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Generalintroduction

Polymersare macromolecules constructed by a linkage between a certain number of small
molecules generally called monomers or monomer uni@urrently, those macromolecules
are recognized as synthetic and Hiased polymers, which play an essential role in everyday
life?3. Snthetic polymersare derivedfrom fossil resource¢petroleum) e.g.polyethylene,
polystyrene, nylon, etcand bio-based polymers are extracted or produced from renewable

resources as plants, animals, algae, microorganisms, etc.

Bio-based polymersare dividedinto three main categories founded on theirigin and
production (Figure f) Category 1corresponds to polymers or pagolymers directly
extracted from biomass (e.g. polysaccharigeptein, and lipids). Category 2 polymers
produced by synthesisf bio-based monomers (e.g. polylactic acid) acategory 3are
polymers

produced by microorganisms or genetically modified bacteria

(e.0.
polyhydroxyallnoates (PHA)).

Bio based Polymers

i v

Directly extracted from biomass Polymer produced directly

Classically synthesised from

bio-derived monomers by organisms

v v
Polysaccharides ‘ ‘ Protein H Lipids ‘ Polylactate PHA
N

s Starch and its Animal (casein, || Cross-linked ! Other
derivatives whey, collagen/ Tri-glyceride polyester Bacterial polysaccharide
,,,,,,,,,,,,,,,,,,,,,,,,,,, gelatine) 3 | : (Dextran, pullulan, etc.)
Plant (zein,
Gums and its soya, gluten)

> derivatives

Figurei. Schematic presentation of bibased polymers based on theirigin and
method of productiof.

The high interest fronseveral researchreas on biebased polymerss associateavith their
biodegradability,bioactivity, and easy availability. In contrast, petrolethased polymers
are toxic, notbiodegradable and their depletion leads to price volatility that became
expensivé®. In this senseseveral researchers usdilo refineryconcept to extract specific
and functional organic compounds from renewable resouttedhose compounds are

suggestedo replacesynthetic polymers.
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Indeed, comparing natural and synthetic polymers, natural ones have poor thermal and
mechanical properties. To enhance these properties, blends of two or more macromolecules
such as natural/atural or natural/synthetic were established to create a new form of
materials. These new materiadse shown good mechanical properties and biocompatibility

comparedo those ofindividual polymericomponentg.

On the other handduring the past decadesnanoparticles have been introduced several
fields mainly for its original properties and greater surfaces area than the large patrticles. For
example, nanoparticles are highly interesii on pharmaceutical fields. The reasaetate

the protection ofdrugs from premature degradatin, the control of drug release and the
intracellular penetratin®®. Therefore, the design afovel polymeriamaterials used for their
preparation drawsmuch attention in many research groups. These matkr should be
biocompatible, biodegradable, and easily functionaliZé Thus, biopolymers such as

polysaccharideare presented tdulfill all of these requirements

In this sense, several researchers proposed to develop new techniques thgiriedadng
refined polysaccharides, with wallefined molecular weight M,) and chemical
compositiort!. Besides, small fragments of polysaccharides are already used as building

blocksinthe preparation of nanoparticfé*=.

The present sidy is focusedon bio-polymersof category 1, more precisely ocellulose
derivatives. lis very well knowrthat cellulose is the most abundant natugablymer on the
earth. Theirnon-solubility in water and common organic solveritasto be overcome to
extend its applicationThus, celilose derivatives such as cellulose ethémnd celulose

esters”>have been prepared to pvide solubilityflexibility, andprocessability

Cellulose ethersare extensibleused in many fields including applications in food, paint,
textile, plastic, drug delivery, €t Recently, Akhlaghi et al.!’ presented several
polysaccharides including cdthse ethers as amphiphilic systems because tpegses
hydrophilic and hydrophobic moieties. The authors also revealed that the hydrophobic
moieties in cellulose ethers are highly related to their properties such as theresponsive

behaviors, high vissity, and gel formation.
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The peparation and use of block copolymers for designing membrane materials with novel
functionalitiesare one of the main research domains in our group. Thus, our goal in this
project isto study the biotransformation ofiydroxypropyl methylcellulose (HPMC, Figure ii)
and the physicochemical characteristics of the obtained prodinctsew ofpreparing short
chained polysaccharidethat can be used further as building blocks to prepare novel

polymeric architectures

RN

wrl' | T ;To / @CH(OH)CH

Figure ii. Simplified HPMC structure

This dissertation consistie six chapters. Chapter | presents an overviewbaf sourced
polymers (polysaccharidgrotein and lipids (as prepolymers)), including bioconversion of
biomass, their application in membrane and material field and a brief introduction of

polysaccharide based block copolymers for their future and new applications.

Materials and description of expi@nental methods to depolymerize HPM&prepare short
chained fragments and characterization technigues used in this stuahe providedin

Chapter Il

Chapter Il describes thenzymatic hydrolysis of HPMC usimgpdo cellulasesfrom
Tricchodermareeseito produce shorchained building blocks. Herein, the experimental
parameters including the nature of starting HPMC, reaction time and enzyme concentration
were studied. A library of shorthained HPMC fragments with an average molar mass
between 6000and 46000 g mot is reportedfor the first time. On the other hand, HPMC

fragments were also prepared by acidic hydrolysis for comparison.

Chapter IV presents thghysicochemicatharacterization of the small fragments recovered
after the partial depolymerization process (enzymatic and acidic). Chemical composition and
macromolecular structurevere determinedby *"HNMR and size exclusion chromatography

coupled to a multangle light scattering detector (SEMBALS), respectively.nd group
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titration of reducing extremity was used to show their end functionality enabling further
reaction for thepreparation of block copolymers. HPMC exhibits phase separation ability
and gelation poperty upon heating.The clouding point (Cp) temperature was determined

by UV transmittance

Chapter V focuses on the synthesis of block copolymers based on short HPMC chains. Two
different approaches were studied. The first one consists classical couping of
polysacharide block and aminderminated polymer chains through reductive amination
(Figure iiia). Thus, HPM®G-polyether copolymers were prepared by reaction with
hydrophobic Jeffamin@M-2005. In the second approach, thiehe click reaction was used

to perform the coupling. In this case, thiolation of HPMC chaiaee first carried out using
cysteamine by reductiveamination and the obtained compounds reacted witBne
terminated polymers (Figuné@b). HPMGb-poly(lactic acidfPLA) and HPMEJeffamin@®@M-

2005 copolymers were prepared and characterized. Moreover,-agtembly and phase
separation properties were studied by dynamic light scattering (DLS), transmission electron

microscope (TEM) and UV transmittance.

H 1
HPMC— + HN—R —__  _ HPMG O NH R (a)
o

Reductiveamination

Thioteneclick (TEC)

Figureiii. Schematic presentation of twamutes of block copolymer preparation: (a)
reductive amination and (b) thiedn click reaction.

Finally, Chapter VI summarizes the overall conclusions of this study and provides suggestions

for future work.
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INTRODUCTION

As we introduced before, this research project had an objective to study hioe
transformation of hydroxypropyl methylcellulose (HPMC)and physicochemical
characteristics of the obtained produdats view ofpreparing shorichained polysaccharides

that can be used further as building blocks to prepare novel polymeric architectures

In this context, this literature search airas giving @ overview of recent studies related to

bio polymersbased materials within the sustainable polymer approach. This chapter
dividedinto four parts First, physicochemical characteristics, availability, current and future
trends in the use obio-sourcedpolymers (polysaccharid@roteins and lipids) are shown.
The second part presents the application of polysaccharidesltration and biomedical
materials. Third, the formation of materials and biomaterials based on block copolymers is
summarized. Firly, the methods to prepare showthained polysaccharides which are the

starting building blocks to design block copolymanesexemplified.
[.1. BIOSOURCHEDLYMERS

The polymers extracted from the biomass (plants, animals, algae) correspond to the
appellaion of bio sourcedthese arepart of category bn biobased polymerESee Figure i).
Based on their biodegradability, availability and low cost these polymers have gained a great
attention in the material field. Térefore, polysaccharides, proteins, argids (as pre
polymer) can be used individually but also in blends and composites. Blends or composites
are prepared to improve the properties and functionalities of the polymer itself, which

consequently influences the materials properties and late thpplication.

For these reasons the study of the physical, chemical and structural featubéspolymers
becomes necessary.In this section of the literaturereview, we will summarize the
physicachemical characteristicef chemically mdified biosourcedpolymers, beside their
availability and their properties as a polymer. The first paudevotedto the presentation of
polysaccharides and their derivatives (mainly cellulose and cellulose ethers), edllbw

proteins and finally lipids as a ppolymer.
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I.1.1. Polysaccharide and derivatives

Polysaccharides are polyme carbohydrates composedalong their chain of
monosaccharides as monometsomopolysacharidescomprises only one type of monomer
units like, for example, glucose units in cellulose. Complex structures also exist containing
two or more types of monomers. Each mononiserlinked by glycosidic bonds formed
between the hemiacetal group of one monosaadde andthe hydroxyl group of another

one (Figure 1.1)

Acetal group

\ Glvcosiditond OH
3 OH

HO

7’zzllzCeIIqus
o

OH
OH

Figure 1.1. Glycosidic bond ando&tal groupin cellulose

Depending a their origin, various conformations such as helices and sheets are observed in
their structuré. As the main component of plant cell vgllpdysaccharides are

biodegradable ad environmentally friendly materials.

In the plant kingdom, polysaccharides are recognizedneenergysource (starch, guar gum)

and plant support (cellulose, hemicellulose, pectin, agar and alginate). The animal kingdom
also possesses polysaccharidebich are recognizedas support of skeleton (chitinlas
physiological functionen the intercellularmatrix @lycosaminoglycansr as wellas asource

of energy @lycogeng Moreover, monera kingdom isused to synthesize several

polysaccharides (dextragellan pullulanxanthan, scleroglucan

Besidesof their availability and low cost, those polymers present biological and chemical
properties such as notoxicity, biocompatibility, biodegradability, polyfunctionality, high
chemical reactivity, chiralitychelation and adsorption capacitiés These propertiehave

been largely demonstrateih the literature.

It was proposedthat cellulosic material can be employed as reinforcing dushding

components into the fiberithermoplastics interfaces even in film preparatioh
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Bioconversion of renewable lignocellulose materials to biofupl®vide an alternative
source ofenergy to decrease the dependence on fobsied materiafs The chemical
modified polysaccharidg such as cellulose derivatives can be used to mimic many biological
complexes or to prepare advanced materidlsThese materials are proposed as delivery

systems fomnti-cancemrugs, or as adsorbents in waste water treatmét

Thus polysaccharidebavebemme one of the most attractive biopolymers to prepateig
delivery materials, biomaterials and nanomaterials, etn. the following sectionthe

celluloseby far the most abundant polymer in nature and its derivatiaesdescribed.
[.1.1.1. Cellulose

Celluloseis a linear homopolymer consistingf repeat units of Banhydroglucopyranose
units (AGUs)As show in Figure 1.2, each glucopyranosetusiinkedto adjacent unit® € - |
(1-4) glucosidic bonds at the C1 and C4 posifioriEhis polymeiis insoluble in water and
common organic solvents due to the strong interaction between hydroxyl groups in position
C3 and the ring oxygen atoms of tineighboringglucose unitand betweenthe hydroxyl
group of C6 and the oxygémond of the glycosidic linkad’.

| Celiobiose
i | H
OH | :
HO o O 0
HO 0 HO OH
OH
OH
Non-reducing end B o n Reducing end

Figure 12. Cellulose polymer chain structute

The size of celluloss givenregardingits degree of polymerization (DP), i.e. the number of
AGUs present in a single chain. However, conformational analysis of cellulose indicated that
cellobiose (DP=2) rather thanugbse is & basic unit'. A number of2 to 6 DP are called
cello-oligosaccharidegvhich are soluble in water, and from1B are solubleligoglucosesn

hot water.A DP superior to 15 or 26 partof insoluble glucosidic chaitfs

10
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There are thredree hydroxyl groups per AGU at the @& and C2 in the cellulose chatis
Adjacent AGUs are rotated approximatedy 180° on its neighbor. Thigotation causes
celluloseto be highlysymmetricalsince each side of the chain has an equal number of
hydroxyl group¥. On the other hand, ydroxyl group at both ends of cellulose chain show
different behavios. One chain endf cellulose has a reducing hemiacetal group at the C1
position while the other end has an alcoholic hydroxyl {Qfbup on the C4 position The
end of the chain at the C1 positias knownasreducing end groupéREG)it canturn to an

aldehydewhich ishighly reactive towards aqueous alkaline conditiehi.

CelluloseOKI Ayad I NBE GOSNE &@-#)-onkes beétweeh edth glusoRmitR dzS
Also, their stabilityis reinforced by intrachain hydrogen bonds between parallel chains
(Figure 1.3). Irthe natural state, about 40 to 70 cellulose chains are interconnected by
hydrogen bonds between the C6 hydroxymethyl and the C3 hydroxy groups of the adjacent
OKIAya (2 T2NXY YAONRUONICE &

w@w%
/mw%

Figure 1.3. Intra andIntermoleculatydrogen bondsi cellulose chair’s

Cellulose microfibrils are alternated by order (crystalline) and disorder (amorphous) segion
(Figure 1.4Y". In the ordered regions, cellulose chains are tightly padiefbrm crystallites,
as a result of a strong and very completra- and inter-molecular hydrogen bond

interactions.

11



Bibliography

Crystalline region ~ Amorphous region Fibril

Cellulose chain Microfibril

Figure 14. Scheme of the structure of cellulose fibtils

Crystalline zonesni cellulose fibrils had been demonstrated byra¥ diffraction and
polarized light optical microscep’. It was showrthat crystalline portiongould beextracted

via controlled acid hydrolysis, where amorphous regions are rechoeaving high ratio of
crystals cellulos®. Several synonyms are used in literature, referring to cellulose
nanocrystals: cellulosevhiskers cellulose nanowhiskers nanocrystalline cellulose and

microcrystalline cellulose. Depending on the source, the crystallinity can vary fre80%0

17

Cellulose nanocrystal has been considered to be a potential reinforcement material in
composite fabrication. However, their use has been limited by tloeir compatibility with
the solvents andhe polymeric matrix. In ths sense, several methods based on surface

modification were proposetf**%.

The reactivity of cellulose was greatly enhandgdswelling treatment, acid degradation or

as well mechanical grinding, which break down the crystalline conformation. On the other
hand, 100 years agdhe solubility of cellulose was discovered. This findimas basedn
modifying free hydroxyl groupslang the cellulose chain under strongly alkaline condition.
Thus, cellulose nitrate and cellulose sulfate were the first two cellulose deriggieduced.

To date, many other derivatives have been produced (ethers, esters, ionic, -iooic,

cationic, etc), but only a few of them have gained commercial importarice

To conclude this partelluloseis an insoluble polymeric material, with a high percentage of
completely crystallinestructure whatever the source of cellulose. Thasgrinsic properties

limit the pristine cellulose utilization in our objective of preparing shdrained

12
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polysaccharides with Did the rangeof 30 to 50. Therefore, we now propose to explore

water-soluble cellulose ether derivatives.
1.1.1.2. Cellulose ethers

Celulose ethers couldconsider as cellulose copolymethat containing modified AGUs,
through the functionalization of lateral hydroxyl groups. The hydroxyl grafipssUs came

partial or fully substituted The chemical modification procasdasedn two steps:

a) alkaline swelling of the cellulosea method in which the strong hydrogen bonds of
micro crystallinecelluloseare more or less disrupted bthe formation of the sacalled alkali

cellulose:
/| Stfoh+ NaOH C /| Sttt oh#bl HO

It shouldbe noted that salinization mainly takes place at C2 and C6 position. Under strong
alkaline conditions, the formed alcoholate ions are highly nucleophilic and can react with
electrophilic alkyl halides or oxiranes. Besides, other methods were devefofieding the
principles ofgreen chemistd??®?*. However, classical method prepariatkali celluloseis

preferred bythe manufacturerof cellulose ethers.

b) Etherification, this reactionis expressedby the follow equation using alkyl

halides:
/SfC]Nap + wQ/ € /Sffcpth NacCl

2 KSNBY wQ Aa |y 2NEFYAOOIN BiHgeit BAxdK YR NBK O

structure?®.

Feller” also reportedthe preparation of mixed ethersin this casethe reagents may be
added simultaneously or isubsequent reaction stepsthus, the author describethree

main industrial reaction types:

/ St f+MNaOHbL w -C / St f+ MO +NaX (@
[/ Stft+haHay 1, C I St t ,hi,l,l (b)
/ St f +NadOHb w,/ 1 /1 C [ Sttt ,h/ I/ 1w (©)
\/
e} OH

13
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Reaction a) describes the Williamson etherification where X can be a halidsulfate.

Unreacted NaOH is washed away after the reactignnvolve Michael RRAGA 2y 2 F [ St
to an activated double bond C=C by an electvathdrawing group Y in the presence of a

proton acceptor. Anct) shows an alkatiatalyzed addition of an oxiranehis reacton may

propagate further since new hydroxyl groupgeneratedduring the reactiorf®. All these

reactions are baseatalyzed.

The average number of substituents p&GUis characterizedby the degreeof substitition

(DS). DS values can vary between 0 and 3, however derivative pradgititcta DSvalues
below 0.1and above 2 are insoluble in wafér The reactivity of hydroxyl groups varies
according to the reaction medium in Wt functionalizationis done E.g., etherification
reactionsin alkaline medium is C2 > C6 > C3, and C6 > C2 > C3anquemus solvent§.

The substituent can be of one typeyr, a combination of different ether groups.
Substitutiors that generatenew free hydroxyl functionscan again be etherified and
characterized by the molar substitution (MZ¥. Therefore, heterogeneous substituted
cellulose derivatives can be produced. In contrast, homogeneous substituted cellulose
derivative canot be produced The reasons are relate to the variation of the reactivity of OH

groups in AGUs, as wetlleir accessibilities in themorphousand crystaine regiong®.

Parameters suchschan length, type and distributionf substituent, DS, MS andilocation
in the AGU will determine the properties of cellulose derivatf#¥s*. One of these
properties is their segel transition in water, whicls highly relatedto the balance of the

hydrophilic and hydrophobic substitutiotfs

Table 1.1 provide a list of commercially available watsoluble cellulose ethers. Their
properties suchasthickeners, binders, film formers, wex retention agent, surfactats and
thermo-reversiblebehaviorsplay an important role in several industrial fields such as food,
cosmetic, pharmaceuticalatex paints and constructidh In our projectwe are interested

in polymers that exhibitthermoreversible behavior Thus we will focus on studying

hydroxypropyl methylcellulose (HPMC)

14
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Table I.1. Industrial cellulose ethergtherifyingagents and their main applicatiofi.

Cellulose Ether Etherifying Agent Aplication
Methyl Cellulose(MC) Chloromethane Building, Material and Surfactant
Carboxymethyl (CMC) Chloroacetic Acid Detergent and Food
Hydroxyethyl cellulose (HEC) Ethylene oxide Paint, Emulsion, Drilling
Hydroxypropyl (HPC) Propylene Oxide Paint an Tablets

Hydroxypropyl(methyl) (HPMC) Propilene Oxide/Methyl Paint, Tablets and Building

1.1.1.3. Hydroxypropylmethyl cellulos¢HPMC)

This cellulosederivative also called hypromellose in INNnternational Nonproprietary
Name) nomenclatureis a parially Omethylated and &2-hydroxypropylated) cellulose.
There areHPMG in various grades with different viscosities and extents of substitution. This
polymeris considereds aneutral or nonionic polymemith high stabiliy compared to ionic
polymers or surfactan?é*®. Besides their biocompatibility and easy utilization in important

formulations, HPMC presesparticular interest for biomedical and healthcare applications.

HRVIC has many different functions in drug formulation as a dispersing, emulsifying,
foaming, solubilizing, stabilizinguspending and thickenin@gent. Alsa HPMC can be
applied as controlledelease and sustainerklease agent§*’. Moreover, their aqueous
solution seemspresents greater clarityand fewer undissolved fibers comparedith
methylcellulose. On top of that, HPMfevents droplets andagglomeration of particles to

avoid coalescence effect.

Anaher important property of HPMC is their thermoresponsive behaviahere the
polymer solubility decreases witimcreasing temperature above a Loweritical Solution
Temperature [CST). LCS9 the phase separatiorprocess from solution tesolidification
above a certain temperature in thermoresponsive hydrog&ls Thus,thermoresponsive
polymer shows transparent sotion below the LCST temperaturand above LCSThe
polymerbecomes hydrophobic and isoluble leading to gel formatidf®**. This phenomenon

is governedby the balance between hydrophilic and hydrophobic moieties in the polymer
chairf?*®, Furthermore, the gelation of such a system is coupled to an increase in turbidity

(Clouding point (Cp) temperature) due to phase separatibimerefore, @pending on the

15
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authors, Cp is defined as dahintercept between the 100 % of transmittance of the
transparent solution and the slope of the decrease of transmittafiaar as the temperature
at which light transmission reaches a 50% valuer half Cp measured when the

transmittance reachs96%4°.

Faircbugh et al.** hypothesized that to raise the solubility of tpelymer, water molecules
at a low temperatureform a caye structure aound hydrophobic segment&nd when the
temperature increases, hydrogen bonds become weaker, and the cage structure is

sufficiently disruptedht the gelation temperature that facilitate thghase separation.

In this research work, we ar@terested in playing with thermosensitive and gelation
properties by using shoithained HPMC and subsequently by combining the prepared

compounds as building blocks in block copolymer preparation.

1.1.2. Protein

Proteirs arebio-sourcedmacromoleculs whch are built by monomer units called amino
acids. In nature, thee are 21 different amino acidsh& amount and sequencgovern the
functional properties for each protefh The chemical structure in amino (NHnd carboxyl
(COOH) groups of amino acidanbe comparedio synthetic polyamide that is a polymer
containing monomers joined by peptide bond$wus it is assumedhat the protein structure

could be used to form different kinds of mateséike polyamides.

