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ABSTRACT

This work brings results from evaluation of choseatural polymers and

investigation of different factors influences oeitlphysico-chemical properties.

Study also brings review about two different wayspolymerization of natural
polymers and afterwards investigation of theirmtisgration; which is a key factor for

pulsed delivery mechanism.

Other critical studied factor is protection of usébres. It is presented by
construction of nanocomposites, which can even ovgrbasic properties of raw

material and brings potential of building up otheeful compounds.

Keywords:pulsed drug delivery, nanocomposites, wound hegaliressing, natural

polymers

ABSTRAKT

Tato prace pnasi vysledky zkoumani vybranych zastupz fad pgirodnich
polymers, stejré jako vysledky zkoumani jejich fyziko-chemickychastnosti a vlivu
okolnich faktofi na piibéh téchto charakteristik.

Tato prace se také zabyva popisem dvou polyénérh postup pro vytvaeni gelu
z prirodnich polymet, kdy tyto jsou naslednrozkladany vlivem okolnich podminek.

Studovany rozklad je nezbytnou podminkou pro kdotwany rozptyl.

DalSim kritickym faktorem, ktery je v této praciudbvan, je ochrana pouZzitych

vlaken. Tento problém je vigdlozené practeSen konstrukci nanokompagitkteré



mohou jednak chranit vlakna, jednak vylepSit zakladastnosti ¢&chto vidken, nebo
mohou slouZzit jako podklad pro stavbu dalSich jeelko které obohati zakladni

vlastnosti nanokompoZzit

Toto vSe nize pinést dalSi budoucnost pro aplikacdirgdnich vlaken v

medicinskych aplikacich.

Kli¢ova slova:kontrolovany rozptyl |&va, nanokompozity, povrchovacléa ran,

piirodni polymery
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INTRODUCTION

Until recently textiles were understood as materfal clothing or households, in
very narrow view, because they were used as sages in whole human civilization.
But in the broader one, textiles are materials Wiuan be found in all aspects of our
lives and during time there was also modified thiedd of applications, generally

called technical textiles.

The definition of technical textiles says that tleg textile materials and products
manufactured primarily for their technical and penfiance properties rather than their
aesthetic or decorative characteristics. Nowadayseasing number of technical

textiles where combination of functionality withadeative aspects is equal [1].

This very general title covers many different apgiions from defence, transport
and geotextile industry to medical applications @&ncbvers sometimes very diverse
products: industrial filters, implants and artificiorgans for medicine, motor nozzles,

and high performance sport clothing etc. [1].

Manufacturing of technical textiles is great opparty for evaluations and
investigations and it covers up usual technologass knitting and weaving or
technologies more typical for paper industry — nomans. Textile industry and paper

industry are very close in technical textile view.

Yarns and fabrics are used for various applicatiotiser than clothing and
furnishing for many years. Technical textiles ao¢ only a result of an application of
high-tech materials, but also common raw materf$/ethylene, polypropylene,
polyamide, viscose, cotton, flex, jute or sisal evhare used for centuries. This area of
industry is so dynamic that it completely breaksdeos between technical textiles and

other engineering materials like: paper, films, rbesnes, filters etc.

13



TBU in Zlin, Faculty of Technology

In last decades there was enormous growth of m&seamnd production in this
industry field. Branch of technical textiles is magfinitely one of the most potential
and developing field of industry. Economic factorsjodernization, fashion,
development has very great impact on this flexddyeloping industry field.

History of technical textiles

History of technical textiles and their manufaatgrgoes hand by hand with human
history; even they were not called technical testilDevelopment of technical textiles
Is very close to developments in other technicald§, especially fibre industry, and

reacts on trade needs for industry and human biily

Before beginning of Z0century the fibres for technical use were varioegetable
and animal fibres. The products from them were ematieavy with highly limited
water, fungal and flame resistance, what influenitedquantity of applications. The
line of investigations in textile manufacturing extls the field of applications, for
example whale oil used as lubricant open the waytef structures to furnishing and
household usage. At 1910 the development of teahméxtiles were influenced by
first synthetic fibre viscose rayon, which was Iyghsed as reinforcing material and
much later its properties predict it as a first poment for non-woven structures. This
was followed by other developments of syntheticefdhand manufacturing processes:
1939 polyamide, well known as nylon, 1950’ polyestand polyolefin (mostly
polypropylene and polyethylene), 1960’ tape anth fijarns. In 1980’ were firstly
introduced high performance fibres (aramides), whae usual above mentioned
fibres with modification of their properties, thaye answer for needs of specific fields

of applications.

Carbon fibres are chapter itself with reinforcingplcations in military,

construction and aerospace markets. New fibrestdirdeveloped as well as new way

14
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of fibre and structure manufacturing (polytetrafioethylene (PTFE),
polyethyletherketone (PEEK). Glass fibres once ussdcheap insulation form
nowadays 20% of total fiore consummation. They ardely used as reinforcing
material in variety of composites for their excetlgroperties. On the other hand
ceramic fibres are predetermined for specializgdiegtion due to their high costs and

poor mechanical properties.

This industry area is very dynamic with many newealepments still coming alive

and seems to be very dynamic in the future too.

Market of technical textiles

The production of technical textiles is mostly cenitated in highly developed
countries in North America and Western Europe wikataused by the historical

development of this industry area in the past.

Before economical crises the technical textile stduemployed in sum about 2.3
million workers [1], as was mentioned higher it vihe area with the great investment
potential, but it was also one of the areas withhighest deficit. Its deficit was second
highest after automotive industry one. The exangblé&nited States of America is
typical and great investments in technical textiianufacturing to stay competitive
contrary the smaller customer duties can be onéhef factors which influence
economic development of countries and bring therthéothreshold of the economic
crisis.

So what made and still makes this production apeattsactive? Many producers do
not see themselves as textile producers, but treydvrather count their productions
as part of car manufacturing, medical or filter quots producers. Broad range of
applications and end users with their special nekigd norms and specific criteria

make products of technical textile manufactures etbing more than just common
15
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goods. Another factor should be lower dependendki®industry area on economical
situation, at least seems to be lower than dep&edaincommon textile industry areas.
Other factor of attractiveness should be conneatith the fibre industry, where the
consumption of fibres for technical textiles reaclaémost 50% of all produced fibres
[1].
Nowadays developed countries take majority of taaintextile production, but

there are strong indicators that East EuropeanFandtast markets will be significant
for this industry and the countries of Asia will b&jor producers of technical textiles

in the future. World consumption of technical tkegiby region is presented in Figure
1.

The interest of investors starts increasing witleation to Western Europe, Asia or
other world place’s markets, where the product®munning in almost all technical
textile branches and where are strong indicatogg@#fiing interest of market about the
production in these countries is being driven bywyndifferent factors. Some of them
are mentioned below:

population growth, changing of demographics, ageintpe population

changes in living standards, attitude to healtksris

defence, military, aerospace, automobile industényetbpments

construction, environmental, safety aspects

increasing demand for standard products with cleket and application

the growing dominance of purchasing which demandseasing value for money
economical stability

changes in industry, a major consumer of technéxdiles

16
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10° tons % rillion

Grivwth Grivth

2000 2005 (% pa) 2000 2005 (% pa)
Western Europe 2690 3110 25 13770 15730 2.7
Eastern Europe 420 5G0 55 2800 3 260 55
Morth Armerica 3450 3890 24 155830 18520 22
South Ametica 350 430 47 1870 2270 3o
Asia 3 &R0 4510 48 0560 25870 47
Fest of the world g0 1150 65 4 590 5 280 B5
Total 11340 13690 39 60270 72330 3.7

Figure 1: World consumption of technical textilgsgeographical region [1].

The production of technical textiles exceeds tlofdwhole textile production on
detriment of common textile products, means houseshocarpets, upholstery.
Technical textiles are further divided to other lmeemain fields according to the
applications. This distribution was decided onldaling international trade exhibition
for technical textiles, Techtextil, which is regdyabeing hold in Frankfurt in Germany

and Osaka in Japan [1].

Agrotech(agriculture, gardening and forestry)
Buildtech(construction)

Clothtech(technical components for clothing and shoes)
Geotech(geotextile and road construction)

Hometech(furniture components, upholstery and floor-congs)
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Indutech(filtration, cleaning and other industrial appticas)
Meditech(medical and hygienic textile)
Mobiltech(automotive industry, marine construction, raitf@ad aviation)
Oekotech(products for environment protection)
Packtech(packing)
Protech(protection of people and property)

Sporttech(sport and leisure)

Indutech

heditech
Hometech

Mabiltech

Geotech—

Clothtech Dekaotech

Buildtech
Agrotech

Packtech
aporttech

Figure 2: World end-use consumption of technicalilies by application area [1].

Each segment of textile application field covensraad range of applications with
many end uses, which are produced from whole sddlbre materials and production

methods.
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Medical textiles overview

The field of medical textiles covers also a vergda range of uses, based materials
and applications from plasters to sensoric apprsafThis fast and regularly growing
area covers materials used in health but also igiehic applications. World

consumption of medical textiles in volume 1 000et®is presented in Figure 3.

Medical textiles are big opportunities for nonwoseas well as for composite

materials, which combine positive characteristiceach from used substances.

2004

2000+

1,000 tons
m
=
=

—
=
=
]

5004

1505 2000 2005 2010
Year

Figure 3: Volume of world consumption of medicatites in last 20 years [1].

At the present time the importance of lowering tb&l costs per capita on post
traumatic recovery is a driving force for intensiugaterials research oriented on
surface coatings and different tissue regeneratancles. Both synthetic as well as

the natural biopolymer systems are used. Our aithasstudy of the polysaccharides
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based tissue recovery enhancement devices dueitobthth healing as well as anti-
inflammatory effects. One of the possible applmagi seems to be cosmetics and

wound healing dressings.

Skin is the human body's largest organ. Skin hasyrhanctions, which are essential
for life. It helps to regulate body temperaturesnie the natural barrier against the
action of physical, chemical and bacterial agerdasfsurrounding or it is the part of
the system respiratory. The nerves in skin formgpecial end organs for the various
sensations commonly grouped as the sense of tdese noticed functions are only
the best known.

As sketched above the skin is very important farlming. On this account it must
be insured against the reactive agents from sudinogrenvironment and also against

insult by serious emergency.

Unfortunately the skin is often seriously injuredridg car accidents, burnt up by
fire or electricity, etc. Very often these are vdrgavy injuries with far-reaching
consequences. These are affected by problems due@lghg. The physical, chemical
and bacterial agents influence healing processy thake it slower and not so

effective. The results are tedious treatmentstrexcdurn scars, etc.

On that account an interest to make the healinggs® more effective is such
enormous. A special tools and methods of the trewatsn are being developed.
Synthetic as well as natural polysaccharides avednnpatible with human skin. Both
have positive effect on wound healing. These nmatenvork on as a cover. They
protect the wound against bacteria, physical amanotal processes from surrounding

environment and help to speed up the healing psoces

Our aim is to produce special plasters from bion®e polysaccharides. These
plasters will be applied on the injury in a ligdatm. By the medium of a cross-linking

agent, liquid will form a very thin film. This filmwill protect the wound against

20
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aggravating factors from surrounding atmosphereailltspeed up the healing process

and conserve the wound.

In a point of time the film will degrade. The wouwndll be clean and it will not be
hurt again by painful whipping off the plastersiasthe case of using the ordinary

plasters. Then the wound will be prepared for otreatment or other film application.

Before the thin films will be produced, the evaioatof suitable biomaterial is
required. The based material must be determineaveds as its reaction on any

influences.

The part of presented work is focused to evaluai® @éoose natural cellulose
fibres, which will be suitable as matrix for wouraling articles. Three chosen
polymers are investigated: OK CEL, HEC, CMC anduiafice of surroundings on
their physical and chemical properties are evatuate well. Investigated factors are
initial polymer concentration, temperature, pH aadt concentration of surrounding
solution and their influence on density, UV-VIS Higabsorbency, particle size

diameter as well as contact angle, tensile strength

Other investigated factor is possibility to entdapg molecules in to the gel matrix
prepared from natural polymers. This solution cpaesl up the healing process of
wounds, without removing plasters from the wound aithout bringing other suffer

to the wounded tissue. That is why the drug retepsiust be controlled and gradual.

To this topic other part of presented study is catéid. We try to investigate
controlled disintegration of polymer cross-linkeatnx. Initial polymer concentration
and its influence on this disintegration procesg aiso taken into account.
Disintegration is evaluated by physico - mechantests: as evaluation of rheological
characteristics, measuring of free polymer pamiclie surrounding solution and
increasing osmotic pressure of degrading matrix.o Tmatural polymers were
investigated dex-HEMA and PEG-HEMA.

21
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Next investigated issue is covering of fibre suefagth inorganic compounds to
protect them against harmful factors from surroogdenvironment. This study is

performed on natural fibres which are covered byasand titanium.

Such produced inorganic/ organic compounds are ammposites; then can be
taken as base for building silver metal particlegleeir surface. Silver metal particles
bring antibacterial characteristic to these nanquusites. Antibacteriality and high
sterility is one of the demanded factors for meldievices.
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Evaluation of dex-HEMA for controlled drug delivery

1 EVALUATION OF DEX-HEMA FOR
CONTROLLED DRUG DELIVERY

In the 1970’s polymeric systems came into existexscpotentially efficient antigen-
releasing carriers designed to provide “single-stap “single-shot” immunization.
World Health Organization supports this developmentmunization techniques as a

way to improve immunization coverage as well asthice vaccination costs [1.5].

Recently, there is a growing interest to study bgddable hydrogels for drug
delivery applications [1.7], because of their sal/&eneficial properties. They consist
mainly of water, which ensures a good compabiliithveody proteins. They possess a
good biocompability and have a low interfacial fegeergy in contact with body fluids,
which results in a low tendency for proteins anlisde adhere to those surfaces. And
finally the release of molecules (drugs, proteifiem the hydrogel matrix can be
controlled and manipulated by the characteristitgshe hydrogel; such as water

content and cross-link density of the gel [1.8].

This project is part of a research to design explpdanicroparticles, which consist
of a degrading hydrogel core surrounded by a lipambrane. This membrane should
be ruptured by the osmotic pressure of the degrgeednd it should keep entrapped

drug molecules and gel degradation products insntiéthe moment of explosion.

There are many ways to encapsulate hydrogels iliggicacoat. For example the
method of Sergey Kazakov: the hydrogel-forming conmgnmts are encapsulated into
liposomes. The outside solution is diluted to préveolymerization and afterwards
UV exposure is used to initiate a free radical pwyization [1.9].
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Figure 1.1: Schematic picture of a gel particle munded by a semi permeable
membrane, during degradation of polymer chains.i@hare connected into
a three-dimensional network by chemical cross-links at the end of
degradation process polymer solution is inside tbemi permeable
membrane— after swelling pressure exceeds the tensile streind the

membrane, it ruptures and drug molecules are reddd4.8].

Another way can be preparation according to thehateiof Kiser and Needham.
First hydrogel microspheres are produced and afteisvthe microgels are sedimented

by centrifugation on lipid film [1.10].

The lipid membrane allows transport of small molesywater, ions) between gel

and surrounding solution and also prevents larglecates from leaving the gel.

