019221
0.014179
0.010817
0.004094

0.080465

0.07206
0.068698
0.063656
0.058613
0.055251
0.048528

*Balance Calculated by IHEO,
Flow rate balance of water content injected and available ss@@ng power

The addition of cyclohexane and Span 80 in the miniemulsion system was not expected

decrease the quantity of water removed; however, the presence of Span 80 and

cyclohexane showed an increase effect on the water content removed. Solubility studies

of sorbtan monooleate and the mixture in s¢&Pe suggested for future work to

elucidate the actual solubility effects of the components on the mixture.
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D-3. HPLC Calibration of Sorbitan Monooleate- Span 80

A large quantity ofitne and energy was spent optimizing and reviving the Waters HPLC
system to obtain readable consistent peak areas and retention times. Technical skills
required mastery of this HPLC system to obtain results. Multiple mobile phase ratios
were attempted tceparate sorbitan monooleate pe@& 15, 75:25, 70:30, 60:40) from

the other components.

This 60-40 (volume%) of IPA and water mobilsolvent separated the cros&kn
methylbisacrylamide (MBAfaNnd concentrated IPA injected solution from the sorbitan
morooleatepeaks. The monand diester peaks were much stronger than thetdl
tetraesters that are present in the commercial Span 80 purchased. This is due to the
manufacturing process and usage not requirsqguee producfor applications The

diester peaks were the basis for Span 80 content.
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HPLC Calibration Curve 230nm Span 80 in IPA

2 Mobile Phase- IPA:Water (85:15v0l%)
I= Inertsil ODS 2 - 4.6x250mm 20uL loop
220
1S
o
[ee]
g 15
o
0
o
o
= 10
< y =0.00104x + 0.25282
3] R2 = 0.99376
S 5
o
o
0 T T T T 1
0 5000 10000 15000 20000 25000
Area
o5 HPLC Calibration Curve 230nm Span 80 in IPA
Mobile Phase- IPA:Water (60:40vo0l%) 0.5ml/min
Inertsil ODS 2 - 4.6x250mm 20uL loop
20
E /
2 15 /
o
[ee]
S 10
& y = 0.0049x% 0.0752
c R2 =0.9984
S 5
5 /
€
q" 0 T T T T 1
(8]
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Appendix E. MesalamineHPLC
E.1 Calibration Curve and Data

For mesalamine encapsulation analysis, an HPLC method was developed based on
Kersterd s  wkeenst&n 1991) A mobile phase of KKHPO, and heptanoic sulfuric

sodium salt (890nl), methanol (50nl), and acetonitrile (3tnl) was flowed at 1.2

ml/min through a Hypersil C8 column, Pl aliquots were injected, and analyzed by UV
at 220nm wavelength. Calibration curve was established for mesalamine (eluted-at a 33
35 minute retention time) from 1 to 19Pm in a 10% M HCI solution and potential
residual interferences (monomer, crosslinkatiator, surfactant, and polymer) were
evaluated.The calibration curve was generated by dissolving 40.43 mg mesalangine in
ml 1IN HCI following diluting with desired amount of water. Inject volume for each
sample was 50ulMesalamineconcentrations @reobtained by extractinmesalamine

from the hydrogel powdeausing N HCI, centifuging (2 min at 3400 rpm)and filtering

(0.2um syringe filte}, andthese processed solutions run on the HPLC.