Their physicochemical propertiese organizedaccording tothe hierarchyof the structure:
primary, secondary, tertiary and quaternary structar@igure 45). Quaternary or native

structureof proteinsis stabilizedyseveralinteractionssuch as:

1) electrostatic interactions where acidic (Asutic acid Gluamic acig and basic

(Lysne, Argnine, Higidine) amino acidare attracted

2) hydrogen bonds occurring when hydrogenis shared between two highly

St SOGNRYSIIGABS d2Ya O6beliiiihoOgaradginedd LINBaAS

Glutamic acidallowsa highdegree of Fbond*®,

3) disulfide bonds(SS covalent bonds) ming whenthe SH groups of two cysteine

residues are covalently linked by oxidation

16
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4) hydrophobic interactionis particularly important for protein stability. In globular
proteins, most hydrophobic amino acid residues are arranged in the interior of the structure

in the native conformation, while the polar amino acate mainly foundn the surfacé’
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Figure |1.5. Scheme of protein structures agted from OwusuApenterf® and
Darryf°.

The native structures sometimes limit their utilization (i.e. depletion of protein structure

enhances their functionality). Therefore, sveral mechanisms (chemical, physical, thermal
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enzymatichave beerdeveloped to unfold proteinsThese unfoldingrocesesbasedon the
loss of quaternary, tertiary and secondary structare called denaturatior. Consequently

unfolded proteinsexpose itactive sites that enhance their functional and active properties.
[.1.2.1. Functional properties

Thefunctional properties of proteinare basedn three effects:

1) Hydration properties related to the proteinwater interactions that lead to
wettability, dispersibility, swelling and solubilization. These effects play an important role in

gelation viscoelasticity and water holdimgpacityof proteins*®>2,

2) Protein interactionsreflect the tridimensional structure formation, e.g. gel, dough,
fiber, material, and biomaterial formation.The wnfolding process leadsxposingvarious
interaction forces disuffide bridges, electrostatic attractions, hydrogen bonds, hydrophobic
and van der Waals) which will playn important role inthe mechanism of network

formation®3%4°°,

It should be notedthat hydrophobic interaction could have adverse effects due to the

possible occurrence of aggregation and precipitation phenomena.

3) Surface properties based on the presence of charged groups in the protein side
chain, and on the hydrophilic or/and hyaishobic amino acid sequenc&s This property
gives the ability toadsorb at the oHwater interface and form stab#ing layers around oil

droplets’’; this effectis recognize@s emulsior’.
1.1.2.2. Extration process

Protens are categorizedin function of their purity duringthe extraction process; thus

isolated protein (purity over 90 %) and concentratgrotein (around 6685 %) can be
recovered®’. The Classicamethod is basedon alkali dissolution and acid precipitation

relation to the isoelectric poim®®°. This process ma Ay b dzSy 0SS (KS 02y F2!
functional properties, such as stability, surfabgdrophobicity and surface/interfacial
activity’*®2 Therebyjn the pastyears the exigencies to obtain protegwith high purity and

good functional properties lead to search process with a minor imgecthe protein

structure and more environmentally friendRP*.
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1.1.2.3. Developments and uses

In the past decadesmuch researcheffort has been undertaken to use plant or animal
proteins for packaging application in food industihus films and/or coatings materials
have been developed mainly due to their excellent gas barrier propeifies.production of
those filmsfollow three principles:1) the rupture of intermolecular bonds that stabilize
polymers, 2)the arrangement and orientation of polyen chairs, and 3)the formation of

three-dimensionahetwork stabilized by new interaictn®>°%°’,

Thus, food packaging materials are prepared usindifeerent source of proteins. fie
formulation of these materials isin function to the protein concentration. Thenges are
between5-20 % of theprotein and the pH value adjusted as a function of the protein type to
break down the interchain interactios®®”®. Then, heating and drying processing of the
filmogenic solution give rise to a stiff and brittle film due to strong protgirotein
interactions. Therefore to solve this drawback and enhance the mechanical properties of
obtained films,the addition of plasticizer betweenl0-60 % in protein formulation was

577

proposed

Recentlythe new formulation has been developedfirst to diminish the hydrophilic nature
of protein film. Thus, protein was blended with certain additives such as lipid§®,
polysaccharid€$®* and inorganic polymeP88%%¢. A secondpproach has beeproposedto

improve density and mechanical properties of thlen structure using crosknking agent&”
92

Proteins have alsbeen appliedto the development of a large variety of materials as drug
coating>®*, biomaterial for biomedical applicatidf*®, electrospun fibre¥ 8, plastic mulch
film for agriculture industrie¥, plants container$®, foam platic to produce automobile
part’®'%  membranes for ethanol permselectiit§, dynamic materiaf§+*°®
polyelectrolyte multilayer (PEM) filrf§, bilayer scaffolds, tissue engineering; composite

gels to tissue regeneration, and nanofibrous membrafe

From the previous literature search, it appsedhat protein canbe the choice for making

biomaterials Theirthermo formand high functional propers could impart new challenge
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for the material preparation, by coupling: protepolysaccharide, proteHipids or protein
inorganic polymeras well. Therefore, we can mention thatlant or animal protein with

specific polypeptides sequences cobklusedn new architecture building blocks synthesis.

In the same way, several authors mentioned that mimickibgoin, keratin, and elastin
structures could be way to prepardlexible, resstant and hydrophobic materid®. On the
other hand bioactie peptides with gparticularsequence show biological function in living
organisms. Thes@eptides could insert into biomaterials for biomedical or cosmetics

applications.

[.1.3. Polymers from lipids

Vegetableoils, from edible to drying odre a rich sorce of polymer precursors that can be
modified to exhibit various types of functionalities, leading to new matswdth a wide
range of properties from structural to functional (Figure'{:é Severaresearch work have
alreadybeen published reflecting the international efforts to use these natural products to
produce novel polymers and polymer precursoenlargng the range of potential
application***.  Triglyceride moleculescan be modified through hydrolysis or
transesterification by reactingunsaturations presat in the fatty acid chains. Thigaction
leads to a large variety of functionalized molecules, with those containing epoxy or hydroxyl

groups being probably the most popular choice.

Vegetable oilaare categorizedas a function otheir iodine valuewhich is a measureof the

RSANBS 2F dzyal GdzNY GA2yd £S3SilFrotS 2Af | NB
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or semidrying oils are used in surface coatifigs Nondrying oils find a wide variety of

industrial usesn soaps, cosmetics, lubricants, leather dressings, candles, etc.

Currently, several precursors suchegmoxy,alkyd polyurethaneare commercially available

for specifiapplications™®.
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Figure 1.6. Chemical reactiosiof vegetable oil5'.

1.1.3.1. Future trends/ Applications:

Plant oil has aledy shown their versatility as sowes for polymers angrecursorg*-*¢14/
or as wellto form a hyperbranched structure to improve the dispersion of the carbon
nanotubes (CNTEf. Oil based polymer are also used to prepare composite matrices

(organic or inorgani¢®*® thermosetting material¥®.

Applications of vegetable oil based polymeric materials are not restricted to the industrial
arena and can also extend to a variety of biomedical applications as surgical sealants and
glues, pharmacological patches, wound healing devices, drug caandrscaffolds for tissue
engineering®®. The interest on vegetable oil relates to its biobased and biocompatible

properties.

In principlethe production of renewable oils and monoméras been demonstrated to be

technologically feasible and capaloliesubstitung petrochemical feedstock
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CONCLUSION

Renewable resources provide variable new structuras thermosetting materials.
Polysaccharidegroteins, and plant oil based polymers show their availability and reactivity
functions which couldbe used to reach acceptable properties for the resulting thermosetting

materials.

On the other handbio-sourced polymers have several reactive sites such as hydroxyl
acetaminoor amino, aldehyde, ester, etc. These functions can be taken advantage to

preparebiomaterials suitable for any given application.
.2. POLYSECHARIDBASEFILTRATION AND BIOMEDICAL MATERIALS

As shown above, polysaccharides structysessenta large number of hydroxyroups and
onealdehydegroupat the end of thé& chain. These reactive groups reflect chemical stability
and high reactivityf the polymer.Therefore polysaccharides became interestifepdstock

for material preparation, such as membrarid#tration, and most recently into biomaterials

such as tissuemngineeringscaffold

The next part of our bibliography review introduces polysaccharide based membranes and

biomedical materials.

[.2.1. Polysaccharide baseshembranematerials

Based on their excellerfimogenicand mechanical properties, polysaccharidesre used

for the first time by Fick in 1855, who prepared a membrane using a cellulose derivative
(nitrocellulose}*. Since tlen, cellulosicmembrane materials have been developed. Today,
numerous grades of porous and dense nieane based on cellulose ester are commercially

available mainly for ultrafiltratiorgialysisand reverse osmosis process.

The nembraneis definedas a selective barrier between two phas8sA membrane can be
homogeneous or het®geneous, symmetric or asymmetric in structure, solid or liquid. It can
carry positive or negative charges, be neutral or bipoldére ransport through a membrane

can be affected by convection or by diffusion of individual molecules, induced by anelectr
field, concentration, pressure or temperature gradient. The membrane thickness may vary

from as small as 10 microns to few hundred micrométérsThey canbe classifiedin

22



Bibliography

Isotropic, anisotropic, ceramic, metal and liquid membranes. e types of membrans

are shown schematically in Figuré.

Symmetrical membranes

Isotropic microporous Nonporous dense Electrically charged
membrane membrane membrane

Supported liquid
membrane
Liquid-
filled
pores
Loeb-Sourirajan Thin-film composite f
anisotropic membrane anisotropic membrane Polymer

Figure 1.7. Schematic diagrams ofiaintypes of membrane'$”,

According to their poz size, pressurdrivenrmembranes are established in typical filtration
process. e.g. microfiltration (MF) with pore size range from 0.1 to 10 pm, ultrafiltration (UF)
from 2 to 100 nm, nanofiltration (NF) lower than 2 nm and reverse osmosis (RO) in which
there is no permanent pore size (dense membrank).such dense membranes, the
transport of molecules is describéu terms ofsolubility and diffusivit}??, mostly studied for

gas or vapor separation.

The membraneprocessbility and performance are highly related to themembrane
material which refers to the substance from which the membrane itselhadeand to the
morphology of the obtained membrane. The polymeric membranes with more than 80 % of
the total market canbe madefrom synthetic or natural macromolecules. Obviously, the
physical and chemical matrix properties of membrasiech as thephysical strength, its
resistance to temperature and chemicals and its biocompatib#ity in relation at the
efficiency of the filtraton system.On the other hand, the membrane structure, transport
and separation properties are determined by teaumes and conditions under which

membrands producedporousvs non porous homogeneouss asymmetric)?2
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Amongnatural biobased membrane matrix, polysaccharides offer certain advantages over
existing synthetic polymeiin ultrafiltration process: 1) increase in flux while maintaining the
same rejection ratio; and 2) low fouling due to the smooth hydrophilic adtiyer, thereby

reducing particulate clogging and adsorption of hydrophobic matéfials

The membrane media is mafactured as flat sheets or as hollow fibers and then configured

into membrane modules as explained below.

[.2.2. Methodof membrane preparation

A rumber ofdifferent techniques are available to prepare membrah& Casting followed
by solvent evaporation is used mostly to prepadense or nonporous membrane.
Compressing membrane material at high temperature is used to prepaiceoporous
membrane A porous membrane can be preparedthrough 1) makingthe composite

membrane, 2) or phase inversion techjnes

1) Composite membrane cabe prepared using two or more different materials.
Those materials are deposited layer by layer, #mar selectivity is determined by the thin
top layer. Several coating procedureduas dip coating, or ather type of polymerization
such as plasma, interfacial, -gitu polymerizationare available to prepare composite

membranes.

2) Phase inversiors a process where the polymer in solutisnconvertedn the
solid phase bydemixingeffects.Several techniques lead to reach phase inversion process.
Thus,a)temperature induced phase separation (TIRS)eaction induced phase separation
(RIPS), and) diffusion of nonsolvent induced phase separation (DIR# techniques to

prepareporous membran&®.

1.2.3. Polysaccharide basettat sheet membranes

This type of membrane igrepared mainly by inversion method. A flat sheet membrase
preparedwhen the polymer solution is cast as a thin film on a support (glass plate or non
woven pape) with a casting knife, and then the film is immersed coagulation bath that

contains a norsolvent for thepolymer. ®@nsequentlyaphasenversion takes placé’.
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Since a longime regenerated cellulose and its derivatives (nitrocellulose and cellulose
acetate) have been used to produce membranes with different pore size going from MF to
RO for such applications as desalting, watepollution, as well as separation of soluté¥

As a recent example, cellulose acetate solubilized in two nonvolatile solvemteiiN/-2-
pyrrolidone (NMP) and -butyrolactone) generates porous membranes by a demixing
process after coagulation in watéf. Besidescomposite and surface modification can result

132 Another recent approach consistssolubilizng

in improved membrane performanc¥
cellulose in ionic liquids that allowsombine two principles ofgreen chemistry i. e.

environmentallyfriendlysolvent and bierenewable feelstock?,

Chitosan is another polysaccharide that can be used to produce membrane. In that case,
dense membranes are prepared with application in pervaporation of gas permeation. So far,
chitosan baseanembranehasbeenshown to have a googermselectivityin water/ ethanol
solution®**. The authorsdescribed that the addition of crosslirdrs as glutaraldehyde
increase the permeation rate. This effect is relatéd the reaction of glucosamine units
with the aldehydegroup of the crosslingrs agent to form a bridge between two chitosan
fibrils (Figurd.8).

H,0H H,0H 00
0, 0 0,
OH 0. H 0 H 0 NAAAAAN
K H ]
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I $
CH
|

H N NeCH-(CH); CH

Figure 1.8. Reaction of chitosan and gluteraldehydé

Composite membranewere also investigatedbr their use in pervaporation and adsorptive
process.Meireles and coworkerg® obtained good ethanoldehydration usinga composite
microbial polysaccharides membranthe authors usedolyethersulphone (PES) as support

for the active polysaccharidayer*(Figure I9).
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} Active layer

¥ — PES support

Figure 19. Crosssection images of the composite membranes prepared from purified
polysaccharid&®.

On the other hand, ultrafineellulosenanofibers were employetb preparenew class of
thin-film nanofibrous composite (TFN@)embrane$®. TFNC membrane has-idd higher
permeation flux than commercial polyacrylonitrile membranes, for ultrafiltration of
oillwater emulsiort?*3¢. Anather type of composite polysaccharemembrane composed
by positivechitosan,negative hyaluroni@cid, and konjac glucomannan, where studied for

biomedical applicationd’.

1.2.4. Polysaccharide basekollow fiber

Porous hollow fibers are prepared using a viscous polymer solution which is pumped
through a spinneret and at the same timebare liquid (mainly consisting in a polymer non
solvent) is injected through the inner tube of the spinneret. The polymer solution and the
bore fluid are extruded into an external nesolvent coagulation bath to form hollow

fibert?2,

The first polysaccharide hollow fiber membrane was prepared by Pittlial.’®. This
hollow fiber membrane was studied in UF anddialyss processes. In addition to the
application in water treatment aboveeviewed for flatsheet membranes, hollow fibers
have also beenconsidered asan adsorptive membrane which has been developed to
remove contaminants such as hegavmetals and humic matters.For instance,
chitosankellulose acetate blend hollow fiber has been studied dooperion adsorptiort?”’,

(Hgure 1.10. In that casethe ¢NH, group ofchitosan chains act as heavetal ion chelator.
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Figure 110. Crosssectionaland overall morphologef chitosan/cellulose acetate
hollow fiber membrané&’,

Those composite membranegere also showed higher efficiency for the removal of dyes
compounds such as VictorBlue (98%j3°° and high extraction efficiency (890 %) bward
silver(Ag) and gold (ALY

On the other hand, polysaharidepoly(vinyl alcoho) (PVA) hydrogel graft materials were
studied as a removal of toxic and carcinogenic arsenic (Ar) as well of heavy metdl§ (Mn
CU*, Fé", N#, and PB") from contaminated watét They also mentioned that the
polysaccharide analogous showed miffes toward the metal ions according to the

decreasing order: B&>Mn**>Qu*",

1.2.5. Polysaccharide basebiomedical materials

Polysaccharides are used to prepare biomedical materials due tottiesimo reversibleand
biocompatible properties. The most studied polysacchaidte this field are cellulose
derivatives, chitosan, alginate, agarose, glycosaminoglycans, gellan gum and*stdivase
polymers are using alone or blendedth other organic compounds such as protein and lipid

based polymers.

A biomedich material shows an appropriate host responseith minimal or no immune
response andany inflammation These materials alsgpromote cell adhesion and

proliferation in the cae of tissueengineering product?.

Following this approach, a large number of nonionic cellulose ethers e.g.

hydroxypropylmethyl cellulosHPMC) was applied as binders or coating material to protect
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active drugs™*® or as well aso deliver anticancer drugs Microbial cellulosavas also used
for burnstreatment***. Polysaccharides as chitosan could deappliedfor cartilage repair

in clinical setting®.

Furthermore, lodegradable porous scaffold made from starch and polyckggtone were

able to maintain a normal expression of endothelial -spkcific genes and proteins,
indicating a potential application in vascularization process associated with bone tissue
engineering®®. Alginatebased chitosan polymer fiber showegbod adhesion capacity with

chondrocytes in comparison with alginate polymer fitéfs

Another important application in the biomedical field concerns nanopartidNaoparticles
can be classified as amphiphilic systems as they possess hytim@nd hydrophobic
moieties that are responsible for their seifganization behavidf®. Thus, nanosized and
stable chitosarg-PEG/heparin polyelectrolyte complex micelles werepared by a sel
assembly proces®’ (Figurel.11). Thesepolyelectrolytes assembly promoteshe apoptotic

death of camrer cells.
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Figure 1.11. Schematic polyelectrolyte formation between polyanion and meG
Chitosan®.

On the other hand, nanoparticles are used as agents for diagmdsiarious diseases.
Currently, dextran coated superparamagnetic iron oxide nanopartiqfBextranSPIONDS
SPIONSs)) are clinically available as magnetic resonance imaging contrast agent for diagnosis
of various diseasesln order to prepare DextralSPIONs, a double hydrophilic -BS

PolyGlycidylMethAcrylate (PMGA) block copolymer comprising a DS block as a ligand for
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macrophage activation and a PGMA block as a robust attachment on the surface of SPIONs
159 (Figurel.12).

1,2-diol for SPION surface

DS for macrophagt anchoring
targeting(SRA) /1

W FeC).6H,0/FeCI2.4D
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.
- NaOH, 80C
DSb-PGMA

__________
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Figure 1.12. Illustration of interactions betweenl,2-diols of DSb-PGMA and the
SPIONron atom°,

This review provides insightis potential applications of polysaccharislasa macrg micro,
and nanostructure in many fields. On the behavior of biomacromolecules and amphiphilic
compounds, the driving forces controlling the interaction between these two systems can be

manipulated to @hieve desied characteristics and physical properties.
|.3. POLYSACCHARIDE BABEDCK COPOLYMERS

From the structural point of viewithe polymeris organized as linear and ndinear structure
(Tablel.2). Linear structure is divided in fosub groupsnamely homopolymer (poly(A)),
block copolymer (poly-b-B)), alternating copolymer (poly{@t-B)) and statistical
copolymer (poly(Astat-B). The ron-linear group includes branched homopolymer and graft
copolymer (poly&-g-B)) ***. It shouldbe noted that more thantwo monomers can be

involvedgenerating more complicated structures.
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Table 1.2. Composition/Organization copolymer structurés

Type Polymer type Nomenclature Structure
Homopolymer poly(A) ! o! ol 9! 9! 0! 0! @! !
Block copolymer poly(Ab-B) o! ! @! @! Bb Ky By Bp By
Linear

polymer  Aternating copolymer poly(Aalt-B) 0! B! Bo! Bo! @p! Bo

Statistical copolymer poly(Astat-B) o! @3o! 0! o'BpBp! @Bo! o

A-—A A._—A—A
A {
/ /
Branched polymer @ ! ¢! 9! 9! 9! 0! 9! @! !
l
A
Non-linear
polymer g—B 5—B—B
B/ B/
/
Graft copolymer poly(Ag-B) ! ! @! (lp (0] |/ o! o! 0! o!
B

All the polymer structures shawin Table 1.2, present their specific physicochemical

properties. Hence, we are foaung on linear block copolymerganization.

The interest of block copolymer structurés basedon their selfassembly behavior. This
type of materials has emerged recently, as a very attractive method for the fabrication of
functional nanostructured materiat¥** and as a new generation for lithography and
semiconductor applicatiof®**’. In this context, tremendous effort has been devoted
during thepast decades exploring engineering macromolecules of polymer chains, preparing
different shapes (stars, cylindrical micelles, vesicles, etc.) and investigating the various

possibility of nanostucture morphology.

In the following section, we summarize first the techniques used to synthesize block
copolymes, their properties and applications. In the second part, the use of polysaccharide

as building blocks is presented.
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[.3.1. Block copolymes

Block copolymers are macromolecules constructed by two or more distinct homopolymers
linked end to end through covalent hds™® The number of blocks and the arrangement in
their structure determine the molecular architecture (Figure 1.13). Thus, two, three, and
more blocks are called diblock, triblock, and multiblock. Their topology can be linear (blocks
connected endo-end) or stars (blocks connected via one of their ends at the single
junction)>***°. More complicated arrangemesiike brushesmiktoarm stars orH-shape

are also possibfé®. Various schematic arrangements of block copolynagespresentedn

Figure 1.13.