Each membrane has a tensile strength. Swellingsypresof the gel increases
because of degradation. When the swelling pressureeds the tensile strength of the

membrane, it ruptures and the drug molecules amplately released.

In earlier studies the behaviour of a methacrylakextran (dex-HEMA) was studied
for understanding thermodynamic and kinetic prapsriof hydrogel matrix. The
degradation of the gel is caused by the hydrolgsithe carbonate ester link formed

between the methacrylate group and dextran molecule
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Figure 1.2: Chemical structure dex-HEMA, that isigdse substituted with HEMA.
Degradation of dex-HEMA is caused by hydrolysisl&BMA cross-links and

free dextran and HEMA chains are produced.

The kinetics of the gel degradation can be infl@ehisy degree of substitution (DS,
the amount of HEMA groups per 100 glucose units) aoncentration. In recent
studies these influences were tested. Studies perfermed on dex-HEMA gel, with
molecular weight () 19 000 and 40 000g.mbl

Recent studies found out that increase of swelprgssure is gradual and slow
during first days of degradation. But close to #med swelling pressure suddenly

increases and reaches the limit of the tensilegtheof the membrane.

This study tries to compare pressure and releakavimir of the gel, which is
prepared from dex-HEMA with the molecular weigfd@g.mof'. The reason why we
examine another molecular weights is that is hdsetdifficult to coat microspheres of
dex-HEMA with molecular weight 19 000g.nfolWe used dex-HEMA with the same
value of DS for preparation of gel and tried todstigate the other influence factor,
which is initial concentration. We prepared gelshwdifferent concentrations and we

expected that concentrations of cross-links groth wicreasing amount dex-HEMA.
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Figure 1.3: Sudden increase of swelling pressunetipee. The two curves represent

hydrogels with different DS.

This will be reflected in the kinetics of the degméion. The gel was prepared by UV
and chemical polymerization. We expected that tbbrperization type does not

influence degrading behaviour of this gel.

Kinetics of the degradation process is reflectedvirlling pressure of the degraded
gel. Increase of the swelling pressure dependdasti@and osmotic pressure of the
gel. Both values can be measured during degradatiom We measured regularly

elastic modulus of the gel.

During degradation process free dextran chainspaoeluce and leave the gel

structure. The increasing amount of free dextras also measured.

We also studied the degradation process of PEG-HEWI#e degradation was
realized in buffer with different pH. We predictédaat degrading process would be
faster with increasing pH of the buffer. Osmotiswelling pressure measurement was

carried out after different time of degradation.
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erpfrdoy ey

Figure 1.4: Chemical structure of PEG-HEMA, what pely (ethylene glycol)
substituted with HEMA. Degradation PEG-HEMA is acadi®y hydrolysis of

HEMA cross-links and free PEG chains are produced.

The knowledge of variation of swelling pressureimigiigel degradation can help to

design pulsed delivery system with tailored swegllmmessure profile.

1.1 Aim of project

This study is performed to investigate possibibfyusage of natural polymers for
pulsed drug delivery systems. Two different ndtpodymers are used as investigates
materials in our study; dex-HEMA and PEG-HEMA. Thitudy should describe
different ways of polymerization and their influenon degradation process. Also
other factors; as molecular weight, initial concatibn of monomer or pH of diluting
surrounding solution; which can influence the ddgteon process of prepared gel

were studied.

Degradation of polymer is investigated by differemasurements. Refractometric
measurement evaluates free dissolved rests of polymdissolving solution. On the
other hand rheological measurement investigatetiel@modulus of degrading slices of
polymer gel. Another series of measurement wilpbgormed on home made osmotic

pressure measurement device. The predicted inngeassmotic pressure will be
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investigated by this device with usage of two ddfg standardized semi permeable

membranes.

Results will be presented in charts, which willdgsepared from calculated values by
using presented and described equations.

Investigated decision about using evaluated subssafor pulsed drug deliveries

systems will be concluded at the very end of tingd part of presented work.

1.2 Materials and methods

1.2.1Synthesis of dextran derivatized with hydroxyethyl
methacrylate (Dex-HEMA)

Chemicals

Dextran (from Leuconostoc mesenteroides, T40, MwG80g.mol-1, as determined
by GPC analysis, lot.n°® 2528), dimethyl sulfoxidBMSO, <0.01% water), 2-
hydroxyethyl methacrylate (HEMA, Mw = 145, 3g.mobk197% GC, lot.n° 4519711)
and dichloromethane (DCM, no alcohol as stabili®x.9%, Mw = 84, 93g.mol-1,
lot.n° K32082944 325) were obtained from Fluka CleeAG, Busch, Switzerland. 4-
N, N-dimethylaminopyridine (DMAP, 99%, Mw = 122, dmol-1) and 1, 1'-
carbonyldiimidazole (CDI, 98%, Mw = 162, 15g.mol-dere from Acros Chimica,
Geel, Belgium. Concentrated HCI (37%, 12,5M) isnfro/el, Leuven, Belgium.
Sicapent with Indicator (P205 on carrier) and magma sulphate (MgSO4) were
obtained from Merck, Darmstadt, Germany. Deuteradoroform (CDCI3)
Deuterium oxide (D20) was delivered by Isotope Lrabmries Cambridge. Water was

purified by reversed osmosis. Liquid nitrogen wasdito force out oxygen.
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Materials and apparatus

Vacuum oven with a Petri dish with Sicapent, 500 ané-necked round bottom
flask, nipple, stirring bar, rotation film evapavat(rotavap), 1l tree-necked round
bottomed flask, septa, 300ml conical flask, longtaheneedle, needle with tube
connection, cellulose dialysis tubes (Spectra/Psi® 7 and molecular weight cut off
2000 D) from Spectrum Laboratories, Rancho DomiegWSA, 5| beaker, freeze
dryer, 11 1-necked round bottom flasks of high duaylass, magnetic stirrer and

Pasteur pipette were used during synthesis.

i A

N N
HEMA CDI
\) {\NH
@) N
— o - ¢
N
o imidazole
HEMA-CI
L\"o
OH o /—_—_:N
o \) DMAP
OH ﬁ‘)LO \[f DMSO
OH % (e}
dextran HEMA-CI
\/\”o
OH
— 0 R NH
O O + //’
\”/KO/\/ \"/ HO L N/
0 3
dex-HEMA imidazole

Figure 1.5: Reaction schema of dex-HEMA synthesis.
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Procedure

11 3-necked and 500 ml 1-neck round bottomed flastappers, nipples and stirring
bars were dried with a heat gun while flushing wii# (g) to remove water because
this is an inhibitor in these synthesis. DextramiBO0 ml conical flask was dried in a

vacuum oven at 40°C on Sicapent.

For useful coupling of HEMA to dextran, the tenai hydroxyl group of HEMA
has to be activated, using CDI. Activated HEMA (HENCI) was obtained by the
following procedure. The 500 ml one-necked rounttdmed flask was allowed to
reach room temperature under nitrogen. About 250@W was poured into the flask
under nitrogen stream. 14,59g CDI (0,09mol, 2e@} woured into this flask under
nitrogen atmosphere, while mixing very gently. Hsadifficult to dissolve. Than 5,81g
HEMA (0,04mol, leq.) was added drop by drop usirfgaateur pipette while stirring
vigorously until the solution became clear. Theausoh was mixed vigorously for one

hour at room temperature under nitrogen.

DCM was washed with an equal amount of water. Wais poured in a conical flash
with MgSO4 as a drying agent. It was firmly shakéifterwards a spatula tip
hydroguinone monomethylether was added to inHi@tgolymerization of the HEMA
groups. The DCM was evaporated using a rotavap twehvater bath no higher than
30°C. The activated HEMA (HEMA-CI) was obtained aslightly yellow liquid. It

was stored in the freezer for later use.

Putting 3-neck flask under low nitrogen pressueststl synthesis of dex-HEMA.
This flask was filled with 450ml DMSO by a transfeeedle. Magnetic stirrer was
turned on and 50g-dried dextran was added undeogem flow. Dextran was

completely dissolved next day.

The activated HEMA is coupled to dextran in diméthylfoxide in the presence of
the catalyst DMAP. 10g DMAP (0,09mol, 2eq.) wasstred and added to dissolve
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completely. Then 2,03g activated HEMA-CI (0,01nmR5eq.) was dropped into this

solution. Mixture was stirred for 4 days at roommpeerature under nitrogen flow.

Concentrated HCl was added to the reaction mixsun@ mixed well to adjust to
neutral pH.

The dialysis tubes were cut and washed for at [#@gninutes in RO-water. One
side of the tube was closed and dialysis tube Wead.fThe volume of the solution can
grow up due to osmotic pressure, so 2/3 of dialygie was filled and the rest was left

empty without air bubbles.

The dialysis took place in RO-water at 4°C duringléys, while stirring gently.

Water was refreshed two times first day and thare@very other day.

After dialysis the solution was clear and poure iplastic Petri dishes and filled

half to prevent breaking the dishes during freezing

The product was characterized by 1H-NMR (dissolwe2H,O). The degree of
substitution was calculated by 1H-NMR.

Freeze-drying

Freeze-drying or lyophilization is the process ihieh water is removed from a
product. The main principle is sublimation; thi<@verting ice, in this case to vapour
under vacuum conditions. Water sublimes when tbkecnles have enough energy to

break free but the conditions aren’t good enoudonm a liquid.

The process of sublimation depends on the reldtipnisetween temperature and

pressure.
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Figure 1.6: Pressure and temperature relationshipcessary for different water

phases

This process is performed in lyophilization equiptpevhich consists of a freeze-
drying chamber with several temperature-controfledlves; a freezing coil connected
to a refrigerator compressor, a vacuum pump toaedue pressure in the chamber and

a control system.

Lyophilization has three phases: freezing, primarying — sublimation and

secondary drying — desorption.

The samples are placed onto the unfrozen shelmgeling the temperature in the
chamber freezes the mobile water. In the primamindr phase the vacuum pomp
forces out air from the chamber and lowers theguresbelow 0,6atm. Temperature is
lower under these nearby vacuum conditions causiagice to sublime. The water

vapor flows out of the chamber and condenses twetéréezing coil in solid ice.

In the second drying phase the temperature cannbeased again under the
maximum vacuum to desorb bound water and it camdriEx by the same drying

process.
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This process is mild enough not to change the caiipp and material structure.
The main advantage of this process is that theyatad completely dry and ready for

storage, but it is not broken down.

Water is removed by freeze-drying. Under these itiomd: frozen to 228K over a
time period of 2,55h at pressure 1000mbar. Thegwrdrying was performed at 258K
and pressure varying between 0,8 and 1mbar dudgfdllowed by the secondary
drying performed at elevated temperature 283K aadices pressure between 0,1 and
0,2mbar for 7h.

Nuclear magnetic resonance spectroscopy

NMR —spectroscopy is based on magnetic field. Atgras in fact a spinning

positive charge, so it can be compared with a smagjnetic bar.

HORTH
=it s bhack boo e
stabk s alignment as
SO S WOU = L g
SoUTH

Figure 1.7: Small magnetic bar in external magoéeld

When a small magnet is placed in the field of gdarmagnet, there are two
possibilities: the small magnet will be alignediwihe external fieldo¢-spin), it has the
lowest energetic level, positioning in the opposlieection (3-spin) has the highest

energetic level.
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The amount of energy between these two levels tslarge and when the right
amount of energy is added, the proton can flip foora state to the other. A nucleus is
In resonance when it is irradiated with radio-fregcy photons having energy equal to
the energy difference between the spin states.

But protons are surrounded with electrons. Thetas circulate and they induce a
magnetic field that is opposite to the external nedig field. So the magnetic field that
Is observed by the proton is smaller than the aatefield. It can be said that the
nucleus is shielded. If hydrogen is in the neighthoad of a more electronegative
atom, than the electron density around the hydragem is lower, so the observed
field is higher than without the electronegativemat It is called that the hydrogen is
deshielded.

So each structure has its own effect of electrolssairrounding atoms and it results
in a spectrum of magnetic fields and it is showradrorizontal scale as chemical shift

relative to a zero point that is defined by TMSrémethylsilane).

Bspin
g higher energy
AE]

. H,

-6

}

lower energy

5 Q @“S"“ |

external field
H, increases

No Field
spins in all directions
no energy difference

Magnetic Field
spins aligned with
or against field

Figure 1.8: Picture shows orientation of protongheut and with external magnetic
field.
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In TMS every hydrogen atom has the same behavemthey produce a single
peak. The chemical shift is measured in ppm. Tka ander a peak is proportional to
the number of chemically equivalent protons. Thieans that the protons have
identical chemical environment with the same slmgld From combination of the
place of the peak (i.e. chemical environment) dr&darea of the peak (i.e. number of

protons) one can find the structure of a given ke

1.2.2Preparation of buffer

Phosphate buffer (PB) was prepared at pH 7, 10 tivhM NaH2P04.2H20 (Mw
= 156.01 g.mol-1, Vel, Leuven, lot. n° 9802002% 4OmM Na2HPO4 (Mw = 141.96
g.mol-1, UCB, lot. n° 94020029), were dissolvedlistilled agua and mixed together
till pH 7.pH was measured by Multi-Channel analyf&ynsort C831. NaOH was

added to increase alkaline of the buffer until pblL 8

The AdvancedTM Micro Osmometer was used to meassmeotic pressure of the

buffer. The osmotic pressure of the buffer was Zm.

9.44 g/l of Na2HPO4 (Mw = 141.96 g.mol-1, UCB, laf. 94020029) was mixed
with 10.3 g.l-1 of citric acid and 0.2g.l-1 of NaN®w = 65.01 g.mol-1, Sigma
Chemicals, Steinheim, lot. n°® 58H2504) to prepdreduffer with pH 4.4.

1.2.3Preparation of PEG-solution

PEG solution was prepared in different concentnatid®’EG (Mw=20 000g.mol-1,
Merk, Hohenbrunn, lot. n°® S29595 945) was mixechwitrate buffer. Concentration
of the PEG varied between 0 and 30 g. (100'ml)

1.2.4Preparation of gel
Dex-HEMA (Mw = 5 000g.mol-1, DS = 3.2) and PEG-HEMMw = 4 000g.motf)

hydrogels were prepared by UV polymerization of eapus polymer solutions.
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Calculated amount of dex-HEMA or PEG-HEMA for eacbncentration was

dissolved in equivalent volume of phosphate buffer.

Photoinitiator, Irgacure 2959 (2-hydroxy-4-hydrotty@xy-2-methylpropiophenon,
CIBA Speciality Chemicals, lot. n° 0098752S) wasdign concentration 0.02%. 0.19g
was dissolved in 2 ml phosphate buffer. Preciseusinof this solution was added
under nitrogen atmosphere into the aqueous solaiotex-HEMA or PEG-HEMA
and it was mixed very gently. Than this mixture wasired into a quartz tube and let
to polymerize under UV light source (365 nm) for0O43 in nitrogen atmosphere.
Hydrogel samples used for rheological measureméiitemeter 2.2cm) and for
deswelling and dextran or PEG release measuren@iaimeter 1.5cm) were cut by

thin wire to cylindrical slices.