Mesalamine Calibration Curve
12000000 -

10000000 -

8000000 -

O
= 6000000

< y = 96739x 75485

4000000 - R2 = 0.9996

2000000 -

0 T T T T
0.000 20.000 40.000 60.000 80.000 100.000 120.000

Concentration (ppm)
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PeakAreas
(‘;gg“; 1.617 | 10.108 | 20.215 | 40.430 | 60.645 | 80.860 | 101.075
1 155887 | 919156 | 1877162| 3772011 | 5695217 | 7739588| 9787182
2 154225 | 920499 | 1880571| 3746081 | 5689892| 7732080| 9809800
Mean 155056 | 919827.5| 1878867 | 3759046 | 5692555| 7735834 9798491
S.D 1175.21| 949.64 | 2410.53| 18335.28| 3765.34 | 5308.96 | 15993.34
RSD | 0.7579 | 0.1032 | 0.1283 | 0.4878 | 0.0661 | 0.0686 | 0.1632
1N MES Stability 200ppm
in water | in 1N Hcl| After a day
Date
Run 18-Sep 19-Sep 4-Oct
1 9641713| 9358119 9552297| 9869936
2 9629967 9361830
Mean 9635840| 9359975 9552297| 9869936
S.D 8305.676| 2624.073
RSD | 0.086196| 0.028035
Assay 98.34 95.52 97.49| 100.73

Stability of mesalamine inMl HCI was found to be within tolerable range. Mesalamine
standard 100 ppmwas made September 19 and evaluated next day and periodically
thereafter. Polyacrylamide displayed no peaks in the mesalamine retention time (H5 and
141). Mesalamine alone with the shorter extraction time recovered 93% of expected
mesalamine (H6 and 3% Control samples of known mesalamine content were

physically mixed with polyacrylamide. Using a shorter extraction time of 1.5 hrs,
concentrations obtained were low at 77% recovery (H7, 142, and Expt. 9). Using a
longer extraction time overnight asttonger acid content, recovery from the physically

mixed meskamine and PAM was 100% (C1).
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CONTROLS PeakAreas
PAM 10% 1 N HCI: MeOH
H5 2" 1412
H5 141 day day
1 No Peak No Peak No Peak | No Peak
2 No Peak No Peak No Peak | No Peak
Mean --- --- --- ---
S.D --- --- --- ---
RSD --- --- --- ---
CONTROLS PeakAreas
10% 1 N HCIl: MeOH
143 2nd
H6 143 H6 2nd day day
MES Alone | MES Alone| MES Alone | MES Alone
(2.5mg/ml) | (Img/ml) (2.5mg/ml) | (Img/ml)
1st Day
1 3255666 1276270 3346007| 1300909
2 3262931 1270566 3351848
Mean 3259298.5 1273418| 3348927.5| 1300909
S.D 5137.13 4033.34 4130.21 ---
RSD 0.1576 0.3167 0.1233
Conc 34.47 13.94 35.40 14.23
D.F 66.67 66.67 66.67 66.67
Final Conc 2.298 0.930
(mg/ml) 2.360 0.949
Expected 2.51 1 2.51 1
% 91.56 92.96 94.02 94.85
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CONTROL