RS WSV v

AB diblock ABA triblock ABC triblock
" anx
LR
(AB), multiblock CyclicAB diblock Mixed arm star block
AB brush AB H-shape (AB), Star

Figure 1.13. Some possible strucigtgre organizations of block copolym&rs®
A number ofdifferent chemical reactions may be used to synthesize blogolymers.
These includessterification, amidationthe formation of urethanes, aromatic substitution,
etc. Polymerization usually proceeds by the reaction between two different functional
groups, e.g. hydroxyl and carboxyl groups, or amino and aldehyde. Another more popular
way onsists in constructng polymers of the desired length by oatrolled radical

polymerization.

[.3.2. Synthesis

Chaingrowth polymerization hadeen successfully performeduring the past decades
through conventional ionicradica] metatcatalyzed olefin metathesis and ring opening

metathesis polymerization (ROMP) tedgques>* '°1%2 These polymerization techniques
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enable control over the polymer architecturieynctionalities and compositiof®®, In the 90s
years, Controlled RadicaPolymerization CRI was highly developed as a fundamental

technique in polymer synthesis field by using three different approaches:

- Atom Transfer Radical Polymerization (ATRP)

- Reversibladditior/ Fragmentatiomn Chain Transfer Polymerizatid®4AFT

- Nitroxide-Mediated Polymerization (NMP)
These techniquesre governedby the equilibrium between apropagating radicals and
dormant moieties®. Polymers generated by CRRe usedin many applications such as
surface modification (commonly performed through ATRP), block copolymers for bio
applications (performed through RAFT and ATRP), and NMP teckmicpiased in pigment

dispersion, memory devices, composite manufactufitfg

A comparison between CRP teaues revealed on@dvantages of ATRP over RAFT and
NMP techniques. ATRP could be preferred to prepare more purified block copolyirtéts
Besides, the amount of metal complex compound used as a catalytic in ATRP techniques was

reduced to a few ppm. This action leads epayification of the obtained polymers.

Currently, severatontrolled polymeization techniques ar@vailable to desigmew smart

macromolecules, which can lamalogdo the natural block polymers.

[.3.3. Structure of sefbrganization

In the followingsection the selforganization of block copolymers in solution (micelles,

cylindrical micelles, vesas) andn bulk phases is described.

Seltassembly involves the formatioof hydrophobic(in contact with a nomolar solvent or
surface if aplicable) and hydrophilic domaingn contact with water or another polar
solvent or a hyephilic surface)f®. Thus, well-defined amphiphilic block copolymes
undergo seHassembly in aqueous solutiohe morpholog/ of blockcopolymer self
assembly resudt from the inherent molecular curvature and their influence to packing

copolymer chaif®®.
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1.3.4. SeHorganization in solution

Block copolymersn a solventthat are selective for one of the block exhibit sadfsembly
behaviord®®®’. As a consequence of their chemical conformatiablatk copolymers form
a supermolecularaggregate, such as micelles, monolay®layer, and vesicle organization
(Figure 1.14).

NV RS

AB diblock

i B a

Micelle Monolayer Bilayer Vesicle

Figure 1.14. Aggregatiormorphology of linear diblock copolyméfs 2,

The nanostructure formed byselfassemblyof diblock c@olymer could present a size
around 5 to 100 nriv>. Matyjaszewski and coworkeré have reported that the size and
shape of nanodomainare determinedby the chain archécture, M,, of each segmentheir
interaction parameters and the temperature Additionally, he M,, and M,, distribution are
essential parameters for obtainingvell-defined macromolecules On the other hand,
amphiphilic block seldssemblyis characterizedby a critical micelle concentration (CMC)

thatis usually lower than their loaverage molar massounterparts such as surfactants

The bw CMC values anthe control ofM,, on each segment havied to use amphiphilic
block copolymergor drug delivery The applications of block copolymers in drug release are
limited by the length of blocksince the polymer fragments of the carrier should have a size

below the renal threshold (30000 g/mdb) be sure that it is easily evated"*>.
Specific selbssembled nanostructures can be targeted according to a dimeless

GLI O1 Ay 3 pJis deFinédh EGiaLb(1)

N &Ta

WhereU is the volume of hydrophobic chaid, is the optimal area of the head group, and

a is the length of the hydrophobic tail. Therefore, packing parameter is meiaked to self
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assembly morphology. Thus, spherical micelles are favored tybn Mk 0 = O&f A Y RNA O
whenmk (yXOKoyZ 'y R @SaA 0t Sa (kML t e YSNBR2YSa 6KSy

[.3.5. Lyotropigphasegbulk phase

Leiblef® has described the theory of microphase separation in block copolymkesphase
separation behavior is etermined by three experimentafactors: a) the degree of
polymerization N = N+ Ns), b) the block copolymetomposition f) (as the overall volume
fraction of the A componentfy=NyJN) and c) the Flonf dz33Aya Ay iSN} OQGAz2y

representing the strength of repulsive interaction between two bldgks'®* "2

According toBates and Fredricksoi, the microphase separation of block copolymers can
be illustrated in a schematic phase diagram, in functionMwersus the block length ratify

(Figure 1.B).
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Figure 1.15. Theoretical phase diagram for diblock copolymesp&erical, €
cylindrical, Ggyroid, L Lamellae, CRS8lose packedphere and disordered phasg”.

Bates and Fredricksdrf*°and also Malstrom and Darlifg®*” have represented various
arrangements of microphase separation of block copolymers. Figueshdwsa schene of
thermodynamically stable diblock copolymer phases. Is txample, the linear@ diblock

copolymer (P®-PMMA) molecule reprgented at the top The chains setirganize such that

34



Bibliography

contact between the immiscible blocks is minimized, with the structure determined

primarily by the relative lengths of the two polymer blocks t">.

AU NRS™

spheres cylinders gyroid lamellae gyroid cylinders spheres

fa

Figure 1.16. Phase diagram for linear AB diblock copolyr{ét’3,

[.3.6. Hierarchicaself-assembly

Thermodynamic immiscibility between two distinct blocks leads to a variety of ordered
nanostructures with periodicity at the scale ofi®0 nm*". Ordered domains follow the
principle of seHorganization by attractive/repulsive pair force€$®. Repulsive interaction
(include: incompatibility of polymers, hydrophobic interaction, and excluded volume of

anisotropic moleculesgre characterizety their order phase (polymorphism).

The formation of vergimilarordered structures (A and B domains) in different materials as
magnets, block copolymers, and liquid crystddad shown that selimechanism is a

168

widespread behaviofFigure I.7)
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Figure 1.17. An example of the universality of order principle througgir forces. Left
(lamellar organization) and right (hexagonal domains) in a ferroflugi=a)cm and bd = 4
um; in a ferromagnetic film ¢) and d)= 10 um; in a block copolymer superlatticede= 40

nm and f)d = 16 nn®.

Other examples of ordered block copolymer sssemblyare reportedin Figurel.18 as
monolith materials of a polystyrerblockpoly(lactic acid) (RB-PLA) with a gyroid
morphology!”® and P$-PMMA copolymer byParket all’®, or in Figurel.19 as well as
protein-b-poly(Nisopropylacrylamidg' 2.
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PS (dark)

$ 50nm
PMMA
(light)

Figure 1.18. Selfassembled architectures of RSb-PLA'"% B) PSh-PMMA"* CPSb-
PMMA'",

m-Cherry PNIPAM
o)

) ses

" Lamellae Aggregated micelles

Figure 119. A) Globular protein aRCherry conjugation with polyds$opropylacrylamidgand
the observed possible phases formed. B) TEM of solid state structures formed from m
Chery-b-poly(Nisopropylacrylamidg 2

1.3.7. Block copolymers basezh polysaccharide

The use of polysaccharides as hydrophilic moieties for amphiphilic block copolymer

preparation is basedon their hydrophilic nature,biocompatibility, biodegradability and
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bioactivity. To date, severaksearchgroups have focused on designing smart polymers
which allow to construct intelligent nanomaterials for active intracellular delivery of
anticancer drugs’®. In this view, carbohydrates are interesting ligands to target hepatic and

cervical cancer cefl§, or just as nanocomposite for biomedicitfé

In this part of the bibliography research work, we summarize the few publicatalated to

polysaccharide containing blockpolymers.

1.3.8. Synthesis

Schatz and Lecommanddu% have reviewed the different routes that can be used to

synthesize polysaccharide based block copolymers:

a) Enzymatic polymerization,
b) Adding synthetic block at the reducing end of polysaccharide,

c) Endto End coupling two blocks bearing antagonist functions.

The methods here mentionednply the introdudion of a reactive function at the native
reducing end of polysaccharides. An exampléhes reductive aminatiorthat proceeds in
two steps as illustrated in Figure20: step 1) an initial equilibrium between aldehyde and
iminium group resulting from the nucleoghi addition of an amine function arstep 2) the

reduction of iminium inthe presenceof a reducing agent such as sodium cyanoborohydride
(NaBI_dCN)JJQ-lSOl

CHOH CHOH CH,OH| CH,OH HNR, H;OH CH,OH BH,CN- CH,OH| CH,OH
- - H - H . Q OH
OH —— R —
@. @ ~  |\pH OH /So - oH /S~ @. OH /N
slow \ fast g
OH |~ OH H] o OH | ~OH R OH | OH R

hemiacetal aldehyde

Figure 1.20. Reductive amination with cyanoborohydride ion at the reducing end of a
polysaccharide chaif’.

Following this way, several articles have demonstrated the use of polysacesamtd block
copolymer formation, either coupling them with natural biopolymers, synthetic polymers or

to inorganic compounds, as well.
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1.3.8.1. Block copolymers basexh polysaccharides by coupling reaction

Polysaccharidéasedblock copolymers havieeen synthesizedy coupling oligosaccharides

or polysaccharides with another polymer block using different kinds of reactions listed in
Figure 421, including reductive amination, aminolysis of a dextran lacten@ group,
stepwise elongation of a nylon bloclkand copper(Bcatalysed click azidalkyne

cycloadditiort”®,

HOH  COOH HyOH
MaBHCN
Hoeow /\_,,DH .
barate buffer
it 40°C - B days

hyalumnan MNH,- PElOz hyaluronan-b-PEtOz
CHy HQDH CHz
DMSO H o
e ébﬂ - e
Ho " B0°C - 5 days Ho
dextran MNH:-PEG dexlran b-PEG
1
i! . i“ 'jT“JN ox Hm i Em] prone ﬁ N ]/ﬁfﬂf won] 3
2]H PdIC OAe
m
cellulose triacetate |
d ) cellulose triacetate-b-(nylons)m

CH,OH Ha CHy PMDETA
Q. |4 o |4 H {! uBr
@ 7" Hnﬁ“ N\N “omso
HO HO HO

OH OH OH 60°C - 3days

dextran PBLG dextran-b-PBLG /JY@
R=

Figure 1.21. Several coupling reactions between polysaccharide and other synthetic
polymers: a) reductive amination, b) aminolysis of a dextran lacteme group, cstepwise
elongation ofa nylonblockand d)copper(l}catalysed azidalkyne cycloadditiort”.

1.3.8.2. Block copolymer baséd on polysaccharide by Controlled radical

Polymerization (CRP)

CRP such as ATRP, NMP, RAFT or macromolecular designitterchangeof xanthate
(MADIX) haalso been applied to synthesize glycopolymers with sfefined composition as

illustrated in Figre 1.22.
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-

", 2) CH3ONa

peracetylated maltoheptaose maltoheptaose-b-poly(methyl methacrylate)

R = -Si{CHs)s

CH,OH CH, | CH
H 1) styrene - ATRP o | S })/ ZoH H
HN’V”\B)@, B OH H"x/“ .
2) HCI HO HO HO n
H H | OH
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dextran-b-polystyrene

styrene - ATRP

—_—
cellulose
j;}

CH,0Ac| CH;OAc| CHzO. 1) styrene - NMP

_
AcOPAE OAc OAc
O 2) CH3ONa
OAc OACc OAc

4
peracetylated maltohexaose

H HOH y
CH20H L ¢
/Y\N/\/NTHX Et acrylamide - MADIX /\(\N =
N ! I Ac  penN Is} n
NN o
H

_—
Nl S T T

OH
end-functionalized xyloglucan xyloglucan-b-poly(acrylamide)

Figure 1.22. Controlled/ivingpolymerizations of vinyl blocks from pelgr oligosaccharides
with suitably modified end groups. Note that hydroxyl grogse not protectedin the
second and lter methods’®,

1.3.8.3. Block copolymer basedn polysaccharides by iRg OpeningPolymerization
(ROP)

ROP of cyclic monomers such as lactones, lactams or cyclic ethéss & convenient route
for block copolymer synthesis. Many ROPs prdcas living polymerizationsan be used to
increaselinearly theM,, of the polymer with a contolled monomer and initiator ratios as

presented in Figuré.23 for polysaccharides.
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H,0Ac| CHzOAc| CH;OAC “
@ : @_ @‘ o O H; 1) y-benzyl L-glutamate NCA
AcO! (o]
Oac| Oac] —Oac 2) CHzONa

cellulose triacetate

CH;OCH,| CH,OCH3 CH,OCH,
Q Q Q 1) THF
VSV
HiCO H3CH
Sl oo oo 2) KOH - MeOH

trimethylcellulose trimethylcellulose-b-poly(tetrahydrofuran)

CHOR /cn;. 1 H, 1) bicyclic oxalactam CH,0H CHy (/crizH
o Q R + potassium pyrrolidonate & QH el H Au
@ @—R—(cmﬂﬁ@g—w—g @ F H mcn.‘w%‘@t‘ @c (CHa)iCHs
RO RO RO U HO HO HO
OR OR | R R=-Si(CHy) 2) CH3COOH OH OH |, OH o

dextran-b-polyamide

1) &-caprolactone + Sn(Oct),

2) CH3ONa

peracetylated maltoheptaose maltoheptaose-b-poly(e-caprolactone)

Figure 1.23. Ring openingolymerizations of polypeptide, polyether, polyamide and
polyester from polysaccharides wituitably modified end group¥’™.

Several techniques to prepare linear copolymer basedpolysaccharideare presented
above. Starting fom this point, we will present the recent advances focusing on the self

assembly behavior of the prepared block copolymers basethe polysaccharide

1.3.9. SeHassembly and properties

To date, only a few papershave dealt with the selfissembly properties of polysaccharide
based block copolymers. Upadhyay etal.'®’, prepared polymersomes from a block
O2 L2t @ YSNJ 2001 Ay ShHenzyd Bylutainatelpl(BRGY a@nd hyaldrahan’ (HYA)
(PBLGs-b-HYA() using click chemistry. Bhselfassembly of these block copolymer showed
polymersome with a hydrodynamic radius of 226m (Figure .B4). In the same way,
micelles obtained from Dextrab-polycaprolactone (PCL) presented a size range between
2050 nm as seen byransmission eleadn microscopy TEN) (Figure1.25 (A)'®% Self
assembly of Dextranb-polypeptide gives rise to vesicle formation with 45 nm of

hydrodynamic radiu$®.
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Figure I124.t 2 f @ Y S NA 2 Yienz@ Hlutadiie)&RBLG) and hyaluronan (HYA)
usingelick chemistry (PBLGb-HYA) *2%,

Figure 1.25. A) TEM of dextrai-PCL material®’ and B) FEGEM of oligosaccharidés
PNIPANE*,

Another example presented in Figur23 (B) shows vesicles afligosacharideb-poly(N-

isopropylacrylamide (PNIPAM®* prepared by click reaction of propargyinctionalized
beta-cyclodextrin or xyloglucooligosaccharidevith poly(Nisopropylacrylamide (PNIPAM)
having a terminalazido group. Anather example isxyloglucose(XGO)diblock copolymers
(XGG@b-XGO)which have been synthesized by click chemittyBesides,maltoheptaose
(MH) and poly(-caprolactone) were coupled to form Mbi(PCL)and MHb-(PCL) having a
very narrow polydispersity index (PDI) clasd **. MHb-PCL micelles extitta size of 9 nm
determined by DLS analysis. Evieough these copolymes do not irvolve polysaccharides,

the diblock copolymerexhibitselfassembly properties in responsettte temperature.
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Boskerand coworker¥”’, synthesized a linear block copolymer by reductive amination
coupling polysgrene (PS)with amino end groupand reducing end of dxtran §ield of the
reactionwas7590%). Itwas showrthat the yield decreased drastically when polysaccharide
blocks with aM,, > 6000 g.madthave been used ¢action in DMF/H20 at 60°C durisgven
days). The effect of the polysaccharide block length on the yield of reductive amination has
been studiedin the formation of dextran terminated by hydrophobic groufs Dextran
chains withM,, from 4 to 23 kg.mot were allowed to react with C12C18 alkyl amine and

bile acid toproduce amphiphilic dextran. THew average molar masBagments showed

high conversion values of @8 % using a molar ratioreducing end group/primary
amine/NaBHCN 0f1/10/15'%8 Moreover, the authors showed that theitical aggregation
concentration (CAC) values decrease with increasing monoalkyl chain length and decreasing
dextran block length. Thhydrodynamic radiu®f these micellesshowed arange of 2630

nm. This amphiphilicblock copolymemwas proposedo drug delivery systemsntimicrobial

agentsor surface active agents.

.18 prepareddiblock hydrophilic copolymersusing

Pursuing the same objective, Jeoaiga
dextran with 17kg.mol* and a methoxy poly(ethylene glycdBhydroxy succinimidémPEG

NHS of 2 kg.mof blocks. The reactiowas performedn two steps:

- First,the functionalization of dextran by reductive amination. To do that, dextran
and NaBkCNwere first mixedfor 24h at room temperature. Then, theddition
of hexamethylene diamine in exceakbows preparing DextraiNH, (yield 95%) in
DMSO atoom temperature for another 24h.

- The coupling of the two blocks was carried out in the second ,stepere
aminated dextan and mPE®IHS is dissolved and stirred in DMSO for 24 h at
room temperature. ie block copolymer dextrab-mPEGwas isolatedwith a
yield of 85%.

Another approach has been described to design the same type of block copolymer namely

dextranb-PEG usindie oximeclick reactiorwith a yield of 95% within 24f.

The hio derivatives of polysacchales are interesting intermediates for block copolymer
preparation. Sun eal!®! synthesized DextrasSPCLcopolymerfor triggered release of

doxorubicin (DOX) in vitro. livas shown that thiol dextran (lextranSH can be
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functionalized with a 1006 yield as revealed by the Ellman tdgtrelliet al. °% studied the
formation of amphiphilic block copolymer based on thatigosaccharides and maleimide
Polystyrene (PSjOligosaccharid®-PS) byclick reaction. The autheralsomentioned that
metal free thid-maleimide click addition is a viable alternative to thepper(l}catalyzed
azidealkyne cycloadditionQuAAtL reaction. Theoligosacharide blockcopolymer resulted

from those reaction$orm micelles or aggregatesith 16-28 nm of size.

Dextranb-poly(vinyl acetate) was preparddr usesas a steric stabilizerby batch emulsion
polymerization of vinyl acetat&®. The amphiphilic block copolymers efficiently stabilize the

latex particles- & &a2f AR O2y GSyd a KAIK & HT 72 OFY
also published the synthesisf amphiphilicblock copolymers(A-b-B) based oncellulose

triacetateand nylon15'*,

On the other hand, polysaccharide blocks are also interesting materials for surface
modification, which are profitable for various technologies, such asiper
hydrophobik K@ RNR LIKAf AOZX Yy iAol OGSNAFEZ YR 0A24a8Sy
coworkers®® modified gold surfaces by grafting polysaccharides functionalized with thiol
groups (pdulan-SH). Other polysaccharides as derivative of cellulose k@ wsed for

surface modificatiofP®,
CONCLUSION

Advances in polymer engineering have led to the synthese paflysaccharidecontaining
block copolymers with unique physical and biolagjigroperties. The benefitsncorporating
bio basedblocks (polysaccharides qreptides) into copolymer designs arise from the
fundamental properties to adopt ordered conformatiorsd to undergo selassembly,
providing control over structure formationtavarious length scales when compared to

conventional block copolymers.
|.4. DEPOLYMERIZATION OF CELLULOSE AND DERIVATIVES

Following thebiorefineryconcept, depolymerisation of carbohydrate based biopolymers is a
preliminary and required step from whiciné chemicals, transportatiofuel, and platform

molecules can be more easily produced.
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To date, complete degradation of cellulosic polymers into AGUs was extensively studied to
yield a raw material that can be useful for biofuel and chemical productionthe other
hand, partial degradation leading to small cellulose fragments to construct new
biomolecules has been much less studidd. this sense, different ways odellulose
depolymerisationincluding mechanical, chemical and thermochemical methods el ag

enzymatic hydrolysis astudied

1.4.1. Methods for biopolymer dgradation

Development and optimization of existing gladation methods havebeen mostly

investigatedfor highly packed crystalline biopolymers e.g. cellulose and chitosan. Those

methods followtwo steps:

a) Pretreatmentprocess usedto disrupt hydrogen interactions present in crystalline
regions. This process increases the free volumes and therebydbessibility to

catalysts.

b) Hydrolysis reactiowhere glyosidic bonds on the polymer backbone are cleaved.

1.4.2. Pretreatment processes

The pretreatmenprocesses cabe dividedn two, physicabnd chemical:

Physical pretreatmentincludes chippinggrinding, milling and thermal methotf§
199 The authors consider that thes methods are effective for reducing particle size and
crystallinity ofbiopolymers. Howevethey are less efficient and consumeore energy than

chemical pretreatment methods.