Dex-HEMA hydrogels were also prepared by chemiadymperization. Solution
was prepared by dissolving dex-HEMA in phosphatiebuPolymerization reagents
were N,N,N’,N'-tetramethyl-ethylenediamine as aabat (TEMED, Mw = 116,2
g.mol*, Sigma Chemicals, Steinheim, lot. n° 88H1181) pothssium peroxodisulfate
as an initiator (KPS, Mw = 270,33 g.rﬁoIMerck, Darmstadt, lot. n° 231-781-8). The
initiator KPS reacts with TEMED and they produceMBED radical and bisulphate

radical. These radicals are used to initiate pohzagon.

100 ug of KPS was dissolved in 2 ml of PB and 10@f TEMED was mixed with
200 ul of PB and 20Qul HCI. Polymer solution was poured into the glagse. 50ul
of TEMED solution per 1 g of polymer solution waddad and mixed gently to
homogenise. Afterwards 90 of KPS mixture per 1 g of polymer solution wedad
to the system to initiate gelation process. It \ed$o polymerise at 4 °C for 1 hour 30

minutes. Samples for every measurement were ctitibyvire on 3mm thin slices.

Swelling pressure during degradation is investgate this study. The swelling

pressure can be express by equation:
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sw osm el

(1.1)

Two types of deswelling measurement determined lgs\gepressure: by pressure

device and osmotic deswelling measurement.

Elastic pressure was measured by rheology andnaitds osmotic pressure could

be calculated from that equation.

1.2.5Pressure device

The s, was measured by a home made pressure deviced@Wwise consists of a
sample chamber (4,5ml) and a buffer chamber (11lifiese two chambers are
separated by a semi permeable membrane (Spect®a/Eellulose Ester Membrane,
Molecular weight cut of 500g.md). The membrane is supported by a porous Bekipor
frame, which is further supported by a Teflon pefed cylinder. The membrane is
permeable for small molecules (ex. water moleculd$jey can go through the
membrane into the sample chamber. The sampletstddgrade in the chamber, but
large free dextran or PEG free molecules can’t g ib results in an increase of the

swelling pressure.

The chambers are surrounded by water channels;ateegonnected with a water
bath to provide heating or cooling of the chamb&ftsasurement was done at 37°C,

temperature of the degradation.

The sample chamber can be connected with UV so(36&nm, Honle UV
technology bluepoint 2.1) to polymerize the santptectly in the chamber and after

that pressure changes can be monitored.
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Chamber pressure transducer is placed on one sitle sample. The transducer is
connected with a Fluka 189 true RMS Multimeter. sTimultimeter measures the

pressure in mV, it can be recalculate via thisti@ia 1mV is 6.8948 kPa.

porous support water
| channel

®

u
. p}ig\;&
data Pozie

(mV)

l

ressure
¢ (kPa) semipermeable buffer

membrane

Figure 1.9: Schema of the home made pressure device

Osmotic deswelling measurement

Thens, was also measured by osmotic deswelling measutsmménvas performed
on degrading PEG-HEMA gels according to a meth@&tideed by Horkay and Zrinyi
16. Gel samples (PB, pH 7; 8.5) were put into semarmeable membrane
(Spectra/Por®, Cellulose Ester Membrane, Moleculaight cut of 500g.mdi) and
dipped into PB with appropriate pH. The samplesewet to degrade in 37°C for
different time intervals (0 and 3 days). After dmdation PB was removed and
replaced by PEG solution in concentration rang80%. Samples were equilibrated in
PEG solution for 7 days at 4°C to prevent degradaffhan samples were weighted
(Mettler H45) and put into a vacuum oven to dry58tfC. Samples were weighted

again after two days of drying.

During equilibrium water from the gel goes througie membrane and PEG

solution is diluted. 1ml of PEG solution from eacbncentration was dried in the
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vacuum oven, weighted before and after the dryirggess. Than the exact pressure
caused by PEG solution could be calculated by ftar(iLi2).

At equilibrium themn,, of the gel is equal to the,s,, of PEG solution. Thexyy, of
PEG solution can be express by this formula:

Moeg = |v|1+ A E+A, E:Z}E:RTELO

W

(1.2)

Where R is the gas constant, T is absolute temperat is the PEG solution
concentration (g.(100mf), A, and A are second and third virial coefficients.
According to the data reported by Edmond and Odstdar PEG (M, = 20 000 g.mol
Y A, = 2.59.1F(mol.10°ml)/.g% and A = 1.35.1¢ (mol.104ml).¢’.

For calculation of the PEG-HEMA concentration waedithis equation:

Wor
c= PEG-HEMA oo
Wyer = Wheg-HEMA

0

WPEG—HEMA wl +

(1.3)

Where w is the weight of PEG-HEMA gel, pg.heva IS weight of PEG-HEMA
determined after two days of drying the gel in awan oven at 50°Gh is density of
phosphate buffer (1,07 g.Mland v = 0,86 ml.g" and it is the specific volume of
PEG-HEMA.

The polymer volume fraction of the gel was calaediafrom equation (4):

@ =clv,
(1.4)
where c is the concentration of PEG-HEMA andbk\ts specific volume.
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Calculated amount of PEG for concentration dissbiwephosphate buffer was used
for osmotic deswelling measurement to mimic conghjetiissolved PEG-HEMA gel.
The solution was put into the semi-permeable menwrgpectra/Por®, Cellulose
Ester Membrane, Molecular weight cut of 500g.M@nd surrounded by PEG solution
in the same concentration range as PEG-HEMA g&& 8olution was equilibrated at
4 °C for 7 days. Afterwards solution was weighted dried in a vacuum oven for two
days. Afterwards the samples were weighted agémhues were used to calculate
concentration and volume fraction. The concentmattd PEG solution was also

checked as in the previous case.

1.2.6Rheological Characterisation of Hydrogels

Rheology studies the deformation and flow behavaduhe materials in liquid, melt
or solid form. Deformation is the reaction of a eral structure to an applied force.
One of the main tasks of rheology is the descripaod classification of materials.
According to rheology basis materials can be duida&o the three main groups:
viscous, elastic and visco-elastic materials. Mddghe polymers and hydrogels come
under the group of visco-elastic materials. It nsetlvat Hook’s law can be applied and
rheological methods are used for measurigglin this experiment the control stress
test is used, this means that stress is appliedhenédctual behaviour of the sample is

directly measured.

Viscosity is the ability of a material to deform a permanent way. Applied
energy will not come back. The Newton’'s law of wasiknetry describes the flow

behaviour of an ideal material in equation (1.5):
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r=ny
(1.5)
T shear stress [Pa]
n dynamic viscosity [Pa.s]
y share rate 1§

Shear stress is the ratio of applied force to areahich the force is applied. It can

be expressed by this equation:

F
r=—
A
(1.6)
T shear stress [Pa]
F force [N]
A area [

Elasticity is the ability of a material structuie resist a distorting influence or
stress and return to its original size and shajpenwhe stress is removed. Most solids
are elastic for small deformations, when the stees®eds a certain amount known as
the elastic limit a permanent deformation is pratlcThe elasticity of a material is
expressed by Young's modulus. This modulus rel#ites stiffness of the solid to

applied energy.
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og=Ely
(1.7)
o tensile stress [Pa]
E Young’'s modulus [Pa]
Y strain

Forces applied may lead to tensile or shear ssesse the tensile modulus E or the
shear modulus G are the correlating factors. TharHook’s law can be rewritten into
this equation:

r=G°ly
(1.8)
T shear stress [Pa]
G* complex modulus [Pa]
% strain

Figure 1.10 demonstrates the differences betwessti@l viscous and visco-elastic
behaviour.

O a0

Viscosity Elasticity Viscoelasticity

Figure 1.10: Viscous, elastic and viscoelastic hedar.
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Signals applied by a rheometer can be stepped-ramp, or co-sinus. Deformation
of these hydrogels is measured by using oscillatesy or it can be called dynamic

test. The stress is applied as sinusoidal timetimmc

r =1, [sin(at) (1.9)
a=2nlf (1.10)
w angular frequency [rad'k
f frequency [Hz]

The oscillation mode at 1 Hz in the linear viscegtaregion of these gels was used
by applying a constant strain of 0.5%. The resglsirain was measured with strain
amplitudey, and the phase angleThe resulting equation is:

y =y, [sin(at +3) (1.11)

Initial shear stress used as input and the resalhswhich is out of phase, are

shown in

Figure 1.11. Using formula (1.17) the complex mogutan be calculated from

known initial stress and measured value of defaonat

Afterwards the complex modulus is used to exprésge modulus G™ (equation

(1.12 and loss modulus G™ (equation (1.13).
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G'=G"[tosd
(1.12)
G =G"Bind
(1.13)
T input
Y

viscous
response

-
phase shift &

Figure 1.11: Diagram of stress and strain as a tioicof the time

G’ represents storage modulus. It shows the elasirage of energy or how well
structured the material is. If the sample is welldthe storage modulus is high, but if
it is being destroyed the modulus will decreasédfsample is purely elastic the phase

shift angled is zero and the storage modulus can be measured.

Equation shows loss modulus. It hints at the faat the energy, which has been

used to initiate flow, is irreversibly lost havifgen transformed into shear heat. The
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phase shift angle is 90° and it means that the aimpurely viscous. We transferred
storage modulus to elastic pressure by using famul
G =-7, (1.14)
Rheological measurements were performed by an ABD-ND controlled stress
rheometer from TA-Instruments. Rheometer consrstsi fan electronically controlled
induction motor. Motor provides torque over a vetige range. It provides that a wide
variety of materials can be measured from very lescosity materials to polymer
melts and solids. The air bearing uses air asrechtbng medium. This allows virtually
friction-free application of torque. Even turbuldidw in he assembly is sufficient to

make the bearing rotate.

The Peltier plate is temperature controlled. Ituees via thermo-electric effect the
rapid and accurate control of heating and coolirigs bottom plate was covered with
a Plexiglas plate with roughened surface. Watarsisd as a temperature controlled
external fluid reservoir for heating and coolingextl part is the geometry. Parallel
plate, cone or concentric cylinders are geometiti@s can be chosen. The acrylic
parallel top plate, with diameter 2cm, was chosegrilfese measurements and to avoid

slippage it was covered by sandpaper.

Oscillation
» 1 1=0
{change of direction)
Rotor FN
1=0
Sample (change of direction)

Measuring plate

Figure 1.12: Schematic picture of oscillation rhegical measurement.
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Refractometry

The concentration of free dextran in dex-HEMA hygkls was determined from a
release experiment performed in phosphate buffér7 mnd at 37°C. 2 ml sample was

taken every second day and replaced with the samera of fresh buffer.

The amount of dextran chains in the solution waasueed by differential refractive
index. This measuring equipment consists of higisgure pump (Waters 510), an
injector (Waters U6K) and differential refractomef@/aters 410). Flow rate of 0.5 ml
per minute was applied and 2pl0of sample was injected.

The principle of this method is based on a refvactndex. The index is constant
and unique characteristic of each pure compoundisrttkfined as the ratio of the
velocity of electromagnetic radiation in a vacuumits velocity in the medium of

interest. It is known as a Snell’s law.

= ®, _ sini
sinr

)

m

(1.15)

The rays of the light pass from one medium witlia&tive index nl to second one
with refractive index n2. The extent of the deflectis a function of each medium
refractive index and the refractive index dependghee solutes concentration in the
solvent. Results are shown in the chromatogramk Remht is shown in function of
time. The dex-HEMA concentration is calculated francalibration curve. Dextran

concentration is between 0 and 0,09.
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1.3 Results and discussion

It is necessary to activate HEMA with CDI to coughEMA with dextrane.
Activated HEMA (HEMA-CI) was determined by NMR (Man Mercury 300 NMR
Spectrometer with an Oxford Instruments Ltd. supedcicting magnet, a 300 MHz

NMR spectrometer and a Sun Ultra 5 workstation)taDlsom NMR spectroscopy
charts were used to calculate purity and activasiodEMA-CI.

_ (H.+H,)4
a=
Activation (a) was calculated from (Ho+H. +H,)5

(1.16):

_ (Ho+H,)4
B (Ha' + Ha" + Hb)/5

(1.16)

Where H are stands for the area under the peak of an ppat® proton. It was
calculated by integration.

Figure 1.13: Molecule of HEMA-CI with identifiedgions.

Each proton in a molecule has a specific chemibé#t. sSProtons are identified

according Figure 1.13 and relevant values weredaamNMR spectrum for HEMA-
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Cl. The peaks of the appropriate protons can ba&dan the spectrum under the
following values: Ha' at 6.11 ppm; H5.6 ppm; H 1.92 ppm; H4.48 ppm and |
4.64 ppm. The integrated values of the peaks weexl uo calculate activity by

equation
(1.16).

Lo (1331+1305 )4
" (593+ 611+1742)/5

Activation (a) for HEMA-Cl was 1.12.

Possible impurities in HEMA-CI might be DCM and thazole, coming from the
synthesis. These impurities have to be taken imtmunt for further calculations.

Purity (p) was calculated from equation (1.17):

= ((Hy +H,)/2) 12242 "
(H, +H,.)/2)2242+H 193+ (H pou) /2) (B493

P

(imidazole

(1.17)

The values of the Hfor purity calculation were also identified accoglto Figure
1.13. Chemical shift for imidazole and DCM are edpely Hnigazoe 7,1 and 7,7ppm
and HDCM at 5,3ppm.

((593+ 611)/2) [224.2

= mi2=1
((593+ 611)/2) (2242 + (028+ 121) D3+ (053/2) (B493

P

Purity of HEMA-CI was 1 it means 100 %.

HEMA-CI was weighted to calculate efficiency of igation of HEMA by CDI.
5.81 g (44.66 mmol) of HEMA was added to activateight of HEMA-CI was 8,23¢g
(36.71mmol). Efficiency of activation was calculdtieom:
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n -
£ = HEMACI

nHEMA

(1.18)

3671
44,66

E 082

Efficiency of activation reaction was 0.82, it i3 .

Purity was needed to calculate the exact amouRtENA-CI, which was added to

react with 50g of dextran. Calculating the weightHEMA-CI was done by using
equation (1.19) :

Whema-ci = Maewran ElDiS M w,HEMA-CI B]S E]:*:

Mw,glucose 100
(1.19)
p purity
€ efficiency of coupling HEMA-CI with dextran. Effiency is known and

the value is 85 %.

50 25 dgl
W o = 052022420 0~ =203
HEMACL 162 10C 1 0.85 9

2,034 g of activated HEMA was added to react widhgbof dextran. Small amount
of produced dex-HEMA was dissolved jA,0O and determined by 1H-NMR. The
integral values of areas under the peaks were téicen NMR spectrum of dex-

HEMA Figure (19) and assigned to relevant protmwoeding Figure 1.14.
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Figure 1.14: Molecule dex-HEMA with identified poos.

These values were used to calculate DS of dex-HEM& was calculated by using
formula (1.5):

—_ (Ha' + Ha)/2
096[H,

[100
(1.20)
The value 0.96 is a correction coefficient for $86sent -1.4-cross-links, which can
make nicks on the chains in polymer structure.gratks of the area under the peak for
protons in dex-HEMA molecule can be found on thensital shift scale under these

values: Ha' 5.75 ppm and Ha” 6.2 ppm andbHppm.

og = (009+009)/2
0.965.74 =1, 63

Synthesised dex-HEMA has DS 1, 63. This value ofi®®o0 low, it means that
there are not enough HEMA groups to make crossliakd the product does not

polymerise.