PAM+MES PeakAreas
75% 1N
Physical HCl:water 10% 1 N HCI: MeOHS5 hrs
mix overnight
nd nd Expt 9
c1 142 | 1422%day| H7 | H72"day| , AI\‘; NP
1 2728588 1052409 1199734 2719673| 2802386/ 1197096
2 2716241| 1054937| 1200219| 2721678 1194397
Mean 27224145 1053673| 1199976.5| 2720675.5| 2802386| 1195747
S.D 8730.65| 1787.57 342.95| 1417.75 1908.48
RSD 0.3207 0.1697 0.0286 0.0521 0.1596
Conc 28.92 11.67 13.18 28.90 29.75 13.14
D.F 10.00 66.67 66.67 66.67 66.67 66.67
FinalCone 0289  0.778 1.927
(mg/ml) 0.879 1.983 0.876
Expected 0.2875 1 1 2.5 2.5 1
% 100.60 77.81 87.90 77.08 79.33 87.61
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PeakAreas
SAMPLEV
Sampleg20mg/4ml) 50:50 1N HCl in (MeOH or water) 100?%{,2”1',\'1'5”
Overnight HCI:MeOH
Expt4 Expt4 Expt4 Expt4
(MeOH) (MeOH) (water) (water) Expt4
0.4to1ml 0.4to1mil
dilution As Such dilution As Such 0.03/2
1 1031016 2575228 957355 2527704 118335
2 1026176 2617961 957290 2515118 121022
Mean 1028596 2596594.5 957322.5 2521411 119678.5
SD 3422.40 30216.79 45.96 8899.65 1900.00
RSD 0.3327 1.1637 0.0048 0.3530 1.5876
Conc 11.41 27.62 10.68 26.84 2.02
D.F 2.50 1.00 2.50 1.00 66.67
Final Cone 0.029 0.028 0.027 0.027 0.134
(mg/ml)
Expected 0.25 0.25 0.25 0.25 1
% Efficiency 11.41 11.05 10.68 10.74 13.45
PeakAreas
SAMPLE/
(20mg/4ml) 50:50 1N 100mg/5ml 10% 1IN
HCl:MeOH/water Overnight HCl:MeOH 1.5hr
Expt5 (water) Expt5 (water) Expt5
0.4 to 1 ml dil As Such 0.03ml to 2ml
1 5155417 13010675 713517
2 5184245 13047555 710913
Mean 5169831 13029115 712215
SD 20384.47 26078.10 1841.31
RSD 0.3943 0.2002 0.2585
Conc 54.22 135.46 8.14
D.F 2.50 1.00 66.67
Final Conc 0.136 0.135 0.543
(mg/ml)
Expected 0.25 0.25 1
% Efficiency 54.22 54.19 54.28
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SAMPLE PeakAreas
VI & VII&
(20mgfaml) |4 56ma/5mi 1.5hr10% | 20mg/aml (3ml N HCl:water
50:50 IN HCI 1IN HCIl:MeOH overnight
(MeOH/H20)
Expt7 (water) Expt6 Expt7 Expt7 | Expt6 | Expt3
As
As Such 1N HCI INHCI | As Such| Such | As Such
1 1328790| No Peak 717465 1300013| 11046 | O
2 1326994| No Peak 71572( 1310817 | 15124 | O
Mean 1327892 --- 394518.5| 1305415| 13085
SD 1269.96 --- 456715.32
RSD 0.0956 --- 115.7652
Conc 14.51 4.86
D.F 1.00 5.00 5.00
FinalConc 0015 - 0.024| 0009 0.022| 0.002
(mg/ml)
Expected 0.25 1 1 0.25 0.25 0
% Efficiency 5.80 2.43 3.60 8.80
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E.2. HPLC Chromatographs Examples

Mesalamine gandardi 100 ppm
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Potential Interference Components

MethylbisacrylamidéMBA) + Mesalamine (black)

AIBN + Mesalanine (blue)
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Span 80 + Mesalamine (blue)

Span 80 (black) + Mesalamine (blue) (ZOOM)
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Acrylamide(black) + Mesalamine (blue)

Acrylamide (black) + Mesalamine (blue) (ZOOM)
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Examples of Experimental Samples
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Experiment Ili Polyacrylic acid

Experiment IlI- Copolymer
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Experiment V

Experiment V(Zoom)

Experiment VI
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VI-C (Zoom) CopolymeMSM

Experiment VI filter (zoom)
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Experiment VII

ExperimentVIlI (zoom)
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E-3. Mesalamine Particle Calculations

NANOFLAKES

thickness

length

cylinder

nm

100

900

short cylinder

SA = A flat surface + B cylinder

A 2 circles
r= 500 450 400
(2pi r"2)
A=| 1570796.3| 1272345| 1005310
B Cylinder h= 100
r= 500 450 400
(2pi*rrh)
B=| 314159.27| 282743.3| 251327.4
SA)t:A"'
B 1884955.6| 1555088| 1256637
AVG
(hm? 1.57E+06
Volume = 100
r= 500 450 400
(pi*h*r™2)
V=| 78539816| 63617251 50265482
AVG
(nm®)  6.41E+07
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GROUNDPARTICLES width length
nm 225 350
2 sphere halves + cylinder
A Sphere
r= 112.5 110 100
(4pi r"2) A=| 159043.1| 152053.1| 125663.7
B Cylinder r= 1125
h= 125 130 150
(2pi*rth) B=| 88357.29| 91891.59| 106028.8
SAt=A+B | 247400.4| 243944.7| 231692.5
AVG
(hm? 2.41E+05
Volume
A Sphere
r= 112.5 110 100
(4*pi*r~3)/3
A=| 5964117| 5575280 4188790
B Cylinder r= 1125
h= 125 130 150
(pi*rr2*h) B=| 4970098| 5168902 5964117
Vi =A+B | 10934215| 10744181| 10152908
AVG
(hm®)  1.06E+07
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Appendix F. Commercial PAM i Design of Automated Grinding