Chemicalstreatments, including mineral acids (sulphuric, hydrochloric, nitric and
phosphoric acid) and bases (NaOH ak@H),are usedat varbus concentratiors. Acid
treatment mainly breaks the inteland intramolecular bonds within celluloseicro fibrils
Alkali is used mostly to swell the cellulose structure by formatiomloéholate salts (see
section 1.1.1.2) generating amorphous cellulosélowever, the chemicals used for
pretreatment are corrosive and not considerashvironmentally friendly. In thiscontext,

organic acids such as maleic, fumaric, oxalic acid have been suggésted
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Other solvents such as LiCl/Ndhnethylacetamide (LICI/DMAc), NaOH/ureacadoxen
(cadmium ethylenediamine solvent) and dimethyl sulphoxide/ tetrabutylammonium fluoride
trihydrate (DMSO/TBAF) are abledissolve crystalline cellulo$®.

lonic liquids (ILs) are organic salts with melting temperatupetow 118°C®°. ILs are
currently the best solvent to dissolve cellulose. Their efficiency is attributing to the thermal
stability andnon-volatile properties. Thus, solutions containing up to W® % of cellulose
can be formedviscous pasteim chloridecontaining ILY®?°%. However their availability and

its highprices limit their utilization in large scales.

The mecanocatalyticprocess is another method recently proposed to enhance the
degradation of the cellulosicpolymer. This reactions basedon the combination of acid
catalysis with mechanical forcesull conversion of cellulosic polymer in water soluble
product was obtained impregnating cellulose with HCI 0534 followed by two hours of

milling proces$®

Several pretreatment processes were available to facilitate the hydrolysis of glycosidic bonds
in the polysaccharide structure. The selection of one of themlieterminedas a function of

the following deggradationprocess.

1.4.3. Depolymerisationmethods

1.4.3.1. Depolymerisationby liquid acid

The atalytic action of liquid acids over cellulosic materials irs function of their
concentration and process parameters (temperature, reaction time, pressure, etc.). For
instance, the cellulose structure is completely hydrolyzed in 12 M HCI solationom
temperature.Even lowerconcentrations (& 7 M HCI) can be effectiva the presenceof

CaGl and LiCl as additivE€. A concentration of 63.5 % of,5Q generates cellulose

nanocrystals having a length between 200 and 400 nm within 2 hours of re&ttion

Current strategies for the hydrolysis of cellulose with aadsmainly accomplishedith the
two acids mentioned above. Although homogenedssed processes are efficient, the
mineral acid systems still suffer fromajor problems in product/catalyst separation, reactor

corrosion, catalyst recycling and the treatment of waste effluent. For example, in 8@ H
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based system, the acid in the reaction mixture has to be neutralized with a mixture of
CaO/CaSPwhich formsa lot of gypsum as waste. For the H@ktem it is difficult to reuse
the acid liquor while théhydrofluoric acid IF system is very toxic when utilized in large

scale proces$®.
1.4.3.2. Depolymerisatiotoy solid acids

Solid acid catalysts showed various advantages bgard acid catalysts, ease of product
separation, recyclability, less damage to the reactor. Besides, the use of solid acid catalysts

can reduce the pollutants which will have a minimal impact on the environfitént

A solid acid catalyss definedas solid which can donate protons accept electrons during
reactions. The catalytic function for a solid acid catalyst is derived from its acidic centers,
existing mainly on its surface. Accordingly, solid acids with Brgnsted acid sites can catalyze
biomas$®. However, is also necessary to mention that the solid catalytic activities decrease
when water is present. Moreover, most solid acids do not funcidfectively for cellulose
hydrolysis because the surfaces of these solids do not have strong acid sites or cannot allow
Of 2aS O214glucads. 2 F |

A number ofsolid acid catalysts haveeen proposedin Table 1.3, rast of them need

pretreatment process and high reaction temperattite
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Table 1.3. Comparison of catalytic properties and activities of solid acid catalysts for
cellulose hydrolysis to glucose.

Catalyst Amount Amount of  Substrate  Amount Pretreatment  Water Reaction Reaction  Glucose  Selectivity
acid sites method amount temperature time (h)  yield (%)
(mmol/g) (°C)
HSM-5B 0.2 wt 0.3 Cellobiose 1 wt% - - 175 0.5 33.7 74.4
H-ZSM5 50 mg - Cellulose 45 mg Milling 5mL 150 24 12 -
HY 10 mg - Cellulose 100 mg  [BMIm][C]] 10 mg (240 W) 0.12 35 76
y-Al,04 15¢g 0.05 Cellulose  15¢g - 15mL 150 3 - -
Layered HNbMoOg 02¢g 1.9 Cellobiose 1.0g - 10 mL 100 18 41 -
HT—OHc, 05¢g 1.17 Cellulose 045 Milling 150mL 150 24 40 85
Nafion-50 01g - Cellulose 02g [BMIm][CI] 20 mL 160 4 35 -
Sulfated ZrNDSBA-15 50 mg - Cellobiose 250mg — 50 mL 160 15 55 65
FeCla/Silica 047 g - Cellulose 20¢g [BMIm][CI] 30 mL 130 24 3 -
FeCls/Silica 047 g - Cellulose 20¢g [BMIm][CI] 30 mL 190 24 9 -
Amberlyst-15 50 mg 1.8 Cellulose 45 mg Miling 5 mL 150 24 25 -
Amberlyst-15 15g 4.4 Cellulose 15¢g - 15 mL 150 3 15 -
Dowex 50wx8-100 26 mg - Cellulose 50 mg [EMIm][CI] 270mg 110 4 83 -
ion-exchange resin
AC—-S0sH 50 mg 1.25 Cellulose 45 mg Milling 5 mL 150 24 40 95
AC—S03H-250 03g 223 Cellulose 0.27 - 27 mL 150 24 62 74
Fe304—SBA—S03H 15¢ 1.09 Cellobiose 1.0g - 15 mL 120 1 98 -
Fe30,—SBA—S03H 15¢g 1.09 Cellulose  1.0¢g [BMIm][Cl] 15mL 150 3 50 -
Fe;0,—SBA—SOsH 15¢g 1.09 Starch 10g - 15 mL 150 3 95 —
Fe30,—SBA—SO;H 15¢g 1.09 Corn cob 10¢g - 15 mL 150 3 452 —
PCPs—SO3H 02¢g 1.8 Cellulose 25mg - 20g 120 3 1.4 27
Ru-CMKs 50 mg - Cellulose 324mg - 40 mL 230 24 34 51
Cellulase-MSNs 4.5 mg - Cellulose 15 mg - - 50 24 90 -
HPA 0.08 mmol — Cellulose 01g - 5 mL 180 2 51 90
Cs-HPA 0.07 mmol — Cellulose 01g - 7 mL 170 8 39 89
Micellar HPA 0.07 mmol — Cellulose 01g - 7 mL 170 8 60 85

Activated hydrotalcite (HDH:,); Sulfonated activatedarbon (AGSQH); Sulfonic group
functionalized magnetic SB¥5 catalyst (F€,-SBASQH); Rumesoporous carbon materials
(RuUCMKs); Cellulase immobilized mesoporous silica nanocatalysts (CeM&N®); Porous
coordination polymers decorated with sulfonic acikinctional groups (PCPseSO3H);
Heteropoly acid EPW;,0,0(HPAJ®.

1.4.3.3. Depolymerisationby Advanced Oxidation Process (AOPS)

Advanced oxidation processes (AO&®oxidation techniques usually operag at ambient

or near ambienttemperatureand pressure. These techniquase basedon the production

of OH radicals that attack the most of the organic molecdfésTechmlogies, such as
ozonation, peroxone nortthermal plasma,fenton, photo-fenton, UV/Q, UV/HO, and
UV/ZnO, have been developed and described by many researchers to degrade organic

compounds in wastewater and have been growing in importance duringakelecadé®®.

The coupling of ultrasound irradiation with AO&sSonocatalysts(RutileTiG,, Anastase
TiG, montmorillonite, FeO, and Zn(Q was investigated to degrade cellulose derivative.
Thus, a polymer with #,, around 1,3 x 10g.mol* was reduced to &, of 45 000 g.mot

that seems 6 be the limit for a depolymerigion using theSonocatalysisnethod?®”.
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In a similarway, ultrasonic irradiation was studied for water soluble polysaccharide
degradatiorf®®**'. As found for sonication, thdepolymerisationusingultrason method is
limited to molar masses between 35 000 to @00 g.mof; larger time of irradiation did not

diminish these values.

[.4.4. Enzymatic deolymerisation

Enzymatic degradatioms knownas amore selectivemethod than conventional chemical
catalysis. This selectivity is often optional (i.e., regioselectivity) brralc (i.e.,
stereoselectivity). Enzymatic hydrolysis is also acid catalysis réatires two critical
residues: a proton donor and nucleophile/bd$e Therefore their high selectivity has some
key benefits including redudesidereactionsand effective environmentally friendly process.
In addition to their selectivity, other factors make these cataygotentially useful to
degrade bio-sourced polymers, including type of enzyme and operatg conditions (pH,

temperature, stirring, et9®*>.

1.4.4.1. Enzyme

Enzymedor catalyss, biosynthesis or modification of carbohydrates and ghgmijugates
are classifiedinto five groups by Carbohydrate ActiveenZyme database (CAZy;

http://www.cazy.org:

a) Glycoside Hydrolases (GHs): hydrolgsidrearrangement of glycosidic bonds

b) Glycosyl Transferases (GTs): formation of glycosidic bonds

C) Polysaccharide Lyas@2Ls): nofhydrolytic cleavage of glycosidic bonds

d) Carbohydrate Esterases (CEs): hydrolysis of carbohydrate esters

e) Auxiliary Activities (AAs): redox enzymes that act in conjunction with
CAZymes.

Here, we will focus o&lycoside hydrolases (GHa$ abio catalystfor polysaccharides. GH
are enzymes that can cleave glycosidic bonds in polysacchahdms, leading to the

formation of hemiacetal or hemiketal at the end of the chafh

Glycoside hydrolases (GHs) awided into two groups following their function athe

synergisti@ction: Endoglucases and Exoglucandéés.
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Endoglucanases (EGgpecific enzymes that cleave domly on internal bonds
inside thepolysaccharide chain. Their catalyticha@iors depend on factors such as
temperature, pH, and thesubstrate This enzyme produces fragments of
polysaccharides.

Exogluanases (EX) enzymesthat include cellobiohydrolases (CBHs). Their catalytic
action takes places at the reducing and Aeducing end. This enzyme produces
mostly cellobioses.

i -glucosidase$BGs), which hydrolyze cellobiosgamduceglucose units.

The GHsenzymes hae high efficiency only immorphousdomain where the complexation
enzyme/polymer is more easilyn comparison with the crystalline polysaccharides.

Therefore, pretreatment to disrupt crystalline regioisgssential focellulosedegradation

Another group of enzymes hdseen recently discoveretly Dimaragone and TopaKa%
which are cdéd Lytic Polysaccharide MOnogenases (LPMOSs). Interestingly, they are
capable to interacwith polysaccharide chains in the crystalline state. LPMOsasmsub-

classifiedn function of their catalytic preferences:

LPMQL.: releases reducing end oxidized product,
LPMQ2: acts at the nofreducing end of the glucose moiety,
LPMQ@3: is less specific, releasing both C1 aneb&idizedcellooligomers
The catalytic activitpf these enzymes is dependent an external electron donor as well as

molecular oxygen and presence of copper ions for their proper functioning.

The Figure 1.26 summarizes the enzymatic degradation of cellulose structure, where
crystalline part isattacked by LPMOsEndoglucanases (EG) are active on amorphous
segments and exoglucanases (cellobiohydrolases) initiate the process in crystalline part by
cleavage through chain ends. Cellobiose dehydrogenase (CDH) is a potential electron donor
for LPMOsC A Y | -§lUcasidlase converts cellobioses in AGUs.
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Figure 1.26. A simplified scheme of the current view on the enzymatic degradation of
cellulosé®®.

1.4.4.2. Mechanism of hydrolysis

Enzymatidepolymerisatiorof cellulosic material follows three stefs.

a) Adsorption of enzyme into polymer surface,
b) Cleavage of glycosidic bonds,
c) Desorption oknzyme.

The factors which influence enzymatic hydrolysis process are:

1 Availability of active sites where enzyme caaisorh In general,adsorption of
one enzyme needsround 5-8 AGUs. A nomenclature exists to demarcate
substrate binding by glycosidase (Figure 1.27). Therefore, it is clear that
amorphogenesisin crystalline polymers is necessary before addition of

enzyme$®. In the sae way, the sequence of unsubstituted or partially
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substituted AGUs in cellulose derivatives aequired to achievedegradatiorf™®
220.
1 Concentration[Substrate:Enzyme]this parameter is related to the affinity and
activity ofthe enzyme.
1 Physical and chemical environmentaériperature and ionic strength) must be
appropriate for good enzyme functioning.
In the case of LPMOsmorphogenesiss not necessary as explained above. However,
concentration and operating conditionscluding the presence of external electron donor as
well molecular oxygen and copper ions, mustfoiilled. On the other handlLynd ¢ al.?*°
mentioned thatenzymecellulose complexeare a prerequisite for cellulose hydrolysi$his
effect is described by the adsorption of cellulag®® cellulose chains, which could reach
Oz2yaldl yi omidudsSvhereasycompetetydrolysis of cellulose usually requires a

day or more.

Non-reducing Point of Reducing
end cleavage end

0] _ 0] 9]
Ho L= O N2 o0 LT 0N o0 Lo N2 or
-3 -2 -1 +1 +2 +3

ENZYME

Figure 1.27. Schematic drawing of the glucodainding subsites in severalygbsyl
hydrolase$.

Degradationof celluloseis achievedby adding an enzyme in a reactor. Experimentally, a
cocktail of enzymes is applied yield the complete depolymeasion. The most commonly
used commercial enzyme cocktails are produced by the fungushoderma reesei
(Hypocregecoring and the depolymeregion process usually takes place at pH-465 and
temperatures in the range of 4® 50°C?%%?**?24 Thus enzyme mostly used to cellulose

hydrolysis arealledcellulases.

The major advantages of enzymes in polymer modification compared with chemical

methods are milder reaction conditions and highly specific nondestructive transformation
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Today enzymatic hydrolysis methods are used 1) to producesA&prepare biofuel and
other chemicals, 2o determine chain structure in cellulose derivative including the
variation of the degree and molar substitution, as well its distributiortp3nvestigate drug

release from polysaccharide matrix.

So far anyesearch groups have been interested in the partial degradatioklR¥MC with
the objectiveof produdng short chaied polymers Those short fragmentsould be usedas
building block: first, for copolymer design and secontb create a new generation of
materials.In this sense our objective is based on the study pé#rtial depolymerization of
HPMCand the use of the obtained short fragmentto design new block copolymer
architectures. Thusthis work should introduce new valuable compounds into the

OAZ2ZNBFAYSNEQA LIR2NIF2fA20

CONCLUSION

It is clear that many methods are available for converting biomass into the new platform for
bio-refinery processesThese methodsshould bethe most versatile, economical and friendly
with the environment. Thechoices can also be influenced by the type of product that we
should produce. Thereforghe availability of several biopolymers and bio refinery methods

can be used as response at themdemands of specific polymer preparation
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Methods and Materials

INTRODUCTION

The properties of modified cellulose depend on several factors asalerage molar
mass, molar mass distributiothe degreeof substitution, chemical nature of substitution
and their distribution on the monomer units and also along the polymer chain. Currently,
there is no single analytical technique that can provide information on all these aspects
of modified cellulose. Instad, a combination of analytical techniques has to be employed to

obtainphysicochemicahformation of polymers.

In this chapter, we provide informatioabout materials and analytic techniques used
to prepare and characterize small fragments of polysagdea and block copolymers.
This chaptelis organizednto three parts; the first one presents the material and chemical
products. The second part describes the methoflsamplepreparations and the third will

refer to the techniques of characterization.
II.1. Material and Chemical products

I1.L1.1. HPMC

White powder of HPMC samples was kindly provided by-Etsn Tylose GmbH & Company
¢ Germany and Dow Colorcon Limitedrrance. Specifications given by the manufacturers

are gathered in Table I1.1.

HPMCwas preferred over other soluble polymers because it showed a good biocompatibility
and thermoreversible gelation property, that makes it interesting in material field. The
distribution and percentage of their substituents as Methoxy (MeO) and Hydroxyprop
(HPO) groups found in the HPMC backbone (Figure 11.1) are given in Table 1.1 (Manufacturer

specification).
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Table II. 1. Specification of samples used in this reseambrk as given by the
manufacturer.

Viscosity (mPa.s)
0 0,
Company Sample Name Code MeO (%) HPO (%) (2% in water, 20°C)
ShinEtsu Tylose MOBS 50 G4 G4 28-30 7-12 40-60*
Metolose 90SH-100SR ~ 90SH 19-24 4-12 104000
Dow Methocel K4M K4am 19-24 7-12 3600
Colorcon Methocel K15M K15M 19-24 7-12 13486

*Polymer was dispersed in pH=6 solution, whigs adjustedvith NaOH and HCI.

OR
OR OR o
Q R
R o
o OH
OR OR
OR o OR
OR n

wl' ¢l TT @@0H(OH)CH
Figure II.1. The nolecularstructure ofhydroxypropylmethyl celluloséHPMC).

I1.L1.2. Enzymes

Cellulase from Trichoderma reesei ATCC 26921 in aqueous solution, with the enzymatic
I OGA @A (& lcanasetUnits (EGY)/R &nd density of approximately 1.2 g/ml, was
purchased from SigmaAldrich.

I1.1.3. Citrate-phosphatebuffer preparation:

Citrate-phosphate buffer was used for the purpose of maintaining intracellular and
extracellular pH within a very narrow rangeln this work, the expected objective is to allow
the glycosidic bond cleavage by enmy action proceed under optimal conditions (pH=5).

Thus: A and B solutiomgere prepareds follows:

a). 0.1 M solution of citric acid monohydrate;KO,.H,O; M,, 210. 14 g/mol) (10.50 g
in 500 ml of MilHQ® water).

b). 0.2 M solution of dibasic sodiumhpsphate dodecahydrate(NaHPQ.12H0)
(35.80g in 500 ml of MiHQ® water).

Then 121,5 ml of A + 128 ml of B were diluted to a total volume of 500 ml ofQ@lwater
to reach pH=5.
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[1.1.4. Jeffamine® Polyetheramines:

Two polyetheramine (PEA) samplegere kindly offered by HuntsmarFrance Company
These samples contain primary amino group attached to the end of a polyether backbone.
Polyether backbonés basedon either propylene oxide (PO), ethylene oxide (EO), or mixed
PO/EO. Monoamine (MO005) andlriamines (/5000)were usedn this work.

M-2005 Jeffamine® MR005 polyetheramineis monoaminechain with anaverage molar
massof 2000 gmol™*, composed by PO/EO ratio about 29/6 (Figure 11.2). The content in PO is
higher than that in EO, consequentlyfaenine® M2005 isa hydrophobic compound.

O NH>
HsC O
X y
R

R=H for (EQO), or CH5 for (PO)

Figure I1.2. Jeffamine® M2005 structure (Manufacturer information).

T-500Q Jeffamine® 5000 has three amines with @verage molar massf 5000 gmol™. Its

structureis shownin Figure 11.3. It is prepared by reaction of propylene oxide (PO) with a

triol initiator, followed by amination of the terminal hydroxyl groups.
HoN

H3C O /—<Z
X

0] CHs
H3C @]
3)—/ y
HoN

Figure I1.3. Jeffamine®-b000 structure (X+Y+Z=85) (Manufacturdormation).
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I1.2. Methods of samplereparation

[1.2.1. Short chains of idroxypropyl methylcellulose (HPMC)

I1.2.1.1. Hydrolysiprocess

Here, we describe three steps that allow producing srralgments of HPMC. The first
consist in the dissolution of polymer that leads prepare a homogeneous solution. The second
correspond to cleavage of glycosidic bonds. Finally, the purification process precedes the

recovery of short chained HPMC

HPMC dissolutionwas performed by first dispersing the powder in hot citrate phosphate
buffer (CPB), followed by coolild the obtained suspension. 1 g of HPM@s dispersedby
mixing thoroughly with 1/5 to 1/3 of a required volunoé hot CPB for 15 min at 80°C. The
floats onthe surfaceof hot CPB were gradually dispersed to form an evenly slurry. Then, the
rest of CPBhas addedto a total volume 100 mL. The suspension was stioedr-night at

room temperature to ensure completeRC dissolution.
Depolymerization was achieve@ccording to two routes: enzymatic and acid catalysis.

Enzymatic depolymesation, the polymer solutionwas heatedto 47 °C before
enzyme addition and kept at this temperatufer the whole reaction time. Different
amounts of enzyme and reaction timere usedin our study as given in Table 2.2. The
reaction was stopped by heating the solution at 85 °C and stirring vigorously for 15 min.
Then, the stirring wastopped,and the soltion allowed standing at 85°C for 15 min more.
Owing to the thermosensitivityphase separation took place during the enzyme inactivation
step. Consequently, the suspension was decanted into two fractions: the water soluble
AdzLISNY FGFyld a{EGS yRt ¢dKS! TINENOAKR i TFAWeieNI GA2Y
separatedd ¢ K S & twas disshled icold@vafer, and both fractions were kept at 4°C
(Figure 11.4).

Acid depolymerisation was implemented to compare the fragments generated by
enzymatic depolymerization with those from acidic one. Thus, 1 g of HPMC was dissolved
under stirring (200 rpm) in 100 ml of 0.6 M of HCI at 85 °@rerh. The reaction mixture
was then decantedndK2 & FAf 6 SNBR Ayid2 (GKS &adzLISNYF G yi
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which were recovered according to the same procedure followed for enzymatic
depolymerization (Figure 11.4). Acid hydrolyzed products were neutralized usiniyalDH

and cooled at room temgrature.

HPMC

HYDROLYSIS é/ndo-cellulase

=K —K —K c—X
e e e e e — —)

v

Enzyme Inhibition

S and decantation

S P

Supernatant Precipitate

Purification

v <

| Freeze dried |

v v

HPMC-S HPMC-P

Figure 11.4. Process flow sheet of HPMC depolymerization.