Two reasons can be found for this low value of BSfirst, during stirring for
four days, complete absence of water, coming framosnding air could not be
guaranteed. The reason for this was a failing gérosystem, so water could come in.
Water is in competition with HEMA-CI for couplingith dextrane. So when water is
present the coupling of HEMA-CI to dextrane is lows expected. The second reason
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was that the reaction mixture was brought to pH tha end of the reaction after 4
days. Used pH should be between 2 and 5. The rdastms is that decoupling shows
a minimum at pH 4 and is ten times higher at pt@.during dialysis the conditions
were good to decouple HEMA from dextrane. The DSyafduced dex-HEMA is
lower than expected DS. Expected DS 2.5 was obdheer of interval DS which can
be synthesized.

Samples of dex-HEMA were investigated by rheola@ywas regularly measured
during degradation time. Effect of different facteas study: way of polymerisation,
Mw of dex-HEMA and concentration of dex-HEMA in tgel.

Samples (20%, dex-HEMA, 5000g.riplwere prepared by UV and chemical
polymerisation. Their G’ was measured during 60sdand data are presented in
Figure 1.15, where two curves represent variatibthe G’ during degradation time

and as one can see there is not different in med<aT.

35000 +
30000 -

25000 -

20000 -
¢ 20% CH
Il 20% UV

{H Eo e, oy

10000 - {} {
*
0 10 20 30 40 50 60 70

5000 +
time (day)

Figure 1.15: G’ during degradation time. Two curvespresent different way of

polymerisation
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Photoinitiator Irgacure 2959 is biocompatible withroblast cells. Study shows that
photoinitiator Irgacure 2959 is biocompatible imcentrations lower than 0.5%15. In
pursuance of these results it was decided to usepblymerisation for preparation

other samples.

The influence of the polymerisation type was alsadg by following dextran
release. 20% dex-HEMA gels were prepared by bo#scribed ways of
polymerisation and let to degrade in PB (pH 7) ah@7°C. During the degradation
process free dextran molecules leave the gel steiatto the surrounded buffer. The

concentration of free dextran molecules in buffaswneasured.

The dex-HEMA concentration was calculated from fegght of the peak using a
calibration curve. The height of the peak was ate® by a linear function, which
goes through the last and lowest point in the cui@encentration for standard curves
was between 0 and 0.09g. (100 fiThe reproducibility of this measurement in this
concentration range, which is presented here i geod, the correlations coefficient
for linear regression exceeds 0.98 for each stdndarve. Standard curves are

presented in Figure 1.16 as peak height as a timoficoncentration.

When the sample for dextran release was taken X2fmash buffer was added into
the cup. It means that real concentration waseatlluMeasured concentrations had to
be recalculated by equation (1.21). Real conceons are shown as a function of

degradation time in Figure 1.16.
C =C, + (1—4ij
5

(1.21)

C. real concentration [g.(100 1)
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Cp, concentration of the sample before [9.(100"nl)

Cn measured concentration [9.(100 i)

As one can see there is no difference between theseurves, which represent
different types of polymerisation, so the samplek bt show difference in dextran
release and it can be concluded that the way gfmpelisation does not influence the
structure of the gel. In both types polymerisatioee dextran molecules can release by

some way and in the same time.

Both G’ and dextrane release show that the way aynperisation does not

influence degradation process of the dex-HEMA gels.

0.9 T

zz it
I“ {{-i o
" ; ¥£%£ % }E}{ % gt

02

0.1

0 5 10 15 20 25 30 35 40
time (day)

Figure 1.16: Concentration of free dextran molesuie surrounded PB as a function
of degradation time. Two curves represent diffengay of polymerisation

and its influent on degradation process.
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Influence of molecular weight was investigated &% dex-HEMA gels. Dex-
HEMA gels with molecular weight 5 000g.rffoand 19 000 g.mdl were compared.
Figure 1.17 presents the variation of G’ of thesds gobtained from rheological

measurement as a function of degradation time.

# 19000 ds2.9 25%

I ’ L J J W 5000 ds3.2 25%
40
: I 1]

25
time (day)

Figure 1.17: Variation of G’ is presented as a ftioo of degradation time. Two
curves represent dex-HEMA gels with different mdbac weight: dex-
HEMA 5 000 g.mdl and dex- HEMA 19 000 g.n7ol

Values of G’ obtained from measuring dex-HEMA withiv 5000g.mol* are almost
four times higher than the values from measuringlEMA 19 000g.mof. When

molecular weights are compared the ratio is alsubfour.

Reason can be found in non-ideal structure of petynetwork. In real networks
solfraction, loose ends and loops can be foundsd lreegularities of network are not
elastic and do not influence the elastic behavaduhe whole network. So molecular

weight must be corrected for this “non-elastic’ctran. ¢” is the elastic network
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concentration. This means the total concentratibhowt the polymer concentration of

the non-elastic polymer parts. Elastic network emiation is calculated by formula:

2M
c'=@Q-w,)c 1- ¢
a-w1- 20t
(1.22)

1-wg correction for sol fraction
c total polymer concentration [9.(100 iHl)
1_2|v|c

M correction for loose ends

A network can have too extreme types of behaviaffine and phantom. If the
cross-links in network do not move any more affgslgng an external force, than the

behaviour is completely elastic and it is callefinaf and G’ can be calculated by

formula (1.23):

G'=uRT
(1.23)
u= ¢
u mol network strands per volume unit, M. [mol.ml™]
R gas constant [g.moK ™
T absolute temperature K]

The second extreme behaviour is when cross-linklsmaolecules can move after
applying the external force, the behaviour becomese viscous and it is called
phantom behaviour. Equation (1.24) shows G’ forrbgels with extreme phantom

behaviour:
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G'=uURT—-tRT=(Uu-)RT = (1—$juRT

(1.24)
u mol cross-links per volume unit
f functionality, this means the number of strdedving from one
cross link.
H= 2 u
f
(1.25)

Every real network is something between these tassipilities. When applied
force is lower, network behaves as affine, but wapplied force is higher, than real

network behaves as phantom. Formula (1.23) ford®' lse correct again to formula

(1.26):
G'-(l—Zh] RT
f (1.26)
o
u=
M. (1.27)
G'=(1—2hj C RT
t M, (1.28)

Based on these results Flory’s formula can be aigxplain influence of molecular

weigh.
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2M
c(l—ws)[l— C}
G'= (1—2fhj M RT

Cc

(1.29)
This formula can be used only in case, if the fiamality is 4. So this formula is

extended by Te Nijenhuis.

The Nijenhuis states that Mshould be used in stead of,MV,” is larger than M
because his theory is that larger polymers wiletplace in the network more easy than
smaller polymers. Smaller polymers have bigger chaom come in the solfraction.
There is fractionation of the polymer chains. Idifficult to calculate M’ and it is
based on statistics. Mand Mc were calculated in function of solfractidny Te
Nijenhuis. This gives the final formula:

—\/05f _
c(1—w§'5){l W™ sl =2 f 2_ }
RT

2 1—wosft s
G, =|1-h= :
f M

(1.30)

As one can see, molecular weight is in denominatdhis equation. If molecular
weight of dex-HEMA 5000 is almost four times lowban in case of dex-HEMA 19
000 it can be expected that G’ of dex-HEMA 5000utidoe four times higher than G’
of second one and this is shown in .It is not rclebether this theory completely

explains our findings. More research is needed.

Influence of molecular weight was also study byaefometry. 25% dex-HEMA
gels were prepared by UV polymerisation and ageirtd degrade in PB (pH 7) at
37°C. Afterwards the concentration of free dextclwains in surrounded buffer was
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measured by Refractometer. Real concentration eaceilated from peak height and
recalculated from the measured concentration, itike explained before. Data were

shown in Figure 1.18 as a function of degradatiime t

As one can see there is almost no other dextraagelthan solfraction. There is just
little linear increase in comparison with dex-HEMAO0O0O. This can also be seen in
the structure of dex-HEMA 5000 hydrogels. Afterddys it is still in one piece, while
dex-HEMA is completely dissolved within 30 days. eTlheason for this slower

release/degradation is still yet not clear for us.

The last investigated factor, which can influenegrddation process of dex-HEMA
gel, is concentration. Gel samples prepared inetltdidferent concentrations were
studied (20%, 25% and 30% of dex-HEMA). Samples ewprepared by UV
polymerisation and tested rheologicaly during tegrddation process. In Figure 1.19
the variation of G’ is presented as a function efyhdation time. Three curves

represent influence of concentration dex-HEMA ih ge

The Figure 1.19 shows that the higher dex-HEMA eom@tion the higher G’ can

be measured.

The cross-links are carbon ester links formed betwde methacrylate group and
the dextran molecule. The initial concentrationuehces the density of cross-links,
the higher initial dex-HEMA concentration, and thgher density of cross-links. The
degradation process is caused by hydrolysis oktheks. The degradation process is
gradual and slow. If the link is destroyed it doe$ mean that the molecule is free, it
can be attached on another end in the networkaanitbe closed in a structure of the
other bounded molecules. The denser structuresidteel in the higher initial value of
G’, because the structure is harder and it is mesestant to the applied stress. The
degradation process of the gel with higher inti@hcentration is longer and decrease

of G’ is slower than in the case of the gel wittvés concentration of dex-HEMA.
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—&— MW 19000 ds 2.9 30%
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Figure 1.18: Concentration of free dextran chainssurrounded PB as a function of

degradation time. Two curves represent gels witieidint molecular weight.
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Figure 1.19: G’ as a function of degradation timéiree curves represent different

initial dex-HEMA concentration and its influence Gh
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The fact that the initial concentration influendbe degradation process was also
measured by dextran release measurement. The lBxbcprocess of measuring
dextran release and calculation of concentratiors M@lowed again and real

concentrations are presented in Figure 1.20 asdidun of degradation time.

14

12

1 ® 20%
A 30%

1] { i

0.6
0.4 {

0.2
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time (day)

Figure 1.20: Concentration of free dextran molesuia surrounded buffer as a

function of degradation time. Curves represeneddht initial concentration
of dex-HEMA.

From Figure 1.20 one can derive that the hydrogetsnot completely degraded
after 50 days. Even not close to complete degralathe know this, because in the
end, the final concentration of dextran in the sunding medium should be equal to
the initial concentration of polymer solution befgoolymerisation. You can see this
because the samples for dextran release arentaiditi

Measured initial concentration of free dextran nkan surrounded buffer is higher
with higher initial concentration of dex-HEMA in é@hgel. When the initial

concentration of dex-HEMA is higher there is a Rghpossibility of present
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solfraction, it is not attached in molecule strueftand can go immediately out of the

gel structure into surrounding buffer.

Afterwards release of free dextran chains stares.e®pect that dextran release from
the gels with higher concentration takes longeetibecause of the stronger molecular
structure of the gel. Before starting the measurgnmethe pressure device, it is better
to check the membrane, whether it is impermeabléré® PEG molecules. Normally
one uses a molecular weight which is half of thkueaof the molecular weight of

produced molecules.

The membrane (Spectra/®grsize 7 and molecular weight cut off 2000 D) was
checked with a 15% PEG solution (Mw = 4 000g.foPressure was measured in
pressure device for 18 days. Pressure values Wwewrensin Figure 1.21 as a function of
time. It is shown that pressure is lowering duritigs time; it means that this
membrane is permeable for free PEG molecules; taeypass the membrane and

leave the sample chamber.

Afterwards membrane (Spectra/Rorsize 7 and molecular weight cut off 500 D)
was checked. As one can also see in Figure 1.2t iaftial increase the pressure is
constant for the following 40 hours. Free molecuwdéd’EG can not go through the

membrane and stay in the sample chamber.

According this results, the membrane with moleculaight cut off 500g.mél was
used for following measurements with PEG-HEMA (M&900g.mof).

25% PEG-HEMA (Mw= 4 000g.md) was prepared by UV polymerisation at pH
8,5 in the sample chamber of the pressure devicawelling pressure during

degradation process was investigated by pressureede

Recent studies investigated that the swelling presslightly increase during the
first days of degradation but close to the end hef tlegradation process sudden

increase of the pressure was noticed.
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Figure 1.21: Pressure as a function of time. Twoves represent pressure device
measurement with two membranes: membrane with mateweight cut off
2000 and 500g.mdl

The same behaviour was expected in the case of PRG-HEMA gel.
Measurement takes ten days now and as one cam ke Figure 1.22 after initial
increase the pressure is nearly constant for tieesdays. We expect a sudden increase

of the swelling pressure in following days.

The influence of pH on degradation process wasstiyated on 25% PEG-HEMA
gels by osmotic deswelling. PEG-HEMA was dissolued®B pH 7 or 8.5 and let to
polymerise by UV. Samples were let to degrade mesponding buffer at 37°C. The
degradation process was done at different timeegfatlation (O and 3 days). Fully
degraded PEG-HEMA was also investigated and data s@mpared. The polymer
volume fraction and corresponding swelling pressugee calculated by formulas (1.2,
3 and 4) and the swelling pressure is shown inCthgba! Nenalezen zdroj odkaa.

as a function of polymer fractian
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Osmotic deswelling (degradation at pH 7)
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Figure 1.22: Pressure of degrading PEG-HEMA geldanction of time, measured by

pressure device.
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Figure 1.23: Swelling pressure as a function ofypwér fraction. Graf shows influence

of buffer pH (7 and 8.5) as a function of degradatiime.
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Osmotic deswelling (degradation at pH 8.5)
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Figure 1.24: Swelling pressure as a function oflypwer fraction. Graf shows
influence of buffer pH (7 and 8.5) as a functiomefradation time.

In Figure 1.24, results from osmotic deswelling erkments are shown as function
of degradation time and degradation pH. One shimdll at constan$ and compare

pressure at different degradation times.

One can see that swelling pressure growing up dwagradation of the gel. That is
what we expect. The swelling pressure depends enogimotic pressure according
formula (1.1) and the osmotic pressure dependshennumber of molecules by
formula (1.2). In the beginning the hydrogel candaen as one molecule, so the
osmotic pressure is the lowest. During degradaftieea molecules are produced and
molecule structure of the gel becomes destroyedestilts in increasing osmotic

pressure. It can be seen after 3 days of degradatio

When the free molecules are produced, interachetseen polymer molecules and

between polymer/solution molecules are changechdutegradation. This influences
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equation (1.2), because viral coefficients whigbresent solvent/polymer interactions

change.

The second conclusion is that at pH 8.5 degradaiirooess is faster and osmotic
pressure increases quicker. This was expectedreasbn can be found that HO-
groups mediate hydrolysis of cross-links in hydtagjeucture. This process is shown
in Figure 1.25.

oH
\mfﬁxﬂwﬂufh{ﬂ Hﬂ u-—-,n
y®
&
m\éjﬁ\nm ) Hﬁﬁ“n“““w“\{“@

Figure 1.25: Reaction mechanism for alkaline hygsd of dex-HEMA.

1.4 Conclusions

Reaction of synthesis dex-HEMA has to be carrieduer completely nitrogen

atmosphere to avoid coupling with water from sunabed air.
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Expected and calculated values of DS have to beehithan value 2.5, which is on
the lowest border. Suitable pH of the reaction ometon the end of reaction process

should be between 2 and 5.