An IKA® 1TWERKE M20 grinder with a cooling jacket aneedged blade was used to

grind commerical polyacrylamide. Two systems were developed to chill the water

pumped to the cooling jackeltOeG. chA Itloetralf io
minutesgrinding time was accomplished, with 20 seconds grinding time an@®&0

second average rest times between each 20 second grind session. Every 5 minutes of

grind time, a 5 minute break was taken to allow the grinder motor to cool and to allow

for the adlition of more ice.

After grinding the powder, it is transferred to a USA Standard Sieve tower witm75

(No. 200) 45um (No. 325) and 25um (No. 500)sieve diameters. The sieve tower was
placed on a Retsch AS 200 Sieve Shaker for 50 minutes at 70% amplitude and settled for
30 minutes before collecting the powder from the different sieve itediysng the size

ranges of ground polyacrylamide as 8, 2545 um, 4575 um, and >75um. The 25

45 um and <25um were used for further testing in evaluating coating applications.

In the process of coating polyacrylamide, the commercial product was ground to a size
suitable for experimental usage after sievihgthis process, a water bath cooled grinder
required manual activation of a button for an extended duration period. The optimized
grinding series was obtainég guidingundergraduate students: Craig James Smith,

Mi chael O6 Gui n, a mhe ex8cutiarcoy mulimengnmdimgfsesdiods.to
supply civil engineering the hydrogel powder consists of hard work with assistance by

these undergraduate students and visiting doctoral student Jin Heyang.

An automatic system to override the manual pustohwas developed with assistance
from Brian Schweiker with time allotments for supplying energy (ON) and holding time
(OFF). The adjustable designed automated systemugpdet a 2min wait time and 20s
grind time and counts the number of cycles (OND#Rat has occurred. Currently,-15

20 cycles are executed prior to checking the temperature and adding more ice to the
system. If the system is allowed to heat from excessive use, the polyacrylamide batch
wasdeemedinusable andvasnot provided to cidiengineering.The entire grinding

session for 2880 g PAM batches consists ob4runs of the 120 cycles for a total
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grinding time of 2633 minutes over the course of 2.33hrs to 4 hrs not including break
times for preventative machine overheating.c@maent with the automated grinding

system for set active grinding time and rest time is diagrammed below. Two dials
establish the time duration for each active and rest period: active on the top and rest time
on the bottom. Selection is determined byhlabe letter and dial number between

minimum and maximum. Cycles are counted as one active time and one pause time.
Setting used was for the active period (D, 5) and rest period (H, 8.5). Approximately 15
cycles are executed before adding more iceaatid water bath (chiller finger broke).

The forms generated to track grinding and collection of powder are also below.

Minimumtime puv AUA¢ AG— 1 OOT Zminutes grinding/2hrs hold time

Maximumtime ¢ TAUA¢ AOGO— v O O138minutegyrinding/3.33hrs hold

time
SELECT TIME RANGE

MIN MAX units
A 0.6 2.5 sec
B 15 5 sec
C 2.5 10.5 sec
D 5 21 sec
E 10 42 sec
F 0.4 1.4 min
G 0.7 2.8 min
H 15 55 min
| 3 11 min
J 5.5 22.5 min
K 11 45 min
L 0.4 1.5 hr
M 0.8 3 hr
N 1.5 6 hr
O 3 12 hr
P 6 24 hr
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