Purification procedure the objective of purification is to discard salts coming from CPB and
acid neutralization, glucose units and oligosaccharides that cooélproducedduring the
hydrolysis reaction. This stegvas achievedby performing ultrafiltration (UF) in the
diafiltration mode that is a fast and efficient method for desalting solutions and removing
low M,, compounds? A disk (76 mm) of UF GK membrane (polyamine/polysulphone
material) with a molecular weight cwdff (MWCO)of 3000 g.mof supported by a disk of
oven paper (AHLSTROM grade 3329), was placad Amicon stirred cell (model 8400).
Fraction tobe purified in 300 mL pure water was pouradto the cell and washing at
constant volume (continuous diafiltration) was carried out at room temperature under 3 bar
of pressure (Figure I1.5.). The continuous diafiltratreas stoppedwhen the filtrate solution

reaches neutrality. The retentate volume waencentrated to 100 mL and freeze dried.
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CNI} OGAz2zya a{é¢ YR até¢ ¢SNBE NBdcanbitodbefore & 6 KA

characterization. Table# lists the nomenclature of the obtained products.

Figure 11.5. Schematic design of the Amicon diafiltration €gt: 1) permeate; 2) stirred
filtration cell; 3) pressure inlet pipe; 4) cell inflow tubing; 5) tank pressure inlet; 6) tank
outflow tubing; 7)water for washing salts and loM,, compounds; 8) diafiltrationank.
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Table II. 2. Operating conditions for HPMC depolymerisation and list of the obtained
products.

Depolymerisation method

Sl_t:;rlt\l/:g Enzyme:HPMC rati Acidic ?ﬁﬁg“&;‘ Hydrolyzed product
(ML.g-1)
1 KM-P-30-1; KM-S-30-1
30 [0 24 KM-P-30-24; KM-S-30-24
72 KM-P-30-72; KM-S-30-72
1 KM-P-50-1; KM-S-50-1
50 [0 24 KM-P-50-24; KM-S-50-24
KaM 72 KM-P-50-72; KM-S-50-72
1 KM-P-180-1; KM-S-180-1
180 [0 24 KM-P-180-24; KM-S-180-24
72 KM-P-180-72; KM-S-180-72
® HCI 0.6 M 1 KM-P-AC; KM-S-AC
1 GA4-P-15-1; G4-S-15-1
15 [0 24 G4-P-15-24; G4-S-15-24
72 G4-P-15-72; GA-S-15-72
1 G4-P-30-1; G4-S-30-1
30 [0 24 G4-P-30-24; G4-S-30-24
72 GA4-P-30-72; G4-S-30-72
1 G4-P-50-1; G4-S-50-1
o4 50 [0 24 G4-P-50-24; G4-S-50-24
72 G4-P-50-72; G4-S-50-72
1 G4-P-180-1; G4-S-180-1
180 [0 24 G4-P-180-24; G4-S-180-24
72 GA4-P-180-72; G4-S-180-72
) HCI 0.6 M 1 G4-P-AC; G4-S-AC
1 K15M-P-15-1; K15M-S-15-1
K15M 180 ® 24 K15M-P-15-24; K15M-S-15-24
72 K15M-P-15-72; K15M-S-15-72
1 90SH-P-15-1; 90SH-S-15-1
90SH 180 ) 24 90SH-P-15-24; 90SH-S-15-24

72 90SH-P-15-72; 90SH-S-15-72

[1.2.1.2. Acetylation of free hydroxyl groups in HPMC

Acetylation is a chemical reaction that is called ethanoylation inIll@AC nomenclature.
The reaction involve replacement of hydrogen atom in hydroxyl functional groupaly
acetyl group (Figure 11.6). Acetic anhydrideisedwith a basic catalyst, such as pyridine. This
combination promotes smooth reactions and has grealvent power. Pyridine acts as an
acceptor for the acid byproduct formed in the reaction. In our work, acetylation of HPMC
samples was performed to determine the average substitution degree of AGUs along the
cellulosic chain defined dke degreeof methyl substitution (D) and hydroxypropyl molar
substitution (MGp).
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OH O
B 0 Acetica_nhydride 0
HO = O- _ Pyridine - s O- .
90°C/ 6h ﬁ]/

Figure 11.6. Synthesif 2,3,60-acetyl AGU.

Thus, both the starting and the depolymerized HPMC samples were acetylated according to
a modified version of the procedure previously described by Fitzpa#tick.’. 75 mg of
HPMC was mix with 2.5 mL of acetic anhydride and 0.75 mL of pyridine, and the solution was
stirred for 6h at 90°C in a closed vial with a stoppgdter the reacton, the solution was
dialyzed in distilled water, using dialysis tubing vatiMWCQof 12000 g mol™. The sample

was freeze dried and recovered as a cotton fiber.
I1.3. Characterization methods

[1.3.1. SizeExclusion Chromatography (SEC)

SizeExclusion Chromatography (SEC) also referred to afiltggion or gelpermeation
chromatography (GPC), is a very powerful separation technique. In an ideal case, the
molecules are separated according to their hydrodynamic volume (volume of a pobgite
when it is dissolvedin a given solvent) and eluted from the SEC column in order of

decreasing size.

SEQmulti-anglelight scattering (MALS) in combination with refractive index gRtgction
allows the direct determination of the molar mass by absolute method. Normally
calibration standards are not required, as tHdALS and RI detectors give signals
proportional to molar mass and concentration, respecti¥eMALS involves measuring the
amount of light scattered by a sdlan at many angleselative to that of the incident laser

beam.

Samples preparatiorbmg of both started and hydrolyzed samplesre dispersedn
the mobile phase (10mM of NaCl with 0.02 % Baéhd stirredfor 24 hours at the room
temperature. Thesolutions were filtered using FEE filter (Millipore®; 0,45um). The filtrate

solutionswere injectedtrough a 100 pL loop (Rheodyne injecttt25)and eluted on a TSK
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GEL GMPWL7.8, 300 mm column (TosoHaas Bioseparation Specialists, Stuttgart, Germany)
with a flow rate of 0.5 mL/min (Waters pump 515\ MALS detector (Da\ﬁnDSP, Wyatt
Technology Co, Santa Barbara, CA, USA) coupled with a refractive index detector (Optilab
Wyatt Technology Co), was used to obtainHore determination of the absolute molar
mass Each elution fraction of about 0.01 mL enable calculate theweightaverage molar

mass and the molar distribution (polydispersity index, PDI) for the obtained SEEsrof

The refractive index incrementiif/dc) value taken for calculation was 0.137 mL/g. The data

analysis was recovered and analyzed using Astra 4 (Wyatt Technology Co).

[1.3.2. Dynamic Light Scattering (DLS)

DLSis also referredas Photon Correlation Spectroscopy or QtHaistic Light Scattering.
Dynamic light scattering is a nenvasive technique for measuring the siné colloids
(particles and macromolecules) in a solvent. Brownian motion is the random movement of
particlesdue to colisions caused by bombardment tife solvent molecules that surround
them. The scattering intensity observed when light hits colloids, fluctuates over time due to
their movement. From this information, the technique can measure the speed at whéch
objects diffuse due to Brownian motion. Particle and macromoleculeaseaivenin terms

of hydrodynamic radius.

This experimentvas performedwith a Malvern Instrument NanZS equipped with a Hde

fl-aSN) 6<lTcondy YYOOD t PwedeYiendthiodgh dz0.452u8i PTFE (1 M ®
micro filter before measurements. The correlation was analyzed via the general purpose
method (NNLS) to obtain the distribution of diffusion coefficients (D) of the solutes. The
apparent equivalent hydrodynamic radigB;) was determined from the cumulate method

using the Stokd=instein equation:

v n

WhereQ is Boltsman constant, T is temperature, G is the relaxation frequency, q is the
wave vector, h is the viscosity of the medium, &ds the translation diffusion coefficient
at finite dilution. Mean radius values were obtathfrom triplicate runs. Stadard deviations

were evaluated from hydrodynamic radius distribution.
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[1.3.3. Reducing end titration

Reducing end (RE) is a free aldehyde group thatbeafoundat one end of polysaccharide
chains. Several sensitive and precise assaysealucing sugarhiave been developedon
redox reactions involving electron transfers from the aldehyde/hemiacetal functionality to
oxidized metal ions such apopersulfate (Figure 11.7). Reduced cation concentrations are
monitored spectrophotometrically as complexes with various chromogenic chelators such as
42 RA dzY &-bidinthonthateacid IBEA), arsenimolybdate, phenol, 4hydroxybenzoic

acid hydrazide, etc.

CHaOH CH,OH
HO on @ HO e
Ho H o+ 2cu®® 4 so” — "4 0
0 o0
o o

2 CUEO + 3 Hz':'

Figure 11.7. Terminal aldehyde oxidation by €ions

Dinitrosalycilic acid is anotheavailable reagent that allowsdetermining aldehyde in

reducing sugars through the reduction of one nitro group into an amino group.

In this work the RE analysis was used to demonstrate the reactivity of purified hydrolyzed
fractions, and not to follow enzymatic activity. The chosen titration method was Nelson

Somogyi assays whiele explainedn detailed below.

NelsonSomogyi(NS) assy is basedon the alkaline copper reagent of Somogyi (1952)d

the color reagent of Nelson (1944)The assay involves the reduction ofQa Cu by the RE

and the formation of colored compound arsenomolybdate The main advantages of NS
assayis the low interference with the cellulase protef® | 2 6 SGSNE b Sf a2y Q4
arsenicwhich is knownfor its high toxidy that causesa seriousenvironmental problem.
TitrationwasOl NNA SR 2dzi F2ft2gAy3 (KS SELISNASYyOS

Reagent solutionsAlkal reagent (Awas preparedoy dissolving 12 g of potassium sodium
tartrate, 24 g of sodium carbonate, 16 g of sodium hydrogen carbonate, 144 g of sodium

sulfateand 4 g of sodium benzoate in 500 mL of deionized water. The solution was heated
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until all chemicalsvere dissolved The final volumevas adjustedo 800 mL with deionized

water. This solution cabe storedat room temperature.

Copper reagent (Byas prered by dissolving 4 g of copper sulfate pentahydrate and 36 g
of sodium sulfate in 150 mL of deionized water. The solution was heated until all chemicals
were dissolvedThe final volumevas adjustedo 200 mL with deionized water. This solution

canbestoredat room temperature.

Color reagent (C) 25 g of ammonium molybdate was dissolved in 450 mL of deionized water.
21 mL of concentrated sulfuric acilas addedto the molybdate solution. 3 g of sodium
arsenate dibasic heptahydrateas dissolvedh 25 mLof deionized water. Finally, C reagent
was obtained by mixing the acidic molybdate solution with the arsenate solution. The

solutionwas kepin a brown bottle and was incubated at 37°C dutiwg days before use.

Sample solution: 10 mg Mlof started and purified hydrolyzed samplegre dispersedn
deionized water and stirresver nightat room temperature. Solutions of glucose with

concentrations from 0 to 120 pMere runas standards (Figure 11.8).

Titration: 500 uL othe sampleor stardard solutionwere mixedwith 80 pL of (A) and 20 L

of (B) in areppendorftube. The mixture was thoroughly mixed befdreing heatedat 100°C

for 10 min and then cooled in an ice/water bath for 5 min. 100 pL of (C) were evenly mixed
with the previoussoltion, and 950 pL of deionized wateras added The absorbance at 620

nmwas readafter 15 min of storage.

Note: The solution of highM,, HPMC (commercial samples) showed the formation of
suspended solids when added to (Cpnsequentlya centrifugation fo 5 min at 11K RPM

was done before reading the absorbance.
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1,2

0,8 -

Abs € 612)

0,6 -

04 -

y = 8,2616x

0,2 - R2 = 0,9867

0 0,02 0,04 0,06 0,08 0,1 0,12 0,14
Glucose concentration (mM)

Figure 11.8. Standard glucose calibration curve.

LLdodnd CAONI GA2Y 2F GKA2f 3AINRdzL) dzaAy3 9f fY

Ellman's reagent (5.8lithio-bis[2-nitrobenzoic acid]DTNB} is used to estimate sulfhydryl
groups in a sample by ogaring it to a standard curve ofsalthydrytcontainingcompound

such as cysteirt8 This assay is used to determine the amount of SH groups at the extremity
of functionalzed polysacchaiide chain obtained by reaction between reducing end dimel

aminogroup ofcysteamine.
Reagent solutions:

DTNB sition: was prepared with a final concentration 2mM of 5chithio-bis[2-

nitrobenzoic acid] (DTNB) of 50 mM sodium acetate and kept refrigerated.

TRIS buffer solutioffB$ pKa = 8.062-amino-2-hydroxyméthyl,3-propanediol was used
to prepare 1M TRIS and adjusted to pH=8.

Standard solutiorwasprepared usingcetyl cystein€0-70 uM) for calibration (Figure 11.9).
Sample:20 mg of thiolated polysaccharigere dispersedn 1ml of 56nM sodium acetate.

Titration: The following solutionsvere addedin anassay tube: 100 uL of DTNB, 200 uL of
TBS, 1680 pL of deionized water and finally 20 pL of sample. The solution was thoroughly
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mixed with vortex and incubated for 5min at room tempersu The absorbancevas

measuredat 412 nm.

1,2 4

0,8

y =14,273x
0,6 1 R2=0,9994

Abs. 412 nm

0,4 -

0,2

0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08
Concentration Acetyl cysteine mmol/L

Figure I1.9. Standard acetyl cysteamine calibration curve.

[1.3.5. Cloud Point (Cp)

Cpis thephase separation from solution and solidification ab@veertain temperatue e.g.
thermoresponsive hydrog&l. Thermoresponsive hydrogelhows a transparent solution
below the Cptemperature. h contrast above th&€p the polymerbecomes hydrophobicand
insoluble. These phenomerare governedoy the balance of hydrophilic and hydrophobic
moieties on the polymer chath Ibett and coworkers 992, defined cloucpoint as the
temperature at which visual clarity was 165tOther authors defined as the temperature at
which light transmssion reachs 50 %, In this work, we consided both Cp asonsetCp
(determined by extrapolation of the linear region of 100% of transmittance andahgent
line of theinflection point) and Cp, as average Cjpconsidered when the transmittance

reach the50 % of transmittance (Figure 11.10).

The cloud temperature of starting and hydrolyzed polymewsgas measuredby the
diminution of the transmittance of polarized light. WXs Perkin Elmer/LAMDA 35
Spectroplotometer and Temp Lab software exe used to recover data. The temperature
ramp was fixedat 0.2 °C /min between 50 to 85 °@nd the wavelengthat 600 nm The
sample solutions were prepared a2 of concentration using deionized water, sttifor 24

hours and kept at 5°@vernightbefore analysis.
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Figure 11.10. Clouding point profé and the ghema to consider Ggand Cpo.

[1.3.5. Fourier transforms infrared spectroscopy (i)

An infrared spectrum represents a fingerprint of a sample with absorption peaks which
correspond to the frequencies of vibratiom®tween the bonds andthe atoms making up

the material. FIIR spectrawere recordedon a Nicolet NEXUS spectrometer with a DTGS
detector at 4 cril resolution. The spectravere recordedin air atmosphere and 64 scans

were taken per sample. The sample pregigons consistd in mixing 22.5 mg ofsolid
sample with 200 mg of spectral grade potassium bromide (KBr). The mixture was ground and

pressed to form a transparent disk.

[1.3.7. Nuclear magnetic resonance (NM&pectroscopy

The'H NMR spectra of acetylatesamples were acquired with Bruker Avance 250 (250 MHz)
spectrometer in deuterated chloroform (CRChAt 50 °C to determinghe degree of

methylation DSye) and ofhydroxypropyhdion (MS;p) of acetylated samples.
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DSie and M$pvalues were calculated from the integration of the different NMR signals as
detailed on Figure I1.11This method was described by Fitzpatrifhe spectra were

collected using oversampling with UNISON as software.

‘/ \4/\/

R= —=C0=—CH, (b); —CH, (a); —CH;-:a:-—_CH {ap=CH, (g}
QCO—CH, (b) |
|
(3
\l (b)
/ (©)
- "
4 \
l."x'- f "'\ | W
e f‘/w A\w R
6.0 5.5 5.0 45 4.0 35 3.0 25 2.0 1.5 1.0 Ppm
4 Z =1

Figure I1.11. NMR spectrum in CDIf acetylated K4M. Signal (&)assignedo protons on
the glucose ring, the methgubstituentsand the protons on isopropyl substituents, signal
(b) to protons on the acetyl groups and signal (c) to methyl protons on isopropyl
substituents.

The sum of the integrations (a) + (Was normalizedo 16 protons (7 coming from the
glucose ring and 9 coming from the substituents).

R — Eq. II1

The degree of methylation was calculated by:
oY & &— Eq.ll.2
The hydroxypropyl molar substitutiomas obtainedfrom:

oY — Eq.l.3
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[1.3.8. Synthesis adblock copolymer
Linear diblock copolymavas synthesizetbllowing two procedures
1) end-to-end coupling consiss in reacting the native terminal aldehyde end group of the
polysaccharide chain with -amino functional polymer chain, through a reductive

amination process ihe presenceof sodium cyanoborohydride. Thus, Jeffan®d-2005

(PQ¢-EQ) and T5000(PQs) were coupéd with short HPM@hains.

HPMGb-PO,o-EQ;: 1 g of HPMCM,,=8000 g mat, 0.125 nmol) and NaCNBHO.2 g,
3mmol) was dissolved in 50 mL of DMSO/NaCl 10mM (3/1 v/v) at 60°C. dkftetlay of
reaction, effamine® M-2005 was addedM,= 2000g mol*, 0.615 g, 0.30 mmol) to the
solution. he mixturewas stirredat 60 °C foffive days (Figure 11.12). The resulting solution
was dialyzed fofour days in distilled wadr, using dialysis tubing withtiWCOof 3000 g mol

!, The samples were freeze dried andaeered as a powder.

OR
OR OR OH
Q OR
R [e] /O
o]
OR OR H
o ) OR
OR n

NaBHCN H,N %O}
60°C, 5d o] ; CHy
CHs

CHj
OR OR o OH /E\/OV s
VT N Ojt
R%OWOMH 29
OR OR
OR S OR
OR

Figure 11.12. Synthesischeme of HPMG-PQ-EQ.

(HPMQ3-b-PQss 1 g of HPMC (Mw=8000 mol*, 0.125 mnol) and NaCNB#{0.008
g, 0.125mmagl was dissolved in 50 mL of DMSO/NaCl 10mM (3/1 v/@paE. Aftelone day
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of reaction, &ffamine® T-5000 was added (Mw= 5000 mol™*, 006 g, 00125 mmol) to the
solution. "he mixturewas stirredat 60 °C forfive days (Figure 11.13). The resulting solution

was purified, using dialysis tubing with MW®©12000 g mol™. The samples were freeze

dried and recovered as a powder.

OR
OR OR OH
Q OR
R o o
o
OR OR H
OR S} OR
OR n

NaBHCN H2N
60°C, 5d

HaC e} /——<z
X

! *r (0] CH3
* ., HsC O

o ol ;(

Q HaN
OR
¥ Jeffamin&® F5000 structure (X+Y+Z=85)
= OR

2 oV

NH %/ﬂ

A

Figure I1.13. Synthesischeme o{HPMQ;-b-PQs.

2) The second procedure to synthesize linear AB block copolymer lmaspdlysacharides
consist to introduce thiol groumt the reducing end of HPMC by reductive amination
reaction (same procedure than 1) as a shown in Figure 11.14. These new functional groups

canbereacted with other types ofalkyne terminatedoolymers by the &y of thiolene click
reaction.
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ThiokHPMC preparationin brief 1 g of HPMC withnawveight average molar masdg 8000 g
mol™ (0.125 mmo) and NaCNBHO0.2 g, 3mmgl were solubilized in 50 ml of DMSO/NaCl
10mM (3/1 viv) at 60°C. After that, cysteamin@.l g, 1.25mmb was added, and the

mixturewas stirredfor sixdays at 60 °C.

OR OR oH
Q OR
R (o) 0o SH
mo <+ HNT
OR OR H

OR o OR

DMSONaCI3/1 viv)
NaBHCN
60°C, 5d

OR
OR OR OH
Q OR
R @]
o) N/\/SH
R OR H
OR o OR
OR

Figure 11.14. Synthesis scheme of HPMi@ol

PLA alkene synthesi®ing openingpolymerization (ROP) was carried out in solution using
standard Schelenktechnique under an inert atmosphere aiitrogen. Llactide (7,2 g50
mmol), allyl alcohol (0, 212 g, 3,6 nol), catalwt tin(ll) 2-ethylhexanoate (Sn(Og) (0,2 g,
0,49 mnol) and 30 ml of toluene were used (Figure Il.Eshydrous toluene (20mL) and L
lactide wereadded in an oven dried Schlenk tube fitted with a rubber septdoipwed by
addition ofallyl alcohol and catalystdispersed in 10 ml of anhydrous toluene. The solution
was further degassely three freezgpump-thaw cycles. The resulting mixturevas stirredat

80 °C for 15 h. Aftecoolingdown to the room temperature, the reaction mixture was
pouredinto cold diethyl etherThe precipitate was then collected by filtrati@md dyingin

vacuum.
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Allyl alcohol 0]

Figure II.15. Synthesischeme of alene functional PLA.