This study was performed to investigate effect dfecent factors (way of
polymerisation, molecular weight, initial concemiva of dex-HEMA and pH) on the

swelling pressure of dex-HEMA or PEG-HEMA gels aigridegradation process.

Cross-links in dex-HEMA network are hydrolysablebmmate ester bonds between
methacrylate groups and dextran molecules. It iatestrate by rheological and
dextran release measurements that polymerisatipe tyoes not influence the
degradation process of dex-HEMA hydrogels. Basetherfact that the photoinitiator
of the photo polymerisation reaction is biocomgdatim concentrations lower than
0.5% (it was used 0.02%), it was decided to use pd\ymerisation for following

preparations.

Molecular weight of dex-HEMA influences degradatimmocess. It was investigate
by rheology measurement. The almost four times drigholecular weight results in
four time lower initial value of G’. Also influencef molecular weight on dextran
release from hydrogel structure was investigategsas@ns were found in non-ideal
structure of polymer network, which contains noasét parts. Flory’s and Te
Nijenhuis theories were used to understand thisiente, but it is not clear whether
these theories completely explain our findings. doesearch in this problematic is
need.

Third investigated factor, initial dex-HEMA conceation was study by rheology
and dextran release. The higher initial conceminatesults in stronger structure of the
gel, so G’ is higher. But higher initial concentoat brings higher concentration of sol
fraction, it was investigated by dextran released at results in higher initial

concentration free dextran chains in surroundedebufAfterwards release of free
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dextran molecules, which were attached in netwisrkarder from the denser structure

of the gel and it takes longer time to completerdégtion.

The influence of pH on the osmotic pressure dudegradation was studied on
PEG-HEMA gel, prepared by UV polymerisation. We camclude that at higher pH
more hydrolysis take place of cross-links betweE Rnd hydroxy-methacrylacrylate
groups and the increase of the osmotic presstdiastsr during the degradation process
in higher pH.

Degradation process was also performed at diffénera intervals. It was found out

that during the degradation process, the osmogéisgure increases.

From our investigations we can conclude that dedMAEand PEG-HEMA are
possible hydrogels for pulsed drug delivery systeR@lowing investigations must
come to prepare and construct drug releasing frexsHEMA and PEG-HEMA.

1.5 List of abbreviations

a activation

A area

A, second virial coefficient

As third virial coefficient

c total polymer concentration

c" concentration of elastic network

C real concentration of dextran chains in buffer

Cn measured concentration of dextran chains ifebuf

Co concentration of dextran chains in buffer freample before
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CDI
CDCl,

D

dex-HEMA

DCM
DMAP
DMSO
D20
DR

DS

Hx

HEMA
HEMA-CI
HCI

KPS
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1.1’-carbonyldiimidazole
deuterated chloroform
g.mol*
hydroxyethyl methacrylate derivatized ttar
dichloromethane
4-N, N-dimethylaminopyridine
dimethyl sulfoxide
deuterium water
dextran release
degree of substitution
Young's modulus
functionality, number of strands leaving omess-link
frequency
force
elastic modulus
complex modulus
factor varied between 0 (affine) and 1(phantom
stand for the area under a peak, (NMR)
hydroxyethyl methacrylate
hydroxyethyl methacrylate activated by lzanylimidazole
hydroxy chloride

potassium peroxodisulphate
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PB

PEG
PEG-HEMA
pH

ppm

TEMED

T™MS

uv
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average of ) of networkstrands
molecular weight (g.md)
refractive index; number of mols
nuclear magnetic resonance
purity
phosphate buffer
poly(ethylene)glycol
hydroxyethyl methacrylate derivatizedygethylen)glycol
hydroxyl exponent (mor})
parts per million, unit of chemical shift
gas constant
time
absolute temperature
N,N,N’,N’-tetramethyl-ethylenediamine
tetramethylsilane
mol network strands per volume unit
ultraviolet
specific volume
weight
efficiency
dynamic viscosity

angel
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P density

% share rate

0 phase

¢ polymer volume fraction
o tensile stress

T shear stress

w angular frequency

Tl elastic pressure

Tosm osmotic pressure

Tow swelling pressure
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2 PREPARATION OF INORGANIC/
ORGANIC NANOCOMPOSITES

2.1 Aim of project

The aim of this part of project is to produce irang/ organic nanocomposites from
natural biopolymers. Selected inorganic compounds sflica and titanium. These

materials cover fibre surface to protect them agganfluences from surroundings.

Next step is building up silver metal particlesranocomposites surface to arrange
antibacteriality and sterility of fibres which wilbe further used as construction
material for wound healing dressing. In this apdien the antibacterial functionality

Is extremely demanded.

2.2 Materials and methods

2.2.1Chemicals

Tetraethyl ortosilicate (TEOS) - 98%, obtained Adtr (GHs0),Si with molecular
weight 208,33 is clear, colourless liquid with dobodour. Ammonia - a chemical
compound with chemical formula NB@H with molecular weight 35,05. It was used as

25% solution in water as obtained by Merck.

Ethanol (99%, Panreac) - Aldrich. It is also knoagethyl alcohol or grain alcohol,
is a flammable, colourless chemical compound, drie alcohols that is most often
found in alcoholic beverages. In common parlancés pften referred to simply as
alcohol. Its molecular formula is,8¢0, variously represented as EtOHHZOH or as

its empirical formula gHsO and molecular mass 46.07.

Urea (Panreac) is an organic compound of carhitmogen, oxygen and hydrogen,
with the formula (NH),CO and molecular weight 60.07.
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Titanium tetrachloride (98%, Fluka) - a chemicampmund with chemical formula
TiCl4 and molecular mass 189.71. It is an importantrimnéeliate in the separation of
titanium from its ores and in the production oamium as well as many chemicals.
This chemical compound is remarkable in many wags the least of which is that it
is an unusual example of a liquid metal halide iafeimes spectacularly in air. Tigls
a dense, colourless (or pale yellow) distillabbpuid, although crude samples can be
reddish-brown. It is one of the rare transition ahethlorides, that is liquid at room
temperature. This distinctive property arises fitbwa fact that TiCJis molecular, that
Is each TiC{ behaves independently. Most metal chlorides atgnpes, where the
chloride atoms bridge between the metals. Thechttrabetween the individual Tigl
molecules is weak, primarily van der Waals for@g] these weak interactions result

in low melting and boiling points akin to that {GCl,.

Silver nitrate (Aldrich) - a chemical compound withemical formula AgN@ This
nitrate of silver is a light-sensitive ingredientphotographic film and is a poisonous,
corrosive compound. Silver nitrate crystals canpbeduced by dissolving silver in
nitric acid and evaporating the solution. The compbnotably stains skin a greyish or
black colour that is made visible after exposursunlight.

Sodium diethyldithiocarbamate trinydrate (Aldriddq(dtc) - a chemical compound
with chemical formula (€Hs),NCSNa . 3HO and molecular weight 225, 31g.ﬁ’|0|

Potassium chloride - a chemical compound (KCI) imetal halide composed of
potassium and chlorine. In its pure state it iswtss. It has a white or colourless
vitreous crystal, with a face-centred cubic struetuhat cleaves easily in three
directions. It is also commonly known as "MuriatePotash". Potash varies in colour
from pink or red to white depending on the minimgl aecovery process used. White
potash, sometimes referred to as soluble potasisually higher in analysis and is
used primarily for making liquid starter fertilizerKCl is used in medicine, scientific
applications, food processing and in judicial exmecu through lethal injection. It
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occurs naturally as the mineral sylvite and in coration with sodium chloride as

sylvinite. Its molecular mass is 74,55 g.thol

Titanium(lV) ethoxide - a chemical compound witheatical formula Ti(OGHs),4
and molecular mass 228 g.iolt is incompatible with strong oxidizing agentsda

strong acids. It is irritant and it is necessaruge it under the nitrogen atmosphere.

Sodium borohydride (Aldrich) - also known as soditetrahydridoborate, has the
chemical formula NaBH It is a selective specialty reducing agent usedthie
manufacture of pharmaceuticals, intermediates ar@dhemicals. It is a white solid
with molecular weight 37,89 g.mblusually encountered as a powder or confectioned
into pills. It melts at 36°C (97°F) and is stablhén dry) up to approximately 300°C
(570°F). It is soluble in methanol and cold wabert reacts with hot water.

Acetone (98%, Aldrich) - a colourless mobile flaaiste liquid with melting point
at -95,4 °C and boiling point at 56,53 °C. It hazlkative density of 0,819 (at 0 °C). It
Is readily soluble in water, ethanol, ether, etnd itself serves as an important solvent.
The most familiar household use of acetone is asatitive ingredient in nail polish
remover. Acetone is also used to make plastice$ibdrugs, and other chemicals. Its
molecular weight 58,09 g.nidl

1,2-diaminopropan (Aldrich) - a chemical compoundthwformula GH;oN,.
It is stable, flammable and incompatible with strooxidizing agents, acids, acid

chlorides, acid anhydrides.
All reactants were used as received without anyfipation.

Wood cellulose fibres (Eucalyptus globulus. ECFableed craft pulp), composed
essentially of cellulose (~85%, and humidity ab$f0).

Glucuronoxylan (~15%) supplied by Portucel (Portugsas disintegrated and

washed with distilled water before use.
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2.2.2Synthesis

In situ synthesis of Si@nanoparticles in the presence of cellulose fibrdg¢s

To prepare the Sifrellulose nanocomposites a Stober method with rexpatal
conditions similar to synthesis of pure $iQarticles was used [1]. In a typical
synthesis, cellulose fibres were added to a mixtfrethanol, distilled water and
ammonia under moderate stirring (1% consistencjovied by addition of TEOS, at
room temperature for about 24 hours. The finaleffowere then collected by filtering

and thoroughly washed with distilled water and lfyndried in an oven at 50°C.
Ethanol (1 740 ml) + KO (180 ml) mix well for 2 minutes

Add right amount of fibres (humidity=recalculatiom) this case: humidity is about
40%. For 20g dry cellulose fibres the weighted amagi 33g.

Mix for 40-60 minutes

Add NH,OH (20 ml)

Add TEOS (60 ml)

Whole mixture mixed very well under moderate stigriro 24 hours
Filtrate

Dry in the oven in 50 °C

Test by SEM, TG, RAMAN, X-ray and Calcination

In situ synthesis of Ti@ SiO,/cellulose nanocomposites 11a)

The method of nanocomposites preparation by ;Ti@drolysis in the presence of
urea was used [2]. In a typical synthesis right amhoof urea to produce anatase
crystalline form on the surface of SiCellulose nanocomposites, was dissolved in 50

ml of ice-cold solvent water or (water: propan-1tolration 1:4) under vigorous
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stirring. Subsequently 1 ml of Tigwas added in the homogeneous solution. The
solution was mixed for about 1 hour. Cellulosed#(in ration 1:100 to whole volume
of mixture, 0,59) were added to this solution ahd mixture was heated at 70°C
during 24 hours. It is necessary to use condeAderwards the nanocomposite fibres
were collected by filtering, thoroughly washed widlstilled water and dried in the

oven at about 50°C over 3, 6 and 24 hours.
Mix water and popan-1-ol and put it into ice batt¥( 10 ml:40ml)
Gradually add exact amount of Ti@Vithout bubbles (1 ml)
Add hybrid fibres (0,5 g)
Mix for 24 hours
Filltrate
Dry in oven in about 40°C for 24 hours

Test by SEM, Raman, TG, X-ray analysis and Calmnat

In situ synthesis of nanocomposites prepared byraygkis of Ti(OGHs),4 1Ib)

There is another way to prepare nanocomposites@f/ BiO,)/cellulose by using

titanium ethoxide.
In 100 ml of ethanol 0,4 ml of 0.1M KClI is dissotive

Into the clear solution 0,5 g of fibres, normaletweight of substrate is 1% (1:100)
of solution, if the solvent is water. But in theseathat the solvent is ethanol, propanol
or something different than water, it is not easgisperse the substrate than it is better

to use substrate in ration 1:200.
This mixture is mixed very well for about one hour.
Than 1,7 ml of Ti(OGHs), is added under the,Mitmosphere.
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In case without fibres: mix the solution till it white. It is about 120 minutes.

Then let it grow the crystals for 24 hours.

In case with fibres: mix the solution whole timeagfing to provide the growth of

titanium particles on whole fibres surface.

After aging the pigment is cleaned two times byaatil and two times by water by

using the centrifuge and dried in the oven.

The final product is tested by Raman, SEM and X-&aslysis.

Growth of silver sulfide nanocrystals on TUBiO,/cellulose hanocomposites

surface III)

TiO,/SiO,/cellulose nanocomposites were used as preparedA@S precursor
silver diethyldithiocarbamate (Ag(dtc)) was used)(@dc) was prepared by mixing of
100 ml of 0,1 M silver nitrate (Ag(N§) with 100 ml of 0,1M sodium
diethyldithiocarbamate (Na(dtc)) for 1 hour undeodarate stirring. Afterwards
solution was filtrate, thoroughly washed with distd water and at the last time with

acetone and let to dry in a desiccator over sgea

All the nanocomposite particles were prepared Wirgd1,2-diaminoproapn (1 ml)
drop-wise to an acetone solution (20 ml) contairn@3 g of Ag(dtc) and 0.1 g of
TiO,/SiO,/cellulose nanocomposites. The suspension wasréfeixed with stirring,
under a N stream, inside a well-ventilated fume-cupboaranas were collected by
filtering and washed thoroughly with acetone. Abt@ined amount was dried at room

temperature in the desiccator over silica gel.
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Preparation of Ag metal nanocrystals on the surfacETiO,/SiO./cellulose

nanocomposites V)

TiO,/SiO,/cellulose nanocomposites with A&ynanoparticles were used as prepared.
Ag metal nanoparticles are prepared by removinghsuwl from AgS nanocrystals by
reaction with sodium borohydride (BNa). 100 ml of BHNa is prepared and 0,1 g of
TiO,/SiO,/cellulose nanocomposites with /&) nanoparticles is added and let to mix
for. Fibres are collected by filtering, thoroughWashed with distilled water and dried
in the desiccator over silica gel.

2.3 Result and discussion

2.3.1List of prepared substances

SiO)/cell
Cellulose fibres covered by compact Sflm, produced by process I).
TiOJ/cell.

Cellulose fibres covered by compact 7ifdm, produced by process IlI), by adding
clear cellulose fibres.

TiO,+SiOyJcell. (w, 24)

Cellulose fibres covered by compact Si®m, produced by process |) and
recovered by Ti@ particles or film, according the process Il), wdhesolvent was

distilled water and reaction time was 24 hours.
TiO,+SiO,/cell. (w:p, 6)

Cellulose fibres covered by compact Si®m, produced by process |) and
recovered by Ti@ particles or film, according the process Il), wdhesolvent was
distilled water and propan-1-ol (ration 1:4) andatégon time was 6 hours.
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TiO,+SiO/cell. (w:p, 24)

Cellulose fibres covered by compact Si®m, produced by process |) and
recovered by Ti@ particles or film, according the process Il), whesolvent was

distilled water and propan-1-ol (ration 1:4) andat&on time was 24 hours.
Ag(dtc)
AgGsH NS, precursor of AgS. Reaction described as process IlI).
AQ,S-TiO/SIO/cell;

Cellulose fibres covered by compact Si®m, produced by process |) and
recovered by Ti@ particles or film, according the process Il), wdhesolvent was
distilled water and propan-1-ol (ration 1:4) ancat®on time was 24 hours. With
nanocrystals of Ags on the surface, which were prepared by procéss Il

Cellulose fibres covered by compact Si®m, produced by process |) and
recovered by Ti@ particles or film, according the process Il), wdhesolvent was
distilled water and propan-1-ol (ration 1:4) ancat®on time was 24 hours. With
nanocrystals of Ags on the surface, which were prepared by procéss Il

TiO,/SiG/cell; Ag,S-Ag, NaBH, 0.01M, 7h

Cellulose fibres covered by compact Sifdm, produced by process |) and
recovered by Ti@ particles or film, according the process Il), whesolvent was
distilled water and propan-1-ol (ration 1:4) ancat®on time was 24 hours. With
nanocrystals of Af§p on the surface, which were prepared by procegssAf),S is
reduced to Ag-metal by mixing with 100 ml 0,01 MB\¥éd for reaction time 7 hours.