[1.3.9. Synthesis of HPM®-PLAyia UV initiated thiol-eneclick reaction

The UMnitiated thiol-ene click reactionof HPMGSH homopolymer with alkes-
terminated PLA in DMSO was carried out inDanics U+-Chamber M3 The reactorwas
equipped with a PLL 36W/01/4P Hg lamp atroom temperature (26 °C). HPMEH
homopolymer M,, =8000 g met, 1 g, 0.14 mmol), PLM{ =3000 g mot, 0,125 g, 0.041
mmol), DMPA (18 mg, 0.86nmol) and DMSO (10mL) were introduced into falcon tube and
vigorously stirred. The reaction mixture wasured into petri plate and subjected to UV
irradiation for 10 h under slow stirring during all reaction time. The resulting HRMTA
copolymerwas precipitated in excess acetonitrile. The solid copolymer was recovered by

centrifugation at 4000 rpm for 15min and dryiinga vacuum oven overnight at 35 °C.
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INTRODUCTION

The preparation of smart nan@r macroestructure materials requiresvell defined
molecules. In this contextdepolymerigition of biopolymers including polysaccharides,
proteins and lignin is an intense field of research to yield tviglne chemicals from
renewable resourcés. Most studies aim at producing loawerage molar massompounds
as platform molecules to replace foskdsed analoguesA complete depolymerisationis
required with the notable exception of protein hydrolysis for which bioactive peptides is
often sought. By contrast, our work focused on partiadepolymerigtionto prepare mone
functional fragments witha low degree ofpolymerization (DP) that can react further as

building blocks for the construction of more complex molecular architectures.

The cellulose backbone associatenl an amphiphilic nature linked to the alkyl
substitution gives to cellulose ether derivatives properties such as water retention,
thickening and emulsifying activitplsqg their biocompatibility and harmlessness make them
attractive candidates for biomédal application$>. Depolymeriation of polysaccharides can
be achievedy physical, chemical and enzytiaacatalysis techniques. Irradiation of cellulose
and its derivatives byhe electron beam andgray hasbeen studiedsince a long time for
many purposes as sterilisation, graft modificatiand degradatioh. However, it has been
found that the depolymerisationefficiency decreases with the irradiation dose and the
extent of substitution sahat, even for large doses, the weight average molar mag (
reaches a steady state of about 210 kg.mof ’. More recently, ultrasonic irradiation has
been applied for the same purpds. Interestingly, a range of cellulose ethers with varying
M,, can be produced depending on the irradiation duration and the power source. Again, it
was found almost the same limitinkl,, of about 30¢ 40 kg.mof independent of the
starting material characteristi€s Therefore, the vast majdyi of depolymeriation studies

involve acid and enzyme catalysis.

Conventional hydrolysis of polysaccharides catalysed by mineral acidbémas
extensively studiedand several industrial processes have been proposed for production of
sugars from cellulosé. The reaction igenerallyfast at high temperature. The chain scission
takes placestatistically and it was shown that partial acidic hydrolysis of xylan led to a

mixture of products with varying degreef polymerisation?. On the other hand, enzymatic
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hydrolysis poceeds smoothly and selectivelyfwo main groups of cellulases cée
consideredfor cellulosedepolymerisation endoglucanass (EG) catalysing random cleavage
within the chairs and exoglucanases (EX) catalysiegolymerisationfrom the chain ends
So far, mat of the studiesnvere done on the enzymatic hydrolysis of cellulose derivatives
have been performed to determine their structural featureacluding the degree and

position of substitution on the glycosy! upitnd the distribution along the chaifi*®.

Hydroxypropylmethyl cellulose(HPMC) (Figure lll.1)ak wide applicationsin
pharmaceuticals, cosmeticod, etc. However, this polymes inot commercially available
in My, range down to about 20 kg.mbl'’. To the besbf our knowledgeno studies have

been reported dealing with the preparation of shorter polymers of cellulose ethers.

OR o oR
X/V\\/ 7\_77\0
o}
RO _ 4\
OR o}
OR n

R= —H; —CH;; —CH,—CHOH—CH;

Figure I11.1. Molecularstructure ofhydroxypropylmethyl celluloséHPMC).

RESULTS ANRISCISSION

[1l.1. Enzymatic HPMC depolymerisation

11.1.1. Procedure

Enzymatic hydrolysis with HPMC as a substvas undertakerto prepare small fragments

of polysaccharidesMolar mass distribution and average molar mass values of started and
hydrolyzed samples we monitored by SE®IALSRI Figure 1ll.2 shows the cumulative
distribution of molar mass of the product obtained by hydrolysis of G4 (stakijpg 85000
g.mol*; see chapter Il). It is clear that this produmntains at leastwo main fractions

havingroughlyM,, values higher and lower than DD0 g.mof-.
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Figure l1lI.2. Cumulative molar mass distribution of the crude product obtained by

hydrolysis of G4 using Enzyme/Substrate ratio of 180772 h.

As explained in Chapter Il, a fractionation procedure was applied to the crude hydrolysate.

Two distinct polymers named S and P fractions were recovered after phase separation

during the enzyme inactivation step at 85°C corresponding to the soluble amippated

fraction, respectively (Fig. 111.3).
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Figure 111.3. Schematic description @¢he preparation of HPMC S and P fractions.
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Figure IIl.4 illustratesthe SEC curves of the crude product and the fractiofise

fractionationappearedsuccessfuin terms ofmolar distribution.
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Figure IlIl.4. Cumulative molar mass distribution of the crude and purified S and P products
obtainedby hydrolysis of G4 using Enzyme/Substrate ratio of 180"farg72 h.

It has tobe notedthat a deeper insight regarding the SE®BLSRI data can be fouhin
Chapter IV. The depolymerisatigrerformance was then characterizedby the yield of
isolated Sand P fractions and, on the other hand, the respectwg of the short HPMC
chains.Parameters such as reaction time and enzyme concentratere variedto optimise

the production of HPMC polymers wit,, below 20 000 g.mdl.

[11.1.2 Effect ofreactiontime on the depolymerisatiorefficiency

In this section, the effect of the reaction time between 1 to 96 h was examined keeping the
concentration enzymeonstant at 30 pl/g of HPMC. For this study, the starting HPMC was
K4M from Dow ColorcoM,, = 235000g.mol™).

Figure IIl.5 presents the yield of recovered S and P products as a function of the reaction

time. The complement to 100 % of the global yield that is the sum of the S and B, galds
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be attributed to theloss oflow M,, hydrolyzed compounds that pass through the UF

membrane.

120 4
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Figure 111.5. Yield evolution of the recovered(8ashedand P(black)polymers as a function
of reaction time (enzyme concentration = 30 jit).g
As seen on Figure 111.5, the yield of P fraction decreases adetn@ymerisationproceeds
and levels off to about 30 % at higher reaction times. During the same time, the yield of S

fraction increases with an optimum value of about 55 % after 72 h.

Figue 111.6 presents the variation d¥l,, for the two isolated polymers as a function of
reaction time. The same trend of variation che seenwhatever the considered fraction: a
sharp drop ofMyy is observed during the first hour of reaction followed by adgya M,,

reduction.
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Figure 111.6. M,, variation of S and P fractions as a function of reaction time using 30 pL.g
enzyme concentratiomnd K4M HPMC as starting polymbt( = 235000 g.mot).

Adsorption of endoglucanase (EG) onto the cellulosic chagds at leastive unmodified
AGUS™®. On the other hand, exoglucana®X) enzyme attacks by the chain extremity (see
the mechanism of cellulosic chain hgty/sis depicted in Figure 1.26hdeed cellulase from
Trichodermareeseiused in this study is a cocktail mainly containing EG enzymes with a
fraction of EX enzges®?. It is then supposedhat the depolymerisatiorof HPMC was the
result of a combined effect of EG and EX enzymes. éifteh of reaction, the global yield of
polymers is almost 100 % (Figure )Ihteaning that oty a very small fraction of loaverage
molar masscompoundswas formed Consequently, it was assumed that the obserig
reduction during this period is only due to EG action that randomly cleaves the cellulosic

chain.
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From thispoint, the following nomenclature was chosen to name the different HPMC
products: WWXXY¥ZZ where WW stands for the starting HPMC, XX for the P or S fraction,

YY for the enzyme concentration and ZZ for the reaction time.

The average number of domains épng the chain where EG cateavethe starting K4M

HPMC was calculated by the following equations

8 8

(Eq. 1.3

whered ,0 and0 denote the number average molar mass of the starting HPMC, and of
the resulting P and S polymers, respectively; 0.54 and 0.44 were the raassrf obtained
of each fractios after 1 h of reaction; and (z + 1) is the mean number of fragments produced
during the reaction. The first term of this equation stands for the totainber of molecules

in 1 g and the second term is the sum of molecules coming from both fractions.

Table 1I1.1 displays the molar mass averages and the polydispersity md@sO(0 j 0 )
of K4M, the S (K4N$30-1) and P (K4MP-30-1) polymers obtained feer 1 h of reaction

using an enzyme concentration of 30 pitaf starting HPMC.

Table IIl.1. Weight (M,,) and number ¥1,)) molar mass averages of the starting K4M
HPMC and of the S and P polymers obtained aftbrof reaction (EG = 30 pL.gf K4M)
named K4MS30-1 and K4MP-30-1, respectively and their corresponding polydispersity
index D).

HPMC My (g.mol%) M, (g.mol™) PDI
K4M 235000+2 000 78000+ 1000 3.0+0.1
K4M-P-30-1 31000 + 600 24000 + 500 1.3%0.1
K4M-S30-1 11000 * 300 7000+250 1.6+0.1

It shouldbe notedthat the fractionation step by precipitation seems to be more efficient
than UF since PDI of K4RB0-1 is lower than that of K4ANG30-1.

The resolution of equation 11l.1 using the values reportedabhle 11l.1 gives a total number

of chain cleavages:

a  u¥ (Eg. 1.2
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meaningthat there are about domains comprising at lea& unmodified AGUs along the

K4M chain where EG can readily adsorb. It is obvious that this calculation is only indicative
and mustbe validateby structural investigations involving complete fragment hydrolysis and
analysis of the resulting sugars. Howewinis kind of study lies out of the scope for our

work.

Equation I11.3 shows the mass conservation assuming again that the conversion into the low
average molar mass negligible €) with respect tothe polymer production (supposed to be
true for total pdymer yield2 95 %). It allows us to calculate the measmmberwand wof P

and S fragments, respectively.
0 o) ) - (Eqg. 1.3
with, W 0w a p (Eq. I3

It comes by combining equations I1118,3 and IIl.4 tht wis equal to 1.9 andbto 4.8. It can
be then concludedhat the initial K4M chain was cleaved into approximately 2 P fragments

and 5 S fragments when using 30 [fLog starting HPMCafter 1 h of reaction

Figures 111.7 and IIl.8hown the gradual decrease oM, for KAMP-30 and K4MS30
between 24 h and 96 h of reaction. It che now observedhat M,, decreases linearly in
both cases with a respective hydrolysis rate of 125 g'mhdland 21 g.mot.h™ for KAMP-

30 and K4Ms30. These dataseem toindicate thatdepolymerisationof HPMC during this
period resulted fromEX action as only loM,, compounds were released especially in the

case of K4NM5-30.
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Figure 111.7. Evolution of the weighaiverage molar mass of K4RI30 over reaction
time.
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Figure I11.8. Evolution of the weight average molar mass of K&8D over reaction
time.

Although the change iM,, is not very significant in the case of K&B80 inherent to the
accuracy of measurements by SHEELSRI (in our conditions), the previous assumption is
supported by the variation of the global yield in polymer over time (Fig. 111.9). The low
molecular weght fraction produced by EX catalysiscreased withthe reaction time, to
reach 17% of the initial mass aftet days of reactionTherefore, afterl h of reaction the

M,, reduction can be assumed take mainlyplace at chain extremities.
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Figure 1I1.9. Total polymer yield over reaction time.

In conclusionof this part, the S fraction was demonstrated to give shadrained HPMC with

the targeted M,, while the P fraction gave HPMC wit¥,, higher than 2@000 g.mof".
Moreover, it was observed that the chain length che easily tunedby extending the
reaction time. In fact, the enzymatic catalyst usedhis workcontained a small amount of

EX enzyme. We believe that EX enzynmiesponsible foincremental chain length reduction
when EG enzyme could noteavethe chain due to the lack of adsorption sites. Thus, for
instance, experimental conditions using 30 flLo§ enzyme cocktail and a reaction time of 3
days enabled to prepare HPMC with, of 8000 g.mof in a good vyield (55 %). This main
conclusion raises now the question of whether other conditions as an increase of the

enzyme concentration or change of starting HPMC might leaoh¢ceaseshorter HMPC

yields.

[11.1.3 Effectof the enzyme concentrationon the depolymerisation efficiency

The effect ofenzyme concentration on the yield ani, of short chained fragments
obtained after K4M depolymerisatiomas investigatedn the rangel5 to 180 pL.g. Figure

[11.10 shows theM,, change as a function of enzyme concentration for the P and S fractions

isolated after 1h.
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Figure 111.10. M,, variation of S and P fractions as a function of enzyme concentration hfter
h of reaction. K4M HPMC was the starting polynMy, € 235000 g.mot).

As expected, a drastic drop ™, is observed afterl h of reaction, and the obtainedM,,

values level off at 2600 and 1000 g.mof for P and S polymers, respectively. Agains it
assumed that the chain cleavage at this stage occurred by EG action. The average number of
chain cleavages (@nd of P and S fragments per chain (x and y, respectively) can be
calculated using equation 1ll.1 to 4. Table 11l.2 gathers the data needezhliculation and

Table 111.3 thecalculatedy, wandwparameters.

Table 1ll.2. Weight M,,) and number ¥1,) molar mass averages of the S and P
polymers obtained with different enzyme concentrat®rafter 1 h of reaction and
corresponding yield.

Fraction KAM-P-Y¥1 KAMSY¥1
Enzyme concentratior My M, Yield My M, Yield
(uL.gY) g.mol*  g.mort (%) g.mol* gmol* (%)
30 31000 24000 54 11000 7 000 44
50 29 000 21000 48 10 000 6 000 50
180 25000 18000 45 10 000 6 000 50

As expected from theM,, data reported inFHgure 1.8, the average number of chain
cleavages reaches a plateau of 6 to 7 whatever the enzyme concentration. On the other
hand, it appears that the mean number of P and S fragments per chain did not change with
the amount of catalyst taking into account the approximations done into the calculation.

This result means that the adsorption sites giving rise to the short chagnseadily available
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to the EG adsorption. In other words, the adsorption step is independent of the catalyst
concentration provided that a minimum amount (about 30 [f).yas added Interestingly,

the same values can be reached using a 15 utogcentration for 72 h. It is important to
note that the EXamount in this caseseems to be too low to give a large quantity of low

molecular weight compounds since the total polymer yield was almost quantitative.

Table II1.3. The aveage number of chain cleavage @nd the mean number of B)
and S () fragments per chain (rounded values &akeof clarity) calculated from equations
1.1 to IIl.4.

Polymer ) ° «
KAMX%15-24%) 4.0 1.5 3.5
KAMX%15-72") 7.0 2.0 6.0

KAMXX%30-1 6.0 2.0 5.0
KAMXX%50-1 7.0 2.0 6.0
K4MX%180-1 7.0 2.0 6.0

a)0 andd = 29000 and 1000 g.mot; yield(P) and yield (S) = 53 and 45 %.
b)0 andd =21000 and 600 g.mot; yield(P) and yield (S) = 52 a4d %.

Again, these data are only indicative and must be confirmed Hegtailed structural study

which isout of scope for our work.

At this point, it is interesting to investigate the evolution of the yield ang over time to
examine the action of EX enzyme in various concentrations. Figure Ill.11 presents the yields
obtained for the two isolated fractions as a function of reactiome for the different

conditions of enzyme concentration.

The same trends obsered whatever the enzyme concentration used. Afteh of reaction,
each fraction was obtained in approximately 50 % yield. For longer times, P fiaction
decreased whilé&S onedncreased. At the same time, the total polymer yield (P + S) declined.
As mentiored before, this result can be interpreted by a mass losfow average molar
masscompounds The latter effect is more marked with higher enzyme concentration (180

uL.g") to reach 67 % fot days of reaction.
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Figure 111.11. Yieldof the two isolated fractions aafunction of enzyme
concentration and reaction time.

The effectof reactiontime (1 and3 days) and enzymeoncentration onM,, are presented in

the case of P fraction in Figure Ill.12a and of S fraction in Figure 111.12b. These diagrams show
the same trend as that depicted in Figure 111.10 My, obtained after1l h reaction. As
expected, the increase of catalyst concentration alloggeeding up the lomerm
depolymerisationdue to the slow attack of EX enzyme. Thus, loMgmwasobtained faster

with the higher enzyme concentration. For instance, it can be seen in Figure Ill.12a that the
sameM,, in P fractionwas attainedafter 24 hand 72h with catalyst concentration of 180

and 50 pL.g, respectively. By contrast, this effect is much less marked for fra&iemenif

lower M,, was always observedlith an 180 uL.g" concentration.
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Figure I11.12. Effect of the enzyme concentration dw,, of (a) P fraction and (b) S
fraction.

Finally, the effect of the reaction time is shown in Figure Ill.13 for the higher enzyme
concentration for both fractionso investigate the activity of EX enzyme as done in Figures

111.7 and 8 for a 30 pl*goncentration.
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Fgure 1.13. Effect of the reaction time oM, of P and S fraction usirg180pL.g"
enzyme concentration.

Again, a linear relationship is found between tMg, reduction and the reaction time.
Surprisingly, the slope observed for the P fraction g5¥iol*.h™) is low compared to that in
Figure 111.7 (12%5.mol".h™) determinedfor the 30 uL.g concentration This result mighbe
explained by irreversible adsorption or partial enzyme deactivation due to -satfd
production inhibitiort®. By contrast, the same hydrolysis rate @iol*.h™) can be seen for

the S fragments indicating that the gradual chain shortening in the latter case seems to be

independent of the enzyme concentration.

In conclusion, aaiseof the enzymatic catalystoncentration enables thavefaster access

to shorter chains. For example 080 g.mol* HPMC could be obtained after only 24 h with
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180 pL.g* concentration whereas it took aboud days with a30 pL.g" concentration. A

compromise shoultbe then foundoetween reaction time and catalyst amount.

On the other hand, it was found the same incremental hydrolysis rate whatever the enzyme
concentration in the case of S fraction. However, it is not clear if there is a limitation on the
M,, reduction by EX enzyme that is if higher enzyme concentradimaor longer reaction
time may produce HPMCs with shorter chain length. For instance, it should take about 11
days of reaction to obtain short HPMC chains hawhgof 3000 g.mof usinga 180pL.g"

concentration if the EX enzyme keeps the same activity af.@bl*.h™.

l1.1.4. Influence of the HPMC source and chain lengtin the depolymerisation
efficiency

In this section, the influence of the starting HPMC nature was investiglatemlving the
same proceduras thatpreviously used for K4M hydrolysladeed several factors including
the chain length, the degree of substitution and the substituent distribution along the chain
can affect the depolymerisationreaction and thereby tb characteristics of samples

produced.

Table 111.4 summarizes the characteristics of the ®electedHPMCsamples obtainedrom

two different sources: K4M, K15M from Dow Colorcon and G4, 90SH SiunEtsu (see
Chapter I1). As it cabe seenthe M,, vaiied from 85 000 to 78000 g.mof. On the other
hand, G4 had a degree of substitution higher than the other samplegadtassumedhat

the short HPMC chains originated from depolymerisation of theseples should show
highly contrastinghermo sensitie and gelation behaviors as revealed 8kagerlokt al.*

(described in Chapter 1V).

Table 1ll.4. Macromolecular and substitutiocharacteristics of the studied HPMC.

Sample  Manufacturer M, (g.mof*)®  PDP DSye” MS;p

K4M Dow Colocon 235 000 3 1.15¢1.57 0.18¢0.32

K15M 340 000 2.5 1.15¢1.57 0.18¢0.32

G4 . 85 000 1.7 1.79¢2.03 0.18¢0.34
Shin Ets

90SH MESY 280 000 3 1.12¢ 1.57 0.10¢0.32

a) this work; b) calculated from manufacturer specifications.
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l11.1.4.1 Influence of the methylation degree

The enzymesubstrate complex is hindered by the presence of substitueatrsd the
depolymerisationability should decrease with an increasetie degreeof substitution. As
above outlined, EGs need at ledstinsubstituted AGUs to ensutke formation of enzyme
substrate complex¥:?*. However Addenet al?®> have demonstrated that EGs can tolerate
one methyl substitution on @ position but not a disubstitution on-@,3 positions. It cabe
concludedthat the number ofcleavagess dependent on the substitution heterogeneity

along the chain but also on the ssifitution positionin AGU.

The yield in each fraction P and S obtained aftepolymerisationof G4 using enzyme
concentrations increasing fro 15 to 180 pL:§is reportedin Figure I11.14. Watever the
enzyme concentratiorG4 depolymerisation gave P inuch larger mass fraction (ca 89
%) than S unlikethe previous K4M one. Theigherresistance to enzyme hydrolysis G#

samples is related to their higher degrea methyl substitution, compared to otheadPMC

samples
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Figure Il1.14. Yieldof the two isolated short chained fractions agunction of enzyme
concentration and reaction time obtained in G4 depolymerisation.
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As presented in Figure 111.15, fraction P exhibited a declin®lpturing the first day of
reaction that leveled off at a value of ca 880 g.mof whatever the used enzyme
concentration. By contrasthe M,, of fraction S did not evolve greatly over time with a mean

value of 11250 + 900 g.mdl.
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Figure Il1.15. M,, variationof P and S fractions as a function of time and enzyme
concentration (15 to 180 pLyin G4 depolymerisation.

As done previously for K4M, the average number of chain cleavage (z) of P and S fragments
per chain can be estimated from equations 11l.1 to 4 in the case of G4 depolymerisation. The

valuescalculated for different experimental conditiomse summarizeth Table 111.5.

Table 1II.5. The aveage number of chain cleavage @nd the mean number of B)
and S () fragments per chain (rounded values &akeof clarity) calculated from equations
1.1 to IIl.4.

Polymer » ° «
G4X%50-1% 1.5 1.5 1.0
G4XX50-24" 2.0 1.5 1.0
G4X%180-1% 2.0 1.5 15
G4X%180-24" 2.0 1.5 1.5
a) 0 andd =32300 and P00 g.mot"; yield(P) and yield (S) = 78 and 19 %.
b) 0 andd =23300 and P00 g.mot'; yield(P) and yield (S) = 76 and 21 %.
c) 0 andd =29200 and B00 g.mot"; yield(P) and yield (S) = 70 and 27 %.
d) 0 andd =26900 and P00 g.mot'; yield(P) and yield (S) = 76 and 21 %.

The average number of G4 chain cleavage is mowlerl than that of KAM. Moreover, the
proportion of P to S fragments is also higher. These resdte expectedyiven the fact that
the chain length is shorteb( = 50000 g.mof and = 78000 g.mof) and the yield of

P is three or four tnes larger than that of S.
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In conclusion, our findings are in agreement with the general assumption that an increase of
substitution degreeentails aresistance to enzyme hydrolysis. In spite of the high degree of
substitution, it was demonstrated that alob two domains per G4 chain exist where EG can
adsorb indicating certain heterogeneity in AGU substitution. These ajlmsncan be
unsubstituted orO-6 substituted. On the other hand, it was also shown that almost no
gradual depolymerisation took place ftang timeof reaction suggesting thahe formation

of EX complex is highly hindered by the substituiroG4.
l11.1.4.2 Influence of the chain length

In this section, the enzymatic depolymerisation of HPMCs \witlsimilar degree of
substitution and varioudM,, was studied and the obtained fragments compared. Table 111.6

showsthe data when the reaction was carried out wthL80pL.g" enzyme concentration.

Table Il1.6. Influence of the chaitength on the enzymatic depolymerisation.

Fraction P Fraction S Total
X : polymer
Reference M , PDI Vield Reference Mu , PDI Yield yield (%)
g.mol (%) g.mol (%)

KAMP-180-24 21000 1.2 39 K4AMS18024 8000 1.6 51 90
K15MP-18024 21000 1.4 53 K15MS18024 7000 1.6 45 98
90SHP-18024 23000 1.4 55 90SHS 18024 7800 1.5 43 98
K4AMP-180-72 18000 1.4 32 KAMS18072 6500 15 54 86
K15MP-180-72 19000 1.3 54 K15MS18072 7000 1.4 41 95
90SHP-180-72 18000 1.4 54 90SHS 18072 7200 1.7 38 92

As seen, K15M and 90SH hydrolysis generated fragments with $amnéhan those
produced by K4M samples. It cae concludedhat the length of starting polymers does not
affect the M,, of obtained short polymers. A deeper insight shows thatddongertime of
reaction (72 h), the respective yields between P and S fractions remains more or less
constant in the case of HPMCstiwilonger chains K15M and 90Swhereas the ratio
S(%)/P(%) increases for KAM. This observation implies that the reaction of incremental
depolymerisation by EX enzyme was slowed down in the former case compared tatetM.
concentration of short chained fymers is proportional to the chain length of the starting

polymer. In these conditions, the ratio EX/substrate decreased when HPMCs withN&gger
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were usedas starting material. This assumpti@also supportedy the fact that the total
polymer yield emains almost quantitative suggesting that only a low amount ofdeerage

molar massompounds was formed.

CONCLUSION

Enzymatic catalysis using endoglucanases fiarohodermareeseiwas proven to lead to
partial hydrolysis of HPMCs into two main fragments that can be isolated by selective
precipitation. EG action was fast resulting in polymers having respddtjvef about 30000

and 10000 g.motf'. It is assumedthat heterogeneityin chain substitution enables the
formation of EG/substrate complex foll@d by chain cleavagelhis meanghat two chain
segments are too highly substituted and not available for EG to ensure the catalysis to take

place.

It was also demonstratedhat the chain length can be controlled by further incremental
depolymerisatiorby the small amount of EX present in the initial enzyme cocktail. Thes,
M, of shorter polymers (S fraction) was reduced from0DD to about 7000 g.mof by
extending the time ofeaction to 72 h (180 pLgK4M). It shoulde notedthat this range of

HPMCM,, has never been described nor characterized before this work.

As outlined in the previous chapters, our objective was to prepare HPMCMyjthelow
10000 g.mot to be used as building blocks in block copolymer preparafidis iswhy we
are interested in obtaining S fraction wittne highest possible yield. ltwas foundthat

enzymatic cleavage of HPMC can afford the S fraction in a maximgre®b yield.

Acids are knowrto cleave randomlycellulosic chaing spiteof the substitution. In the next
section, HMPC hydrolysis using acidic catalysis is tested to examine whether these

conditions could give better yields of short HPMC chains.
[1.2. Acidic HPMGlepolymerisation

Many studieshave been done on acid catalysis of cellulose hydrolysis (see Chapter I). HCl is
among the mineral acids the most frequently used. It lh@en demonstratedthat high

concentrations (6L2 M) lead to complete hydrolysis of cdtise.
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It is assumedhat milder conditions shoul@llowto obtain short polymers. Therefore, lower
HCI concentrations were investigatéa achieve partial HPMC hydrolysis. Depolymerisation
of K4M and G4vas undertakerby using two acid concentrations (Caéd 2 M HCI) at 8%C
during 1 h. After the reaction P and S fractions were recovered following the same
procedure as the enzymatic treatment. Following the same nomenclature as that defined for
enzymatic depolymerisation, samples were nam@dN-XXACO0.61 and WWXXAC21,

respectively. Table IIl.7 summarstbe data regarding these experiments.

Table 1Il.7. Characteristicef P and S fractionsbtained by acid depolymerisation

Fraction P Fraction S

Total
M Yield M vield ~Polymer
Reference PDI Reference PDI yield (%)
g.mof* (%) g.mol* (%)

KAMP-AC0.61 22000 1.4 46 KAMSACO0.61 10000 1.3 42 88
G4P-AC0.61 31000 1.3 57 G4SAC0.61 9000 1.3 25 82
K4AMP-AC21 (0] (0] (0] K4AMSAC21 11000 2.1 91 91
G4P-AC21 26000 1.4 91 G4SAC21 (0] (0] (0] 91

In an unexpected way, the acid hydrolysis in 0.6 M HCI yielded two fractions very similar to
those obtained by the enzymatic route from K4M and G4, as well. Thus, P fraction showed
respectiveM,, of 22000 and 31000 g.mof', whereas S fractioM,, was about 1000 g.mof

in both cases. This result suggests that chaining of highly substituted AG Wddsmdnemore
resistant to acid treatment as they are for enzymatic cleavage, at least with modest acid
concentration and at short time of reaction.dvieover, this assumption is confirmed by the
high total polymer yield demonstrating that only a small fraction of Mycompound was

produced

By increasing the HCI concentration to 2 M, the reaction gave now only one fraction
whatever the starting HPMQ@vhich is an expected result. In the case of G4, a P fraction was
isolated in 91 % yield with &, slightly lower than that of P fraction in the previous
SELINAYSY(id hdzNJ FAYRAY3IE adzZA3S5aG GKIFIG RAFFSA

G 02 y QiSS/RIENI I OA R sCHPMIAWES/nbtNsdIubld 88§ °C,and the reactionwas
performedK SG SNR ISy S2dzaf ed Ly GaO2y OSYy iGN} G§SRé¢ | OAR
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limited because of strong chain collapsing in polymer globules. Exclusively, the more
accaaArofS aaidsSa NBFOGSRe . &8 O2yiNlradsz GKS LI2
solution implying better availability of domains easily cleavable (less substituted). The same
explanation carbe appliedto K4M. However, in the lattecasethe polymer globules may
swell more than those of G4 owing to the moderate degree of substitution permitting the
hydrolysis to proceed further giving shorter chaimé,(= 11000 g.mof') with an excellent
yield. Unfortunately, the obtained sample couldtriae fractionated into P and S fraction as

it was entirely soluble at 85 *®4MSAC21 was solely purifiecoy UF removing the low
molecular weight compounds. It is why the PDI value is much higher than for the other
samples. Although this samplas obtaned in an excellent yield, further fractionation
and/or chain cleavage are required to be used as building block in block copolymers since

the PDlandM,, valuesare too high.

In conclusion, acid hydrolysis is an alternative to enzynejoolymerisation However, it
seems to be less versatile than the lattéctually, itis not obvious that the chain length
could be easily adjustedas a function of the acid concentration and the reaction time.
Moreover, it is not environmentally friendly from the fachdt the acid neutralization

generatesa large quantity o$alts tobe discharged
[1.3. Summary of HPM@epolymerisation

Table 111.8 summarizes all the polymers prepared in this study either by enzymatic or acidic
hydrolysis. As a result, a library of short HPMC was obtained thabeatividedinto two

Of FaasSay (KS M§betweeh L7900 fo @600 .l gnd (K S & { EwitfF I YA f &
M,, varying between 6000 to 14000 g.rifolThe PDI wagenerallymuch lower than the

starting HPMC owing to the purification step.

Most of the experiments were performed solely onoeorder todetermine the effect of the
various parametrs studied. However, the polymers marked with an asterisk were obtained
from at least duplicate experiments. Excellent reproducibility was observéd,inPDI and

yields thus provindhe reliability of our results.

The samples in bold charactengere selectedas representative of the various conditions

used in the present study including reaction time, enzyme/HPMC ritjpof the resulting
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short chains (P and S fractions), and nature of the starting HPMC to be characterized in the
next chapter. Analog prepared by acidic hydrolysis in 0.6 M H@re chosenfor

comparison.

Table II1.8. Library of short chained HPMC produced by enzymatic and chemical hydrolysis.

HYDROLYSIS PROCESS

Fraction Mw . Fraction My . Total .
) (g.morY) PDI Yield % (S) (9.mok1) PDI Yield % polyrrg;or)yleld
K4M-P-15-24 38000 1.3 53 K4MS15-24 13000 1,3 45 98
K4M-P-15-72 27000 1.3 52 KAMS15-72 9000 1.4 47 99
KA4M-P-30-1* 31000 1.3 54 K4AM-S30-1* 11000 16 44 98
K4M-P-30-24 31000 1.3 50 K4M-S30-24 9000 15 40 90
K4M-P-30-72 25000 1.2 33 K4AM-S30-72 8000 1.6 55 88
K4M-P-30-96 22000 1.3 32 K4M-S30-96 7500 15 53 85
K4M-P-50-1 29000 1.4 48 KAM-S50-1 10000 16 50 98
K4M-P-50-24 27000 1.2 47 K4M-S50-24 9000 16 49 96
K4M-P-50-72* 20000 1.3 35 KAM-S50-72* 8000 15 55 90
K4M-P-1801 25000 14 45 K4M-S1801 10000 1.6 50 95
K4M-P-18024 21000 1.2 39 KM-S180-24 8000 1.6 51 90
K4M-P-180-72* 18000 1.4 32 K4AM-S180-72* 7000 15 54 86
K4M-P-18096 17000 1.3 29  K4M-S18096 6500 15 38 67
K4AM-P-AC0.61* 22000 1.4 46 KAM-SACO0.61* 10000 1.3 42 88
K4M-P-AC21 - - - K4AM-SAC21 11000 21 91 91
G4P-15-1 46 000 1.4 78 G4S151 11000 14 13 91
G4P-15-24 35000 14 75 G4S1524 10000 1.6 15 90
G4P-1572 35000 1.3 70 G4S1572 11000 1.6 21 91
G4P-30-1 45000 14 75 G4S30-1 12000 14 16 91
G4P-30-24 35000 1.3 70 G4S30-24 11000 14 19 89
G4P-30-72 35000 1.3 64 G4S30-72 11000 14 23 87
G4P-50-1 42 000 1.3 78 G4S501 11000 14 19 97
G4P-50-24* 35000 15 76  G4S50-24* 11000 14 21 97
G4P-50-72 35000 1.3 60 G4S5072 11000 1.6 27 87
G4P-180-1 38000 1.3 70 G4S1801 13000 14 27 97
G4P-180-24 35000 1.3 68 G4S180-24 12000 16 26 94
G4P-180-72* 32000 1.3 66 G4S180-72* 12000 15 20 86
G4P-ACO0.61* 31000 1.3 57 G4SACO0.61* 9000 1.3 25 82
G4P-AC21 26000 14 91 G4SAcC21 - - - 91
K15MP-18024 21000 14 53 K15MS$18024 7000 1.6 45 98
K15MP-180-72 19000 13 54  K15MS18072 7000 14 41 95
90SHP-18024 23000 14 55  90SHS18024 7800 15 43 98
90SHP-180-72 18000 14 54  90SHS180-72 7200 17 38 92

* these experimentsvere at leastuplicate
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CONCLUSION

Both enzymatic and acidic catalysis can be uwegartially degradeHPMCand generate
polymers with short chains. Was foundthat the targeted range oM, (5 000¢ 10000
g.mol') we are interested in, was easily reached through enzymatic reaction in fair yield (50
¢ 60 %). Moreover, the chain length could be precisely nuoed byvaryingthe reaction

time and the ratio enzyme/substrate.

It is assumedhat structures and properties should vary dependiog the conditions of
depolymerisation Selected HPMC samples of the library (Table 111.8) will treerfully
characterizedand data presented in the next chapter to precise the interplay between

preparationg structureg properties.
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CHAPTER IV: PHYSICEMICAL
CHARACTERIZATION OF SHORT
CHAINED HPMCs

113



Physicochemical characterization of short chained HPMCs

INTRODUCTION

Hydroxypropyl methylcellulose (HPMC) is a cellulose ether wttstanding properties
including water solubilitywater retention, emulsifying and dispersing agent, thickening and
reversible thermal gelation that make it very useful for mrrous industrial applications (see
chapter I). HPMC propertiesare governedby several factors suchs chain length,the
content of methyl (MeO %) and hydroxypropyl (HPO %) groups, as well as the distribution of
substituents along the chain. For instantiee water solubility is enhanced by an increase of
HPO content resulting in a reduction of the corresponding HPMC surface dcti@ty the
other hand,the higher the MeO contentthe higher the surface activity anthe lower the
critical temperature of gelation. It appears that the final property of HPM@ subtle

balance these different parameters.

In this sense, physicochemical characterization of short chained HPMCs generated by acid
and/or enzymaticdepolymerisationis essential to demonstrate their potentiality in future
applications. Thus,the chemical composition and macromolecular structure were
determined by HNMR and size exclusion chromatography, respectively. End group titration
of reducing extremity was used to show their end functionality enabling the further
preparation of block copolymers. HRMexhibits phase separation ability and gelation
property upon heatingThe clouding point temperature (Tc) and the lower critical solution
temperature (LCST) of the obtained polymers were determined by UV transmitta@sce
indicated at the end of the preaus chapter, a certain number of samples were chosen as
representative of the various experimental conditions used indBpolymerisationprocess.
Table IV.1 presents the selected batches with the reference permitting to retrieve the
conditions in whichthey were prepared The last columiit O 2 Y'Y Sigplagiséthe effect of

reaction parameters that wibe discussed
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Table IV.1. Reference of the nine batches corresponding to the selected short
chained HPMCs produced gnzymatic and acidic hydrolysis and reaction parameters

analyzed.

Batch 1 2 Comments

Reference | KAM-P-30-1 K4M-P-50-1 Effect of Enz/HPMC rati
K4AM-S30-1 K4M-S50-1 at small reaction time

Batch 3 4 5 6

Reference | K4M-P-15-72 KAM-P-30-72 | KAM-P-50-72 | KAM-P-180-72 | Effect of the Enz/HPM
KAM-S15-72 KAM-S30-72 | KAM-S50-72 | K4AM-S180-72 | ratio at high reaction time

Batch 1 4 2 5

Reference | K4AM-P-30-1 KAM-P-30-72 | K4M-P-50-1 K4M-P-50-72 | Effect of the reaction
K4M-S30-1 KAM-S30-72 | KAM-S50-1 KAM-S50-72 | time

Batch 6 7

Reference | K4M-P-180-72 | G4P-180-72 Effect of the methy
KAM-S18072 | G4S180-72 substitution

Batch 8 9

Reference | KAM-P-AC0.61 | G4P-ACO0.61 Effect of the catalys
KAM-SACO0.61 | G4SACO0.61 nature: to be compared

to other samples

RESULTS AND DISCUSSION

IV.1. Macromolecular features

IV.1.1 Starting HPMCs

Size exclusion chromatography coupled to mattgle light scattering and refractive index
detectors (SEMALSRI) was used to determine thHd,, and molar mass distribution of the
prepared HPMCs. Elution was carried oulimM of NaCl with 0.02 % NakpH about 8).
Thedn/dc for HPMC in aqueous solution was taken to be 0.137 mL/g and was assumed to be
constant for all analyzed samples (short cisiincluded). Figure 1V.1 illustrates the
chromatographic RI profiles observed for the starting HPMC K4M and G4, as well as the
molar mass(M) calculated for each volume increment. As can be seen, each compound
seems to be composed of two populations ag fheaks present a shoulder on the side of
high elution volumes. On the other hand, calculation by the softwar&dbr the second
population exhibited a deviationwith regard tothe linear evolution of logM vs elution

volume (sizeexclusionmechanism). This phenomenon might be accounted for by elution
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delay due to partiahdsorption Regardlessf the reasonfor this behavior, it was decided to
take into account the calculation done by the software assuming the theoretical variation of

M as afunction of the elution volume.

1.0x107

K4M-INIT
G4-INIT

1.0x10%—

1.0x105—

Molar Mass (g/mol)

1.0x10%—

1.0x10° L L
4.0 6.0 8.0 10.0 12.0

Volume (mL)

Figure IV1. Concentration profiles of KAM and Gdmplesobserved by SERALSRI
and molar mass calculated from coupled light scattering.

SEGVIALSRI experiments allow a simultaneous determination Mfand the radius of
gyration &) for each slice of elution volume. The medjwas determined to be 53 and 25

nm for K4M and G4, respectively.
The variation oRgvsM is generally presentedccording to:
GEM Ge0Q wa &Q Eq. V.1

The slope x givaaformation about the conformation of polymers in solution. For example,
an x value of 0.33 is representative of a sphere;0&of a random coil and 1 of a rod
Figure 1V.2 displays the ldag plot for both starting HPM&amples. The regression fit shows
excellentagreement with the experimental data. The obtained slopes are of 0.49 and 0.40
for K4AM and G4, respectively. These values indicate that both polymers have random coil

conformation in eluent (0.01 M NaCl + 0.02 % BHaMowever, the more methylated
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structure of G4 compared to K4M makes it more hydrophobic and less solvated by water
molecules resulting in a more compact conformationislhoweverimportant to note that
the difference diminishes for the short chains with a simigrof about 10 nm forM of

10000 g.mot-.

1000.01

K4M-INIT
100.0—

G4-INIT

RMS Radius

10.0—

1.0 1 L 1 1 1 111 I 1 1 1 1 1 11 ‘ 1 1 111
1.0x10* 1.0x10° 1.0x10° 1.0x107
Molar Mass

Figure IV2. Loglog plot of the radius of gyratiomsmolar mass for K4AM and G4
samples and linear regression fitting

Table IV.2. Weight average molar mas$/{), polydispersity index (PDiadiusof
gyration &) and x value of KAM and G4 HPMCs as determined biBESRI.

Sample M., (g.mol%) PDI R, (nm) dlogV/ dlogR,
K4aM 235 000 3.0 53 0.49
G4 85 000 1.7 25 0.40

IV.1.2 Short chainedHPMCs

Figure 1V.3shows the chromatographic RI profiles observed for the P and S fractions
resulting from the depolymerisation of K4M by using an Enz/HPMC ratio of 186 aridea
reaction time of 72 h while Figure IV.4 compares the corresponding polymers coming from
G4. In both cases, the experimental data showing the relationship betwWwdeand the

elution volume are also plottedBy contrast with the starting HPMCs, a qeitgood
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agreement was observed with the linear regression calculated by the softwaie.well
knownthat the shorter the polymeric chairthe higher the solubility. The observed behavior
was then attributedto the lower M, of the prepared short chained®MCs that permits a
much better solvation by water molecules strongly inhibiting hydrophobic interactions with
the chromatographic stationary phase. Another observation that can be made is the fact
that the shorter polymers (K4M-180-72 and G45180-72) were elutedat lower volumes
than the corresponding P polymers of same molar masss meanghat the latter has a
more compact conformation (lower hydrodynamic volume) in solution and will be discussed

latter within the chemical composition section.

1.0x10°

|Dx1°‘: K4M-P-180-72 \\,-" . /I‘ !II“ \ K4M-5-180-72

ss (g/mol)

Maolar Ma:

1.0x10°—

1.0x10°——+— .
40

Figure IV 3. Concentration profiles of P and S fractions yielded with Enz/K4M ratio of
180 pL.g after 72 h of reaction observed by SEBLSRI and molar mass calculated from
coupled light scattering.
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N\

1.0x10" A
G4-P-180-72 \ G4-5-180-72
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e

Molar Mass
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Figure IV4. Concentration profiles of P and S fractions yielded with Enz/G4 ration of
180 pL.¢ after 72 h of reaction observed by SE®BLSRI and molar mass calculated from
coupled light scattering.

The molar mass distributions of thetarting and hydrolyzed HPMC fragments were
calculated from the previously obtained data. As an example, Figukepbésents the

cumulative molar mass diagraabtained for KAMK4M-P-180-72 and KAMS180-72.

e

K4M-$-180-72 / / K4AM-P-180-72

I
06— /

]
04—

K4m

Cumulative Weight Fraction W

0.21—

X A
1.0x10° 1.0x10* 1.0x10° 1.0x10°8 1.0x107
Molar Mass (g/mol)

Figure IV5. Cumulative molar mass distribution of K4M, K&#80-72, KAMS180-72.
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This diagram well reflects the chain cleavage of starting HPMC resulting jpmoduction of
shorter chains and reduction of PDI. This observation indicates that the used cocktail of
enzymes is quite efficient to degrade HPMC into short HPMCs having controlled chain

length.