TiO,/SiOJ/cell; Ag,S-Ag, NaBH4 0,03M, 7h

... AQ,S is reduced to Ag-metal by mixing with 100 ml 0Ja3NaBH4
for reaction time 7 hours.
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TiO,/SiO,/cell; AgS-Ag, NaBH, 0,05M, 7h

... Ag,S is reduced to Ag-metal by mixing with 200 ml 0/5NaBH, for

reaction time 7 hours.
TiO,/SiO.J/cell; Ag,S-Ag, NaBH, 0,01M, 24h

... Ag,S is reduced to Ag-metal by mixing with 200 ml ONMINaBH, for
reaction time 24 hours.

TiO,/SiOJ/cell; Ag,S-Ag, NaBH4 0,03M, 24h
... AgS is reduced to Ag-metal by mixing with 100 ml 0/3NaBH, for
TiO,/SiO,/cell; Ag,S-Ag, NaBH, 0,05M, 24h
... Ag,S is reduced to Ag-metal by mixing with 200 ml 0/5NaBH, for
reaction time 24 hours.
TiO,/SiO/cell; Ag,S-Ag, NaBH, 0,01M, 72h
... AgS is reduced to Ag-metal by mixing with 200 ml ONMINaBH, for
reaction time 72 hours.
TiO,/SiOJ/cell; Ag,S-Ag, NaBH4 0.01M, 72h

... AgS is reduced to Ag-metal by mixing with 100 ml OMINaBH, for

reaction time 72 hours.

SiOJ/cellulose fibres nanocomposites were remitteceieral tests. From results of
these tests might be concluded that the synthést( in the presence of cellulose

fibres originated a homogeneous coating at thedilsurface.

Typically the deposited SiOrepresent about 23,6% (w/w) of the nanocomposite
weight as determined by TGA. UV-VIS spectroscopglgsis shows typical spectrum
for SIO,. SEM analysis showed cellulose fibres fully codewath a compact silica

film.
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TiO,/SiO,/cellulose fibres nanocomposites were prepared)kbdekcribed synthesis
in two different solvents: water and water: progdaal (1:4) and for different reaction
time: 3, 6, 24 hours. Nanocomposites were testedRébgan, SEM and UV-VIS
analysis. Based on results from these tests it trighconcluded that T¥Oforms
compact cover on the surface of Ji@llulose fibres nanocomposites. FiCbverage
strongly depends on reaction time. This conclusioght be done from all performed
tests.

Results from Raman analysis showed that after @ixshreaction in water: propanol
solvent the coverage is not sufficient and a pd¢ak@©, is hardly observable. Contrary
the results for samples after 24 hours reactiowater: propanol solvent shows nice
peak typical for Ti@ in 159,4 crit. The some effect of reaction time might be
described from results of UV-VIS analysis. Sampieated for 6 hours in water:
propanol solvent shows lower reflectance (about 6&8mpared to sample treated for
24 hours in water: propanol solvent, which showiectance about 80% and the

typical degrease of reflectance in range 320-40% isrmore precipitate.

Chart obtained from UV-VIS analysis was also usedtdlculate morphology of
obtained TiQ. The inflexion point of the curve for sample teshtfor 24 hours in
water: propanol solvent is in 375 nm, what is eqoaB.22 eV. This value refers to

anatase form of Ti®

Samples of prepared inorganic/organic hybrids va¢se tested by SEM. Increasing
reaction time influence amount of Ti@ormed coverage of the Sitellulose fibre

surface.

Testing by SEM also showed that Tifdrms compact film on the surface of nano-

hybrids. This is showed in the Figure 2.2.
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—&— Content of SiO2
—— Content of TiO2

w%

0 T T T T T 1
3 8 13 18 23 28

Reaction time (h)

Figure 2.1: The curves represent content of ,SX TiO, on cellulose fibres by the

function of time.

Figure 2.2: TiQ/SiO,/cellulose nanocomposite tested by SEM.
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Results were used to find optimal reactions cood#i As optimal solvent the
mixture of water and propan-1-ol in ratio 1:4 wasgen and as optimal reaction time
was found out 1 day.

TiO,/SiO,/cellulose fibres nanocomposites were used as rsddior growing of
Agzs

Afterwards AgS was tried to reduce to Ag metal by NaBdélution. Influence of

different time and concentration of reducing santwas investigated.

With increasing concentration of NaBHhnd increasing time samples changed
colour from very dark grey to almost white. Thisual test reflected, that A§ has
black colour and Ag metal particles are silver, ahhicould be visible as white.

Decreasing amount of A8 represents in decreasing greyish colour as showed
Figure 2.3.

Ag28-Ti02/8i02/cellulose fibers

Ag-Ti02/5i02/cellulose fibers

- & S %,

=

c=0.01M; t="h c=0.03AI; t="7h c=0.050;t="Th
3 -
¢ = 0.01M; t = 24h ¢ =0.03M; ¢ =24h ¢ = 0.05M: t = 24h

Figure 2.3: Increasing time and NaBEbncentration influence colour of samples.
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2.4 Conclusion

Aim of this work was to prepare nanocomposites dhase natural cellulose fibres.
Produced inorganic/ organic hybrids were used laasa for applying silver metal on

the surface of these hybrids.

The study shows possibility to coat natural polysneinth inorganic material to

protect those against agents from surrounding.

The other studied topic was forming of silver metarticles on prepared
nanocomposites surfaces. This study was very preiy and further investigations
are necessary, this study shows possibility of gmag nanocomposites form natural
fibore materials based on silica and titanium covansl also shows possibility of
building further materials on its surface to ratseir essential properties or build up

new one.

2.5 List of abbreviations

M molecular weight g.mdl

t time

h hour

UV-VIS ultraviolet - visible

TiO, titanium oxide

Sio, silicon oxide

SEM scanning electron microscope
TGA thermogravimetric analyse
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3 EVALUATION OF CELLULOSE
DERIVATES FOR WOUND HEALING
DRESSING

3.1 Aim of this project

The aim of this part of work is to evaluate somebakic chemical and
physical properties of different selected kindsomfmaterials, polysaccharides.
These polysaccharides are selected cellulose tesiv®K CEL, HEC and
CMC. They are planed to be investigated as basitstaaction units of

mentioned special wound healing plasters.

The first of inspected chemical and physical proesris density and its
dependence on solution temperature and initialtismluconcentration. Other
evaluated factors are surface tension and contgde af different concentrated

polymer solutions and their dependence on soluémperature.

Further inspected characteristics are UV-VIS abmacp, particle size,
particle size distribution and zeta potential. uefice of pH and salt
concentration variation on these characteristics w0 evaluated in this

chapter of presented study.

3.2 Materials and methods

3.2.1Materials

Oxycellulose (OK CEL)

It was obtained from Synthesia a.s. from Pardulizech Republic.
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Hydroxyethylcellulose (HEC)

HEC was obtained from Hercules, Aqualon Divisian Alizay, France. The
type 250LR, lot A-0749 with the technical name NAJBOL®was used.
Molecular weight of Natrosol 250LR is about 9,164g[".

Natrosol non-ionic, water-soluble polymer is ded¥eom cellulose. It is used
in water-based paints for its action as a rheolowdifier, stabilizer and/or
suspending agent. And it also plays a significah¢ in controlling rheology

before, during, and after application.

Physically, HEC is a white, free-flowing powder tltissolves readily in hot
or cold water. Available in a variety of types agdhdes, it can be used to
produce solutions with a wide range of viscosityg @seudo-plastic rheology.

Upon drying, solutions of Natrosol form clear, @&e films.

Natrosol is compatible with pigments, binders, gatdints, and preservatives

used in water-based paint systems.

Natrosol is a hydroxyethyl ether of cellulose. Eaalhydroglucose unit in the
cellulose molecule has three reactive hydroxyl gsod’he number of hydroxyl
groups substituted in any reaction is known asdiégree of substitution (DS).
Theoretically, all three hydroxyls can be substitutThe product from such a

reaction would have a DS of 3.

Type 250 LR has low molecular weight and it is teeato provide fast

dispersion and easier dissolving in water.

Solutions of Natrosol are non-Newtonian in flowne@ they change in
viscosity with rate of shear. Natrosol is dissolwedvater; the viscosity of the
aqueous solution rapidly increases with concewtnati The viscosity-

concentration relationship is nearly linear. Thecesity of Natrosol solutions
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changes with temperature, increasing when cooledredsing when warmed.
The viscosity of the solution is 10 Pa.s at 253@12].

Carboxymethylcellulose (CMC)

CMC was obtained from Hercules, Aqualon Division, Alizay, France.
Refined CMC type 7L, lot 20075 with the technicalnmee BLANOSE®was
used. Molecular weight of Natrosol 250LR is abodd.3nol™.

It is purified sodium carboxymethylcellulose withmmum purity of 98%.
Physically it is a light cream to white free-flowirpowder or granulate, which
readily dissolves in water to form clear, viscoakisons. It dissolves rapidly in
cold or hot water. Refined CMC acts as a thickeneeplogy control agent,
binder, stabilizer, protective colloid, suspendagent and water retention aid
forms films that are resistant to oils, greases arghnic solvents and it is

physiologically inert.

Refined CMC is cellulose ether, produced by regctikali cellulose with
sodium monochloroacetate. The reaction is conttoite such a way that a
predetermined substitution by sodium carboxymetrpups (-CHCOONa) is
obtained. This is expressed as degree of substit(iDS) or the average number
of sodium carboxymethyl groups per anhydroglucastean the cellulose chain.
The substitution necessary to achieve optimum dajuland other desirable
physical properties is much less than three, fomroonly used type 7, as is used

for measurements in this work is substitution imge0,65-0,90.

Varying the length of the basic cellulose chaintoaa the viscosity of CMC.
Viscosity of type 7L is in range 25 - 50 mPa.s &at°Z. Viscosity is the most
important property of CMC aqueous solutions. Thsskitions have a wide
tolerance for fluctuations of pH, for monovalenttsaand for water-miscible
organic solvents such as methanol, ethanol aneéghe The pH of solutions is

in range 5,0 - 8,5.
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The CMC aqueous solutions had pseudoplastic belwaaad thixotropy
character. Generally high viscosity CMC will shovstaonger thixotropy, or a
lower speed of return. Both properties depend aresdeof substitution of the
CMC.

Refined CMC is readily soluble in water at all teergitures right up to boiling
point. Under normal conditions, the effect of temgpere upon viscosity is
reversible and rising or lowering the temperatuas ho permanent effect on the
viscosity characteristics of the solution. Howevieng periods of heating at
high temperatures may degrade the sodium carbokytcetiulose and reduce

its viscosity permanently.

CMC solutions are more resistant to microbiologiatithck than most other
water-soluble gums they are not immune. If soligibave to be stored for any
prolonged period, it is important to destroy or iobilize any cellulose
(hydrolytic, viscosity destroying enzymes), whiclayrhave been introduced by
microbial action. [3.43], [3.44]

Samples preparation

Every measurement, in this thesis, was obtaine?l amd 4 weight % samples
of each derivate (OK CEL, HEC, CMC).

Weighted amount of cellulose derivate powder wastell in given amount
of distil water. The cellulose powder was wetteddmyall volume of ethanol
before dilution. Whole mixture was stirred tillfdrms clear, viscous solution. In
case of OK CEL the solution was not clear but isvetghtly yellowish and

opalescent.

In case of particle size and zeta potential measemé prepared 2 and 4

weigh % samples were measured.
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Measurement of pH influence was obtained on prebaamples. These
prepared samples were poured into the beaker vithergpecial electrode for ph
measurement was dipped. The small amounts of HOWa®®H were added
subsequently under gently stirring to change phkhefsolution. This was done

till obtaining the desired pH.

Measurement of ionic concentration influence wagsaioled on samples
diluted by (1.10, 1.10° 1.10% 1.10° 1.10° mol.I") concentrated solutions of
NaCl. The dilution was in ration 1:1. 2 ml of sampkere poured into the
cuvette, than 2 ml of NaCl solution were added ititis cuvette and whole

volume was shaken very gently.

UV-VIS measurement used the same samples as zegatipband particle
size measurements. But it was also measured onight sample, this one
was made by diluting 2 weight % sample by distitevan ratio 1:1 and whole

mixture was shaken.
Chemicals
sodium hydroxide (NaOH), solution (c = 1 md).|
hydrochloric acid (HCI), solution (c = 1 mot)l
sodium chloride (NaCl), solutions (c =%00% 10% 10° 10° mol.I")
Instruments
Tensiometr K12 (Kriss, Germany)
Density measurement:
solid tester (Kriiss standard, hook for solid tester
sensitivity 0,006g; time interval 5s
Surface tension measurement:

Wilhely method
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standard plate: platinum, width = 19,9 mm, thiclsn@2 mm

sensitivity 0,01g; immersion depth 2 mm; time imtdr2s; 10 measured

values
Contact angle measurement:
Ring method, dynamic
ring standard (Kruss): diameter 20 mm, thickne2sim

sensitivity 0,0005g; time interval 2s; immersioapth 3 mm, 3 measured

values

Samples were poured into the glass cup and edtablli; the tensiometer.
This cup is the standard for Tensiometer K12. Cgousetly it was let to temper

on the requested temperature for 20 minutes.

As the first the density measurement was done.sbftevare was set up for
this measurement and the empty hook was instalidded to calibrate. Then we

gently added the solid tester into the hook and #ta density measurement.

When this measurement was finished the measuritemeer was replaced by
standard plate for surface tension measuremeniw&af was also changed and
right setting data for surface tension measuremeste set up. The
measurement was repeated ten times just to hawaglena@lues for calculation

of correct results and their standard deviation.

Last measurement on this device was the measurevhenntact angle. The
standard plate was replaced by standard ring anddfiware and settings were

set up. Three values were measured.

The measured data were elaborated into the clg&teedard deviations were

calculated and they are presented in the chaxs als
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Doublebeam UV-VIS spektrofotometr (Helios Alpha h@&rmo Spectronic,
Germany)

wavelength range 190 - 110 nm
slot latitude 2 nm
silicon cuvette, width 1 cm

Firstly, the distil water was poured into the twavette. Both cuvettes were
placed into their compartments, one into the comnpamt for sample and the
other into the solution compartment. Than the bias® measurement was
started.

The prepared samples were poured into the cleandandilicon cuvette.
Spectrophotometer settings were set up. It wasigavhole wavelength range

and medium smoothing.
ZetaPlus (Brookhaven Instruments Corporation, USA)

Zeta potential analyser with goniometry BI-9000Ameasured particle

diameter is from 0,002 to 3 mm
Zeta plus and particle size software
special electrode for zeta potential measurement
special electrode for pH measurement

principle of laser-Doppler electrophoresis; paetidize for electrophoresis
0.005-30 mm;

pH range: 2-12; sample volume: 1 ml-1.5 ml; conthgctrange: 0 - 700
mS.m*; mobility range: 10° to 10" m2.(V.s)".

The prepared cellulose samples were poured into diean and dry
polystyrene cuvette, standard for ZetaPlus instnimé&his cuvette was got

inside the zeta potential analyser chest. The so#iwfor particle size
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measurement was dropped on and settings, suchnmgdesaame, number of

rounds (5), spell of particular round (20 s).

When the particle size measurement was finishesl ctivette with sample
was taken out. The special electrode for zeta pateneasurement was plugged
in this cuvette. The redundant sample amount wesedoout and dried by a
paper serviette. The clean and dry cuvette wasmgimte the chest again. In zeta
potential software the optimal settings were sel#csuch as sample name,
number of rounds (5), number of measurements inromed (5), concentration

of solution, measured pH and the measurement wsrped.

3.3 Results and discussion

3.3.1Density measurement

The density measurement was performed, becauseeofof knowledge of

density values for measurement of the surfacedarend the contact angle.

On the top of them the influence of concentratind temperature on density
was investigated. It is significant that increastagperature influences density

of the cellulose solutions. Density decreases slovith increasing temperature.

In Figure 3.1 the results are demonstrated for OEKL Gsample how

temperature and solution concentration influendgrper samples density.

Density decreasing is gradual for both concentnatiof each cellulose
solution. Steeper decreasing is observable onthéncase of OK CEL 4 w%

sample, during initial increasing of temperature.
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1,025

Density
(9/cm 3)

20 22 24 26 28 30 32 34 36 38 40
Temperature (C)

—&— OK CEL 2w% —ili— OK CEL 4w%

Figure 3.1: Temperature dependence of OK CEL smiutiensity.

1,01

1,008 -

1,006

Density
1,004
(g/cm?)

1,002

0 f 998 T T T T T T T T T 1
20 22 24 26 28 30 32 34 36 38 40

Temperature (T)

—&— HEC 2 w% —ili—HEC 4w%

Figure 3.2: Temperature dependence of HEC soludemsity.
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The low influence of solution concentration could bbserved in case of
HEC. Contrariwise, the higher influence of solutimoncentration is significant

in case of CMC solution.

This is what was expected and the values of deas@yused to set up initial

settings of the instrument for surface tension @mtact angle measurements.

1,014
1,012 -
1,01

Density 1,008 1

3
(grem™) 1,006

1,004 -

1,002 -

20 22 24 26 28 30 32 34 36 38 40
Temperature (C)
——CMC 2w% —l— CMC 4 W%

Figure 3.3: Temperature dependence of CMC soludeEmsity.

3.3.2Surface tension measurement

Our imposition was to investigate surface tensibthoee cellulose derivate
solutions OK CEL, HEC and CMC. These derivates wengestigated as
different concentrated solutions (2 w%, 4 w%). Thmin point of this
measurement was to investigate how the surfacaotertd these cellulose
solutions reacts on increasing temperature andecaration of solutions. It was

expected that surface tension could decrease mateasing temperature.
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These data are also presented in more generalscharfFigure 3.4Figure
3.5Figure 3.6. In this table and charts is signifibargshown that the surface
tension has a decreasing trend with increasing demtyre. The critical
temperature, where the surface tension is equadrm was not evaluated in our

measurement.

Surface tension
(mN/m)

20 25 30 35 40
Temperature (T)
—— OKCEL2w% —m— OK CEL 4w%

Figure 3.4: Temperature dependence of OK CEL smiuturface tension.

In case of OK CEL 2 w% solution it could be sumtbpt there is streamer
decreasing of surface tension in temperature rafige 25 °C. Other decreasing
is slow and gradual. Surface tension of OK CEL 4 wéfies with big changes
in setting temperature range. The same behaviald & observed in the case
of both concentrations of HEC solutions. The dexeezf surface tension is slow

and gradual.

Surface tension decrease, in case of CMC solutisnslow in temperature

range 20 — 25 °C. Than surface tension decreasiEtesly and rapidly. It is
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shown that values of surface tension of our ingestid samples are much lover

than surface tension of water.

50

48

46 -

Surface tension
(mMN/m)

44

42

20 25 30 35 40
Temperature (T)

——HEC2w% —m— HEC4 w%

Figure 3.5: Temperature dependence of HEC solwgioface tension.

60

55 4

Surface tension
(mN/m)

45

40 T T T 1
20 25 35 40

Tempe rg9ure (C)

—— CMC2w% —m— CMC4w%

Figure 3.6: Temperature dependence of CMC soludioface tension.
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The data from surface tension measurement werécubatd and results for

OK CEL solution are presented in chart on Figuie 3.

These data were elaborated by linear regressiorttandinal equation was
equaled with equation (2). The linearity data anelirt equations are used to
calculate surface free energy. The results of #@laboration are values of

surface free energy.

The highest surface free energy is observed in cB&MC 2 w% solution.
Results of recalculation for HEC and CMC soluti@ms presented in followed

diagrams presented in

0,065 -

OK CEL 2 w%
( =-0,0005 T + 0,2213
R?=0,7325

0,060 A

Surface tension

(N/m) 0,055 -
0,050 + OK CEL 4 w%
( =-0,0005 T +0,2103
R? = 0,9695 u
0,045 : : : : ‘
290,00 295,00 300,00 305,00 310,00 315,00

Temperature (K)

Figure 3.7: The diagram presents the OK CEL temieearelation of the
surface tension. These linearity and their equaiaomere used to

calculate the surface free energy.
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0,050 -
L ¢
0,048 - HEC 4 w%
n =-0,0003T +0,1502
[ ] R®=0,8922
Surface tension
(N/m) 0,046 -
0,044 - HEC 2 w% [ |
n =-0,0002 T+ 0,1147
R’ =0,8107 m
0,042 ‘ ‘ ‘ ‘ |
290,00 295,00 300,00 305,00 310,00 315,00
Temperature (K)

Figure 3.8: The diagram presents the HEC tempermtafation of the surface

tension.
0,065 -
CMC 4 W%
n =-0,0003 T + 0,145
0,060 . R? =0,5799
[ |
0,055 u
Surface tension
N/m
(N/m) -
0,050
CMC 2 W%
n =-0,001 T + 0,3521
0,045 R?=0,9163
®
0,040 :

292,00 294,00 296,00 298,00 300,00 302,00 304,00 306,00 308,00 310,00 312,00

Temperature (K)

Figure 3.9: The diagram presents the CMC temperatetation of the surface

tension.

101



Evaluation of cellulose derivates for wound healingssing

3.3.3Contact angle measurement

Another characteristic of cellulose derivates igirthcontact angle. The
advancing and receding contact angle was investighy the Ring method on
the Tensiometer K12. The effect of increasing tenaupee on contact angle was
evaluated. The measurement was done for two wemintentrations (2 w%, 4
w%) of each cellulose sample (OK CEL, HEC, CMC).eTtemperature
subjection is digestedly demonstrated at diagram&igure 3.10, Figure 3.11,
Figure 3.12. Here it is demonstrable shown thagdig contact angle is smaller

than advancing contact angle.

95

Contact angle

0

-
s

70

20 25 30 35 40
Temperature (T)

—e— OK CEL 2 w %, advancing —— OK CEL 2 w %, receding
OK CEL 4 w %, advancing OK CEL 4 w %, receding

Figure 3.10: These charts show temperature deperaei advancing and
receding contact angle. They also show differemeese by different

weight concentration of cellulose solution.
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In case of OK CEL and HEC solutions the advancingtact angle only
slightly depends on increasing temperature or mwlutoncentration. The
receding angles have the same continuance. Theciwees, which represent
each weight concentration of one cellulose solytslightly vary in the same

range.

For every sample applies that the advancing arsghegher in case of 4 w%
solutions and the receding angle is higher in cdszw% solutions. The great
peak on advancing angle curve could be observedagse of 4 w% CMC
solutions at temperature range around 30°C. Itdcdnd concluded that the
solution is highly hydrophobic in this temperatypeint. In case of other
samples it could be concluded that the wet-abilgynot influenced by

temperature of solution or its concentration.

120 l,
100 l
M —
=
Contact angle :|: - T
80 1
O
60 -
40 T T T T 1
20 25 Temperdfure (T) 35 40
—e— HEC 2 w %, advancing —i— HEC 2 w %, receding HEC 4 w %, advancing HEC 4 w %. receding

Figure 3.11: These charts show temperature depereda@i advancing and
receding contact angle. They also show differemeese by different
weight concentration of cellulose solution.
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140 7 ‘|'
120 T l

4
Contac(t()angle 100 \

80 I /!\.—’ T
f/ -+
60 T T T T T T T T T 1
20 22 24 26 Z%Gmpe%(l)ure (‘C)Q'Z 34 36 38 40

—&— CMC 2 W%, advancing —ili— CMC 2 w%, receding
CMC 4 W%, advancing CMC 4 w%, receding

Figure 3.12: These charts show temperature deperaai advancing and
receding contact angle. They also show differemeese by different

weight concentration of cellulose solution.

3.3.4UV-VIS spectroscopy

Another point of our work was to investigate howncentration of cellulose
solution influences absorbance of ultraviolet arsible light. The measurement
was done for three different weight concentratioheach derivate (1w%, 2w%
and 4 w%). The data obtained by this measuremenpsented for OK CEL

solution in Figure 3.13.

The curves in this presented chart represent ifesrent concentrations of
cellulose solution. It is significant that the heghsolution concentration the
higher light absorbance.
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5,000 4

4,000 A

3,000 +
Absorbance

@)

2,000 +

1,000 -

R

0,000 T T T T T T T T 1
190 290 390 490 590 90 790 890 990 1090
Wavelenght {nm)

—OK 1w% OK 2 W% OK 4 w%%

Figure 3.13: These graphs are obtained from absonceameasurement. They

show absorbance dependence on cellulose solutioceadration.

The absorbance is much higher on case of OK CEltisok. This is not
observable on case of HEC and CMC solutions. For @HL it could be
observe small absorbance of light in ultraviolaed &me incipient phase of visible
light. It could be cause by the transitions, whiahe observable in the
wavelength, range 190 — 400 nm. And the absorbahdght in the incipient
phase of visible light characterizes yellowish aphlesque character of OK
CEL solution. It means that molecules in OK CELusioin refract the light
beam and it causes that whole solution looks ghtsfiyellowish.

For HEC and CMC solutions this is not observableabse they are clear.
Here is also observable only the absorbance in @ @f spectrum which is

cause by transitions.
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0,160 -

0,120 -

Absorbance

& 0,080 -

0,040 -

0,000 T T T T T

370 470 570 670 770 870 970
Wavelenght (nm)

——HEC 1 w% HEC 2 w% HEC 4 w%

Figure 3.14: These graphs are obtained from absonceameasurement. They

show absorbance dependence on cellulose solutioceadration.

These data was elaborated for particular wavele(@, 700 nm) to show
the trend about solution concentration influencelight absorbance. These
elaborated data are clearly at Figure 3.15. Inetlobsirts the linear regression is
used to elaborate data. From linear regression tiegsathe extinction

coefficient are calculated for particular cellulasgution.

These charts affirm the conclusion, that absorbamoease with increasing

concentration of the solution.

Extinction coefficient is the highest for OK CELIlston, and low for HEC

and CMC solutions.
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2,500 +

400nm
2,000 | A=0,0603c
R’ = 0,4468

1,500 -

Absorbance
@) [ ]
1,000 ¢
700 nm

0,500 @ A=0,0331c
R® = 0,7287

0,000 T T T T . )
10 15 20 25 30 35 40

Concentration (kg/m '3)

Figure 3.15: These charts show the relation betwestiulose solution
concentration and absorbance. The equations ofalinegression

were used to calculate extinction coefficient.

Other aim of UV-VIS spectroscopy was to evaluate ipfluence on light
absorbance. This investigation was done in pH réhgel2. The data obtained
in this measurement are presented in Figure 3nl€ade of OK CEL solutions it
could be observe that light absorbance decreasenateasing pH till pH about
5. Than suddenly increase and at the end of pHeralggrease again. This

behaviour is much noticeable on case of solutioithivB w% concentration.

107



Evaluation of cellulose derivates for wound healingssing

2,5

15
Absorbance

D

0,5 -

R

-y

o T T T T T T 1
370 470 570 670 770 870 970 1070

Wavelenght (nm)
——pH2,59 —— pH 2,98 pH 3,2 pH34 ——pH4,02 —pH5,57 —— pH 6,82
——pH 8,56 pH 9,98

Figure 3.16: This chart shows the values of pH depace of 2 w% OK CEL
solution absorbance.
Regarding to HEC and CMC solutions, there is not edidence of pH

influence on light absorbance.

Data pertaining to wavelength 400 and 700 nm, winehe obtained by this
measurement, were selected and they are presepntidx lzharts in the Figure
3.17, Figure 3.18. Here is significantly shown tftatOK CEL the dependence
vary in whole pH range. There is apparent sudderedse of absorbance in pH

range 2 — 5 for both weight concentrations.

Absorbance for HEC and CMC solutions is not alnsudiject to pH. These
findings are illustrated by Figure 3.19.

The no-dependence of UV-VIS light absorbance onfpH2 and 4 w%
solution of CMC is presented here for 400nm wawgien
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2,400 -

2,000 -

1,600 -
Absorbance

@)
1,200 1

0,800 -

)
0,400 \ \ \ \ \ \

2,00 3,00 4,00 5,00 6,00 |7_|,O(C?L) 8,00 9,00 10,00 11,00 12,00
p

—&— OK CEL 2 w9 —ll—OK CEL 4 w%

Figure 3.17: These diagrams present pH dependefficabsorbance. These

values belong to the wavelength 400 nm.

1,600 -
1,200 -
Absorbance 0.800
@) ’
0,400 -
0,000 ‘ : : : : : ; ; ; ‘
2,00 3,00 4,00 5,00 6,00 7,00 8,00 9,00 10,00 11,00 12,00
pH (1)
—&— OK CEL 2w% —il—OK CEL 4 w%

Figure 3.18: These diagrams present pH dependeric&\6VIS (700nm)

absorbance. Data are presented for two solutionceatrations.

109



Evaluation of cellulose derivates for wound healingssing

2,500
2,000 -
1,500 -
Absorbance
@)
1,000 -
0,500
0.000 — —— — —— ——(—— ———+————¢ —
2,00 3,00 4,00 5,00 6,00 7,00 8,00 9,00 10,00 11,00 12,00
pH (1)
—4— CMC 2 W —ll—CMC 4 W%

Figure 3.19: Diagram presents solution pH influerae absorbance for CMC

solution for 400 nm wavelength.

Third aim for UV-VIS spectroscopy was to evaluatamic concentration
influence on light absorbance. This investigaticesvdone for concentration 0,
10°, 10°, 10%, 10°, 10° of NaCl. Cellulose solutions were diluted in ratib:1,
as described in part preparation of samples. Itnsi@¢hat concentration of
cellulose solutions is half-size (1 w%, 2 w%). Tata obtained by these

measurements are presented at diagrams lower.
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Absorbance

D

o T T T T T T T T 1
190 290 390 490 590 690 790 890 990 1090

Wavelenght (nm)
——NaCl 0 —— NaCl 10-2 NaCl 10-3 NaCl 10-4 —— NaCl 10-5 —— NaCl 10-6

Figure 3.20: These curves represent relation betwedsorbance and
increasing ionic concentration in cellulose solutioThese values
belong to 2w% OK CEL solution.

For higher lucidity, data pertaining to wavelengtb0 and 700 nm, were
selected to show the trend of this influence. ksthdiagrams, when the curves
represent different weight concentration, it is veard that the ionic

concentration does not influence the light absarban
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2,500 -
2,000 -
L
Absorbance 1,500
@

1,000 -

0,500 ‘ ‘ ‘

0,000001 0,00001 0,0001 0,001 0,01
Salt concentration (g/ml)
—&— OK CEL 1w% —ili— OK CEL 2w%

Figure 3.21: These charts present ionic concentratnfluence on solution UV-
VIS light absorbance (400nm).

2,500 -
2,000 -

Absorbance  1:°00 |

1)
1,000 -
0,500 -
0,000 B¥ L i - —i
0,000001 0,00001 0,0001 0,001 0,01
Salt concentration (g/ml)
—&—HEC 1w% —ll—HEC 2 W%

Figure 3.22: These charts present ionic concertratnfluence on UV-VIS light

absorbance (400 nm).
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1,600 -
|
1,200 -
L /
Absorbance
0,800 - v
@
0,400 -
0,000 ‘ ‘ ‘ |
0,000001 0,00001 0,0001 0,001 0,01
Salt concentration (g/ml)
—— OK CEL 1 w% —illi—OK CEL 2 w%

Figure 3.23: These curves present dependence dfEIKsolution UV-VIS light

absorbance (700nm) on ionic concentration.

0,012 -
0,008 -
Absorbance
@)
0,004 4
0,000 ‘ ‘ ‘ |
0,000001 0,00001 0,0001 0,001 0,01
Salt concentration (g/ml)
—&—CMC 1w% —ili—CMC 2 W%

Figure 3.24: These curves present dependence of €bi@ion UV-VIS light
absorbance (700 nm) on ionic concentration.

113



Evaluation of cellulose derivates for wound healingssing

3.3.5Measurement of the particle diameter

The measurement of the particle size was donemMomieight concentrations
(2 w%, 4 w%) of each cellulose derivate sample (OEKL, HEC, CMC). The
aim of this measurement was to evaluate the infleeaf pH and ionic
concentration on size of the colloidal particlesdabtained by measurement of

pH influence are presented and elaborated as cat\iggure 3.27.

For OK CEL solution is significantly observable thparticle sizes are
consists in variable cellulose solution pH. Thetiples diameter of in 2w%
solution is slightly contingent. But the particleaoheter in 4 w% solution
decreases again at the pH range 2 — 4. The abiflityolecules to swell is the

lowest for pH about 4. From this point the diama&tereases gradually.

1050 ~

750 -

(nm)

Diameter ]: I
[

450 -

150

2 3 4 5 6 7 8 9 10 11 12
pH (@)
—&— OK CEL 2 w% —ll— OK CEL 4 w%

Figure 3.25: The changing OK CEL particle size ariable polymer solution
pH.
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The investigation also showed that diameter of CERL (barticles is much
lower than for HEC and CMC. It is caused by loweitiy to absorb water from

surrounding solvent.

In case of HEC solution the diameter for 2 w% doed vary very
significantly by the instrumentality of changing pFor 4 w% solution of HEC,
it could be concluded that the diameter decreasgddirange 2 — 7. Than the
sudden increase is noticeable in pH range 7 — bghwis followed by sweep
decrease. So when solution pH is about 2 or 9,ctmaitions are good for

molecules to absorb water from surrounding solution

50000 -

40000 -

30000 -

Diameter
(nm)

20000 -

10000 -

10 11 12

6 7 8
pH (1)
—&—HEC 2wWw% —l—HEC 4 W%

Figure 3.26: The changing HEC particle size withrigble polymer solution
pH.
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80000 -

60000 -

Diameter

("M 40000 -

20000 -

2 3 4 5 6 7 8 9 10 11 12
pH (1)

—&— CMC 2 W —ill—CMC 4 w%

Figure 3.27: The changing CMC particles size witlrying polymer solution
pH.

The curves, which represent 2 and 4 w% of CMC solushow that particle
size depends on pH of solution. The apparent isere& diameter size could be
observed in pH range 2 — 5. It is more visible 40w% samples. It could be
concluded that water absorbability is pretty walhen the solution has pH
about 4 and 6.

This part of study also investigated particle ditere and how could be
influenced by changing ionic concentration. As povasly mentioned the
samples were prepared by diluting basic concemntrsdenples by NaCl solution

in ratio 1:1. Newly obtained weight concentratiams 1 w% and 2 w%.

Measured values procured by this measurement amduted on Figure

3.30. Here it is apparent influence of ionic coricaion on particle size.
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630 -

530 -

Diameter

(nm) 430

330 7

230 - ; : ‘
1,E-06 1,E-05 1E-04 1,E-03 1,E-02

Salt concentration (g/ml)

——— OK CEL 1 w¥% —ll—OK CEL 2 W%

Figure 3.28: These curves represent data of patidiameter and their

dependence on ionic concentration in OK CEL sotutio

24000 -
18000 -

Diameter
(nm) 12000 4

6000

1,E-06 1,E-05 1E-04 1,E-03 1,E-02
Salt concentration (g/ml)

—— HEC 1 woo —l—HEC 2w%

Figure 3.29: These curves represent data of patidiameter and their

dependence on ionic concentration in HEC solution.
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44000

34000

Diameter 24000
(nm)

14000

4000 - \
1,E-06 1,E-05 1,E-04 1,E-03 1,E-02

Salt concentration (g/ml)
——CMC 1 W —ili—CMC 2 w%

Figure 3.30: These curves represent data of patidiameter and their

dependence on ionic concentration in CMC solution.

In case of OK CEL the influence is similar for batbncentrations. From
results of OK CEL solution measurements one coubdl concluded any
reasonable dependence. In some concentrationg®frsaurrounding solutions
macromolecules can soak higher amount of surrourstddtion in other

concentrations macromolecules shrink.

On the other hand measurement of particle size&s® lAnd CMC solutions in
variable ionic concentration. There is perceptibfeience of ions, mainly for 1-
weight % samples. The absorbability of moleculeswgr up with increasing
ionic concentration. This particle size increasisgnot possible for double
concentrated solution. Molecules are very closéh esber and more marked

swelling of molecules is not possible.
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3.3.6Measurement of zeta potential

The zeta potential measurement was provided onPHetanstrument. The
main point of this investigation was to evaluate tielation between pH of
cellulose solution and zeta potential. Two weighnaentrations (2 w%, 4 w%)

of each cellulose derivate solution (OK CEL, HEGJC) were determined.

Data, which present solution pH influence on zetteptial, are presented as
comprehensible charts in Figure 3.33. It is visiblat zeta potential of particles
iIs generally negative. These values present thatGQBK and CMC cellulose
solutions are stable in whole measured pH range& Elulose solution is not

stable at pH area around 2,5 for 2 w% solutiongbdor 4 w% one.

Zeta potential ~
mv) 20+

pH (2)

—&—OK CEL 2w% —l—OK CEL 4 w%

Figure 3.31: This graph shows the functionalityzefa potential and pH of OK

CEL cellulose solution.
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12
Zeta potential
(mv)

pH (1)
—e—HEC 2w% —l—HEC 4 W%

Figure 3.32: This graph shows the functionalitzefa potential and pH of HEC

solution.

12

Zeta potential

M) s

-30 A
-35 4

-40

-45 -

pH (1)
—e—CMC 2 w% —l—CMC 4 W%

Figure 3.33: These three graphs show the functignaf zeta potential and pH

of cellulose solution.
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As second the ion concentration on zeta potentad weasured. Samples
were again diluted by NaCl solution in ration 116, 2w%). Measuring data
are presented as curves in Figure 3.34.

These curves prove that zeta potential for thekdaigo particles is negative.
OK CEL and CMC solutions are stable in whole ionancentration range,
which was measured. HEC solution is less stabtk ability to coagulate for
ionic concentration about 1.20y.mI*. Otherwise it is stable in almost whole

range.

Zeta potential
(mv)

-24 -

Salt concentration (g/ml)
—&— OK CEL 1w% —ll— OK CEL 2w%

Figure 3.34: These three graphs show the functipnalf zeta potential and
ionic concentration in cellulose solution.
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Zeta potential
(mv)

Salt concentration (g/ml)

—&— HEC 1 woo —l—HEC 2 w%

Figure 3.35: These three graphs show the functipnalf zeta potential and

ionic concentration in cellulose solution.

Zeta potential
(mv)

Sal concentration (g/ml)

——CMC 1w% —ili—CMC 2 woo

Figure 3.36: These three graphs show the functipnalf zeta potential and

ionic concentration in cellulose solution.
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3.4 Conclusion

The aim of this investigation was to determine baghysico-chemical
properties of sorted cellulose derivates (OK CELEHand CMC). The
evaluated properties were: density, surface tensiomact angle, UV-VIS light

absorbance, particle size and zeta potential.

The study was also focused on temperature and staten dependences of
selected physical parameters (density, surfaceiolernsnd contact angle of
wetting) of cellulose derivatives in aqueous solosi. Similarly the effect of the
latter conditions on UV VIS light absorbance wasestigated to allow the
calculation of the extinction coefficient. Last paf our work was focused on
determination of the influence of counter ion carication and pH of solution

on particle size and zeta potential.

From our measurement we can conclude that denisgglotions depends on
solution temperature. The higher temperature meé@®wer density as comes
from the basic theory. On the other hand higheutgwi concentration is the

cause of higher density of solution.

Surface tension decreases with increasing temperaBut we do not have
any definite conclusions for concentration of solutinfluence on surface
tension. Obtained values of the surface tension=thfilose aqueous solutions

was around 50mN/m, the derivatives act as the clarfiés.

The measurement of contact angle brings deterromatthat this is only

slightly dependent on concentration and temperature

The measurement on UV VIS spectrometer determired &bsorbance
increases with increases solution concentrationicl@oncentration and pH
influence only the light absorbance by OK CEL solut Other cellulose

derivates are stolid to these influences.
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That the particle size varies by influence of vagypH of solutions or ionic
concentration in cellulose solution was determifgdmeasuring of particle
diameter. This is more significant for HEC and Cld@&@utions; their molecules

have higher absorbability.

Investigations of zeta potential brings conclusithreg zeta potential is almost
negative for cellulose determined in our work anmat these cellulose solutions
are stable in whole determined pH range and thdingdof NaCl does not

influence this behaviour.

We did the basic investigations of selected ceflelderivates. If we want to
conclude that these derivates are suitable foriggmns in wound healing

dressing.

3.5 List of abbreviations

°C Degree of Celsius

A Absorbance (1)

b Path length (m)

C Carbon

C Concentration of absorbing species (mol/m3)
cm Centimetre

CMC Carboxymethylcellulose
cos Cosine

DNA Deoxyribonose nuclei acid
DS Degree of substitution

Es Surface free energy (N/m)
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HCI

HEC

mi

mm
NacCl
NaOH
nm

OK CEL

PMN

Rv
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Force acting on the balance (N)
Buoyancy force (N)
Gravitation acceleration (m2/s)
Gram

An hour

Hydrochloric acid
Hydroxyethylcellulose

Kelvin

Wetted length (m)

Liquid

Meter

Millilitre

Millimetre

Sodium chloride

Sodium hydroxide

Nanometre

Oxycellulose
Polymorphonuclear leucocytes
Distance from diffusive element (m)
Rayleigh’s diameter (m2)
Surface tension (N/m)

Solid
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UV-VIS
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Second

Absolute temperature (°C) or (K)
Transimittance (1)

Ultraviolet

Ultraviolet and visible

Vapour

Standard volume (m3)

Weight (g)

Weight percentage (%)

Electric polarizability (C2 m2/J)
Electric permitivity (F/m)

Angle of light reflection ( °)
Surface tension, between the correspondingfades (N/m)

Luminous flux density of light after it passésaugh the

sample (Im)

Luminous flux density of incident light (Im)
Luminous flux density of incident light (Im)
Luminous flux density of diffused light (Im)
Absorbtivity, constant of proportionality (m/mol
Wavelength (nm)

Contact angle (°)

Density of liquid (g/m3)

Surface or interfacial tension (N/m)
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MAIN CONCLUSION

The aim of this Doctoral Thesis is focused on itigasion and selection of basic
materials and techniques necessary for preparaiiothe currently used planar
materials mainly used as wound healing material liealing of injuries after
mechanical injuries as well as on surface burnriegu These materials are also being
possible to use in case of problems related witsbiee and other types of ulcerations

of tissue deprived e.g. by nutrition or prolongeessure.

Based on such critical vigorous review the new pective planar based candidate
articles are selected and their physic-chemicapgnttes and their influence ability

were tested.

As the most progressive materials systems of eegadeplanar wound healing
article components building blocks will be mainiyn catural biopolymer bases

(polysaccharides).

With respect to the latter mentioned practicalrd aims, the need of detail study
of systems suitable for controllable drug deliveny situ of direct wound/article
interface on dex-HEMA bases was studied. As folldvirem above mentioned aims,
important issue was also detaining high sterilitgl @ntibacterial functionality of the
article based on silver and titanium oxide antianmfmatory agents attached on

cellulose fibres.

This study shows that chosen HEC and CMC polysaitdsmare able to swallow in
specific pH and salt concentrations better tharrotihosen polysaccharide OK CEL.
Ability to swallow is very important for polymer tbe able to disintegrate from
crosslinked gel what is necessary condition forypars suitable for pulsed drug
delivery, as it is shown in the case of dex-HEMA &EG-HEMA.
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This study also presents two different successhysaof polymerization of natural
polymers. Their degradation process is then stubiethcreasing swelling pressure,
increasing concentration of free polymer particlesgradation process is necessary

for realising of entrapped drug molecules from sliogked polymer matrix.

Basic construction units will be exposed to différagents from surrounding during
application. That is way it is so necessary alspraiect them against influences. One
possibility of protection is also shown in this dgu where inorganic/ organic
nanocomposites are built up. We present processowéring fibre surface with
Inorganic oxides. These can protect fibres, buy tb@n be also used as base for
growing Ag metal particles on their surface. Ag,vwadl known, has high sterile and
antibacterial functionality. Which can brings othpssibilities for application of, on

these basis, prepared planar articles.

This study investigates possible candidates frotarabpolymer row, which can be
chosen as basic construction materials for plartmies. Molecules of drugs could be
entrapped in crosslinked matrix and by slow swalfacess could be further released
in to the wound. Because of using of different dast which can also influence the
physico-chemical properties of fibres, this can gvetected or even improved by
building nanocomposites. This can bring other opputies for natural polymers in

medical textiles and their medical application.
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