Figures IN6 and I\/7 display the logog plot of R, as a function oMM for P and S fraction
from K4M and G4, respectively. The ldgg fiting shows good correlation with the
experimental data for P fractiongctually, itwas true for most of the prepared P samples.
Although determined with a margin of error of 3D %, the foundR, value and the slope x
of its variation withM give an idea of their conformation in solution. By contrasttering
of experimental data was observed for the S fractions making it difficult to conclud& on
and x. However, values can be estimated in some cases as shown riesH\gB and IV-7.
The conclusions about these data sholdd drawn with prudence due to the lack of

accuracy.

1000.0

| L UL R LR 5.
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Figure IV6. Loglog plot of the radius of gyratioms molar mass for KANP-180-72
and K4MP-180-72 samples and linear regression fitting.
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Figure IV7. Loglog plot of the radius of gyratiomsmolar mass for G#-180-72 and
G4P-180-72 samples and linear regression fitting.

The macromolecular parameters determined by SEAL SRlare gatheredin Table V.3 for
the nine selected batches. The obtainkl], values agree well with those reported previdys
on enzymatic hydrolysis of cellulose ethers. For instance, Shagerléf.’estudied the
enzymatic hydrolysis of methyl cellulose M®, (= 199000 g.mof, degree of methyl
substitution = 1.8) by five different endoglucanageselucidate the relationship between
active site structure and sensitivity for substituents on derivatized cellulose. HPMC
fragments ofM,, between 11600 and 44500 were formedafter 72h of reaction depending
on the used enzymes. The only fractionation menfied in this study was a UF process using
membranes of 10 kDa MWChe authors were interested in analyzing the low molecular
weight compounds in the permeate to determine how the substitution can interéar¢he
enzyme actitiy. Fitzpatrick et af. studied the substitution pattern in modified cellulose.
Theyanalyzed the hydrolyzed fragments mkthyl cellulose From the SE@rofile, it can be
clearly seen a shoulderoresponding to a minority fraction of small polymers with an
estimated M,, of 6000 to 8000 again depending on the enzyme employed to carry out

hydrolysis
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TheM,, and PDI values haugeen already presenteth Chapter Ill and will not be further

discussed.

The Ry valuesof P fractions were determined to be between 10 to 20 nm, which are
expected values from those measured for the starting HPMCs. On the other hand, the values
estimated for the S fraction were below or equal to 10 nm that is the detection fanthe

used setup.

As outlined before, theloped(logV)/d(logR;) is an important parameter to understand the
solution behavior of polymers. The values obtained for the P fractionganerallylower
than that of the starting HPM@ndthe S fraction.The conformation in solution depergion
the hydrophobic methyl and the hydrophilic hydroxypropyl substitution. This pointbwill

discussedn more detail in the next section.

Table IV.3. Macromolecular feature of the ninebatches corresponding to the
selected short chained HPMCs produced by enzymatic and acidic hydrolysis.

P Fraction S Fraction
Batch Mw dlogM M dlogM
Reference PDI dlogR, Reference " PDI dlogR,
(9.mol") (nm) (9.mol") (nm)
1 K4MP-30-1 31000 1.3 15 049 K4AMS30-1 11000 1.6 <10 (@)

2  KAM-P-50-1 29000 1.4 17 0.38 KAMS50-1 10000 16 X ™ (a)
3  KAMP-15-72 27000 1.3 14 0.38 K4MS15-72 9000 14 <10 (@)
4  KAM-P-30-72 25000 1.2 14 0.51 KAMS30-72 8000 15 <10 (@)

5 KAMP-50-72 20000 1.3 13 039 KAMSS50-72 8000 15 <10 (@)
6 K4MP-18072 18000 1.4 12 0.39 K4AM-S180-72 7000 15 <10 0.68

7 KAMP-ACO0.61 22000 14 13 053 K4MSAC0.61 10000 1.3 10 0.57

8 G4P-180-72 32000 1.3 16 0.34 G45180-72 12000 15 Xmn 0.72
9 G4P-ACO0.61 31000 1.3 14 0.58 G4SACO0.61 13000 13 11 0.50

(a) cannot be determined because of scattered data
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IV.2. Chemical composition of the different polymer fractions

As mentionedin Chapterl, the degree of substitution DS refers to the average number of
substituted hydroxyl groups per AGU and ras@®m 0 (unsubstituted AGU) to 3 (fully
substituted AGU) while the molar substitution MS is the average number of substituents per
AGU®. Hydroxypropylation is carried out by using propylene oxide that can redlctthe

three hydroxyl groups of AGU as well as on lityelroxyl of the hydroxypropyl group once
substituted on AGU (propagating substitution). In that case, the extent of substitution is
characterized by MS and can be theoretically higher than 3. By contrast, methyl groups
cannot propagate so that DS and M&ve the same value. Both these parameters are
average numbers. Indeed, the distribution of substituents along the chain is uneven as the
starting cellulose is highly crystalline amgknerally insoluble in the reaction medium.
However, the determination ofhe substitution pattern is out of the scope of this work.

Actually, itis a difficult task thais not fully elucidatedn the case of HPMC.

The degree of substitution of methyl ([ and hydroxypropyl groups (MS$ was
determined by'H NMR Simplfication of spectrawas obtainedby acetylation of samples
that makes it easier quantification of pSand M$p (Figure I\B). The @lculationwas done

as explained in Chapter II.
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Figure IV8. *H NMR spectra of (top) nativéM in DO and (bottom) of acetylated
K4M in CDGI

Table IV.4 summarizes the JR&nd M$rvalues determined from the NM&oectra for the
nine selected polymersSubstitution on AGUss often characterizedby the amount of
substituent (methoxy andhydroxypropyloxy groups in weight perceit These parameters
are reportedin the two last columns of the table as MeO % andOHB. The two starting
HPMCs K4M and Gaere also listedor comparison.Three main conclusions cdre drawn

from the D®/e data reported in this table:

1- The D§. values of P fraction obtained by enzymadiepolymerisationare always
higher than that of he starting HPMC. It came seenthat DS reaches a more or
less constant value of about 1.5 in the P fractions from K4M whatever the
experimental conditions.

2- The Dge values of Sraction obtained by enzymatidepolymerisationare always
lower than those of the correspondingfractions. In this case, a mean value (K4M
hydrolysates) close to that of the starting polym&obtaired.

3- The DSy of fractions isolated after acidic hydrolysis the same as the starting
material indicating that a randondepolymerisationtakes placecontrary to the case

of the enzymatic catalysis.
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It can alsobe observedhat G4P-180-72 shows a high MeO content similar to that of G4.
This result confirmed our data reported in Chapter Ill on theyenatic cleavagahe higher
the degree of substitution othe polymerchain thelower the enzyme activity.

Table IV.4. Data on the chemical composition of the starting HPMCs and of the nine
selectedbatches

Reference M MSp DS MeO% HPO%
(gmol™)

KMINIT 230000 0.24 1.30 20.8 9.3
KaM-P-30-1 31000 0.28 1.52 23.7 10.5
K4aM-P-50-1 29000 0.25 1.43 22.6 9.6
K4AM-P-15-72 27000 0.35 1.50 22.9 129
K4M-P-30-72 25000 0.32 147 22.6 12.0
KaM-P-50-72 20000 0.29 151 234 10.7
KaM-P-180-72 18000 0.28 1.53 23.7 104
KaM-S30-1 11000 0.29 131 206 111
KaM-S50-1 10000 0.28 1.17 18.7 10.8
KAM-S15-72 9000 0.27 131 20.7 105
K4aM-S30-72 8000 0.30 1.34 210 113
K4M-S50-72 8000 0.25 1.30 20.7 9.8
KAM-S180-72 7000 0.26 1.43 225 9.9
KaM-P-AQ.6-1 22000 0.26 1.30 20.6 101
KaM-SAQ.6-1 10000 0.24 1.25 200 9.2
G4 85000 0.31 1.66 25.3 115
G4P-180-72 32000 0.30 1.73 26.3 112
G45180-72 12000 0.39 1.39 211 144
G4P-ACO0.61 31000 0.30 1.65 25.3 11.0
G4SACO0.61 13000 0.28 1.68 25.8 10.4

The M$p valuespresent alsaa slight fluctuation depending on the samdehat can be due

to the experimental error of the determinatiomethod. It seems to exist a trend in which
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MSip has a higher value from S polymers. However, it is not alwass and no direct

correlation carbe foundwith M,, of samples.

All these resultsallow us to conclude that the K4M and G4 structurese not
homogeneously substitutedEnzymatic S fractions have about 10 % less of MeO groups than
P fragments. On the other hand, the HPO content seems to be more or less constant. The
highly methylated block located along the HPMC chain appears to be the lipénagneter

wherethe enzymaic catalyst Istits activity.

DS/ imparts hydrophobic behavior of the HPMC polymer chain whereas kfates on to
the balance on hydrophilic pdf. It was indicatedn the previous section that P polymers
have a more compact conformation in solution th& ones It was assumedhat this
phenomenon might be due to a higher methylation of the samples. The plot of
d(logV)/d(logRy) vs Dy for all the P samples in Figure 9\¢onfirms this assumption as a
direct correlation between d(ldg)/d(logR;) and D{. values can be seen. The scattering of
the data points is likely due to the inaccuracytiod slopedetermination ando the diversity

of experimental conditions (catalysttarting material).

d{logh)/d(logR,)
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(%}

0,25 } Y
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Figure IV9. d(log\)/d(logR;) as a function of the Rgfor the starting HPMC (K4M
and G4) and the P fractions of the nine selected batches.
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IV.3. Reducing end reactivity

Cellulose and their derivativésclude at one of their extremities an aldehyde group related

to the open form of terminal cellobiose. The purpose of the reducing end analysis was to
estimate the end reactivity of the prepared short chained HPMCs. This analysis relies on the
oxidationreduction reaction between the aldehyde group and®Qans. Thus, the UVis
absorption intensity of starting and hydrolyzed polymers revealed the availability of

hemiketal carbon to reduce €U

Figure IV10 shows the amount of reducing enper gram of garted and hydrolyzed
polymers. As expected, the titration of reducing end is inversely related to the chain length.
A given amount of short polymers contains more chain extremities than longer ones.

However, attempt to correlate the data from reducing entthM,, was unsuccessful.

On the other hand, the HPMC fragments produced by enzymatic process exhibited higher
availability of reducing ends thathose produced by acid hydrolysisTo explain this
difference it shouldbe remindedthat acid hydrolysis cleavasndomly the HPMC chain
Therefore, it was assumed that the chain end of acid fragments rbiglsubstitutedenough

to hamper the AGU opening since 2 or more substituents on AGU in end chains is supposed

to disturb the mutaroation of aglyconecontaining hemiketal function.

By contrast, enzymeare able tohydrolyse glycosidic bond only with an unsubstituted AGU
or substituted at the position 6'°*!. Moreover, substituents on position-Z hinders the
enzyme activity. Hydrolysis with enzymes is very helpful in establishing anomeric
configurationbecause they are catalysts with higher specificity for glycosidic linkage than
inorganic acidsMikkelson ¢ al.?>, mentioned hat the advantage of enzymatic hydrolysis
over acid hydrolysis is the specificity of the enzyme in function of the substrate, although the
process is slowefTheauthors concluded that oligosaccharides witle desireddegree of

polymerization might bebtainedavoiding monosaccharide or furfurfarmation.

Consequently, we conclud¢hat enzymatic depolymerisation is a more appropriate
technique than acidic hydrolysis to prepare short chained HPM@gw ofusing them as

building blocks in block copolymers since the end reactivity should be higher.
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'z I D

Mn of samples

Figure IV10. Reducing end titration of HPMCs obtained by enzymatic and acid
reaction compared to that of their parent cqmounds.

IV.4. Thermally induced phase separatie€loudpoint

A general property of cellulose ether solutions is their inverse solubility behavior as the
polymer solubility decreases beyond a critical temperature. Thus, clear solution of HPMC is
obtained at room temperature while the solution loses its transparency at high temperature.
The cloud point €p is definedas the temperature at which a phase separation from

solution takes place™®. Actually, thephaseseparation is coupled to a gelation of the system
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leading to the formation othermoresponsivenydrogel. The mechanism is supposedb®
based on weakening of hydrogen bonds tathe same time as the strengthening of
hydrophobic interactions with increasing temperature. This combined effect implies that a
transparent solutionis obtained below the Cp whereas in contrast, above th€p the
polymer becomes increasingly hydrophobic amgaluble leading to gel formation. The
phenomenon of thermally induced phase separatio;n governedby the balance of
hydrophilic and hydrophobic moieties on the polymer cHairn the case of HPMC, ii
related to the distribution of hydrophilic (HPOn& hydrophobic (MeO) groups on the

polymer chaiflas well as to itM,, °.

Previous studies proposed several waysleterminethe Cpvalue of HPMC solutiondbett
and coworkers in 1992 have definedCpas the temperature at which visual clarity lost
The turbidity measurements consisin scaming the UM\vis transmittance ofpolymer

|*® have mentioned thaCpvalue

solution at a given concentration (usual@. Sarkar et
canbe determinedfor a loss of 50 % of transmittanc¥iriden et al.® have considered two
values: lowCpat 96 % transmittance and higbpat 50 % transntiance. Finally, Fairclough

|.l7

et al.”" have determinedCpas the intercept between the linear region of the decreasing

curve and the 100 % transmittance.

In this work, it was adopted two ways of determining Cp (Figuf)\Cp, corresponding to
the onsetCp isdefined by extrapolating the linear region of curves to 100 % transmittance
andCp at 50 % transmittanceorresponding to thenflexionpoint of the curve. Indeed, the
prepared HPMCs cale divided into two groups: the first series exhilsithe usual curve
going from 100 % transmittance fatearsolution to 0 % aftecompletephase separation
(more or less steep slopeand a second series for which the curve never reacBeth
transmittance (Figure 1V.)1®nsequently, onl\Cp values can be determined in the latter

case.
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Figure IV11. Two ways of determinin@pfrom the turbidity experiments.

IV.4.1 Influence ofM,,

A series of samplewas chosenas a function oftheir M,, and method of preparation
(starting HPMC, enzymatic or acidic catalysis). The first and the second draugM,,
valuesin the range 0f30000 and 20 000 g.mdlisolated as P fraction. The third group
belonging to the S fraction gathguslymershavingM,, values below 1000 g.mot".

Table IV.5 summarizetata aboutthe M,, and chemical composition of the samples studied

as determined in the previous sections. The two last columns display the obtained values of
Cp and Cp, when available. The two firdines of the table give the same data for K4M and
G4.

Owing to its high @, G4 presentLpvalues about 10°C lower than that of K4AM. K4M
polymers isolated from P fractions exhibit€gpvalues lower than the parent HPMC whereas
those from S fractions wergenerally higher. It has tobe noted that Cgo cannot be
determined for most of the S fractigmolymers because of incomplete curves (Figure 1V.12).

Moreover, Cp could not be detected for the shorter polym&4mMS180-72 (M,, = 7000
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g.mol?). In the case of G4 polymers, the variation seems to follow the same trend but with a

lesser magnitude.

Table IV.5. Cloud point temperaturesGp and Cp) as a function of the structural
features of the selected polymers.

Samples M,, (g.mol™) MSe DS Cp(°C) Cpso (°C)

K4M 230 000 024 130 69 72

G4 85 000 031 1.66 59 60
K4M-P-30-1 31 000 028 152 63 67
K4M-P-30-72 29 000 0.25 1.43 63 68
G4P-18072 32 000 030 173 58 59
G4P-ACO0.61 31 000 030 165 59 60
K4M-P-50-72 20 000 029 151 62 65
K4M-P-ACO.61 22 000 026 130 62 72
K4AMS30-1 10 000 029 131 79 ®
K4M-S30-72 8 000 030 134 78 0
K4M-S50-72 8 000 025 130 79 0
K4MS180-72 7 000 026 143 0 0
K4AMSACO.61 10 000 024 125 69 78
G4S180-72 12 000 039 139 62 65
G4SACO0.61 13000 028 168 61 62

The starting commercial

HPMCs show turbidity curves wathsteep decrease of

transmittance. As seen in Figure I¥.1the gap between the clear solution and 0 %

transmittance occurs in between-3%°C.
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Figure IV12 Transmittancevariationcurves as a function of T for G4 and K4M.
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Bycomparison, the gap is in the range 0+26°C for P polymers produced by enzymatic and
acidic catalysif spite of its lower PDI valuébigure IV.2and IV.%). It was assumedhat
these observations ardue to their lowerM,, compared to the starting HPMCActually, the
polymer solubility increases with decreasiily,. Thus, the presence of a fraction of ldw,
chains provokes a lagging phase separation. No gap beutttterminedfor S polymers as

the turbidity curves werencomplete except foK4dMSACO0.61 with a gap estimated to
more than 20°C (Figure 1)1
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Figure IV13. Transmittance curves for K4M and #lsort chainderivetivesprepared
by enzymatic depolymerisation.
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Figure IV14. Transmittance curves for K4M and #lort chainderivativesprepared
by acidic depolymerisation.
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IV.4.2 Influence of the chemical composition

As stressed aboveZp and Cpyo values should be highly related to the hydrophobic group
content on the polymer chain. Figures I¥,.1VI.B present the plotting ofCp and Cpo
values as a function of RSof the different samples. As expected, a strong correlation can
be established bwveen the data ofCp and Cpo obtained for the different polymers
including the starting onedsA linearregression fits well with the experimental data except

those from the S fractions prepared by enzymatic catalysis in Figure 1V.14.
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Figure IV15. Cloud point temperaturesdp) as a function of the degree of methyl
substitution D{e.
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Figure IV16. Cloud point temperaturesdp) as a function of the degree of methyl
substitution Dfe.
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These results demonstrate that Cp values primarily depend on the degree of methyl
substitution. They agree well with the previous studies of Shagerléf’snd Viridenet al.?,

who have found loweCpvalues for HPMCs highly substituted boydrophobic (Me) groups.

In contrast, our findings did not show any straightforward correlation betwbgpand Cp
values at least foM,, higher than 1000 g.mot". However, the influence oM,, cannot be
excludedfor the shorter chains as illustrated in Figure B/.At same Dy, HPMCs witiM,,

lower than 10000 g.mof haveCp values 10°C higher.

IV.4.3 Influence of the depolymerisation procedure

Another interesting observation concerns the comparison between short chained HPMC
prepared from enzymatic and acidic catalysis. HPMC fragment produced by acid hydrolysis
exhibited Cpvalues close to that of theparent polymers(Figure IV.4) compared to that

obtained by an enzymatic process (Figure3)/.1

So far, most studies of physicochemical characterization on HPMC samples were performed
on commerciabnes, wich are prepared by acid proceSsice enzyniec depolymerisation is
highly selective, fragments with original structure and properties based on the substitution

degree can be produced.

To exemplify the strong difference between the compounds produced by the both routes,
Figure IV.I shows a comparson of turbidity curve profiles between short chained
fragments withthe sameM,, obtained byenzymaticand acid reactionThus K4MS30-1
(10000 g.mot", D% = 1.31) obtained by enzymatic reaction extsfain incomplete turbidity
curve from which &p value canbe determinedat 79°C but not &£, one (Table IV.5). By
contrast, both parametersGp = 69°C andCp, = 78 °C, Table IV.5) can be measured from
the turbidity curve of KAMGACO.61 having the samé/,, and a similar Qg value (1.25)
preparedby acid hydrolysis.

In conclusionof this section, it was demonstrated that the phase separation behavior of
short chained HPMC cahe controlled by adjusting the operating parameters of the
depolymerisation. Depending on the procedure and the naturecatalyst the polymer

structure cartailoredto obtain the desired properties.
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Figure IV17. Transmittancecurves of short chained HPMC withM,, of about 10
000 g.mot prepared by enzymatic and acid depolymerisation of K4M.

CONCLUSION

Short chainedHPMCs produced by enzymatic and acid treatment were characterized and
compared to their parentpolymers. The macromolecular features showed that short
polymers ranging fronabout 30000 to 7000 g.mof* canbe preparedwith various solution
behavior from compact to expanded. These different propertiestoanelatedto the degree

of substitution of the obtained polymers. Moreover, the thermally induced phase separation
behavor was demonstrated to be primarily connected to tkielueof Dge. On the other
hand, M,, seems to influence this property only for values lower than0@0 g.mot'. For

instance, the smaller HPMC prepared by enzymatic hydrolysis did not show any phase

separation.

Finally, it was also shown that the enzymatic depolymerisation enables to yield short
chained HPMCs with a larger content of reducing end. This end reactivity can be used to
functionalize and to prepare block copolymers. Preliminary investigatmrhe synthesisof

amphiphilic block copolymers using short chained HPMCsbwildescribedin the next

chapter.
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CHAPTER WEW POLYSRHARIDE
FRAGMENTS TO AMPHIPHILIC BLOCK
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INTRODUCTION

Polysaccharides have emerged as important functional building blocks to synthesize new
amphiphilic block copolymers whiclre able toselfasemble into nanostructureand/or to
form thin films. These propertiesre widely exploitedfor applications a biomedical

science®, nanoreactor§andlithography for thesemiconductorindustries™.

Upon coupling hydrophobicmoties onto a hydrophilic polysaccharide, an amphiphilic
copolymer is created. In aqueosslutionamphiphilic copolymers tend to selissemble into
nanomicellesn which the hydrophobic blockerm the core, and the hydrophilic part forms
the corona or outer shéll The hydrophilic shell serves as a stabilizing interface between the
hydrophobic core and the external agmes environmertt °. Threrefore, seltassembly
process results from hydrophobic interactions, maimyorder to minimize interfacial free

energy.

Diverse morphologies of narumbjects havebeen obtained by selfassembly of block
copolymers in solution. The morphologygovernedby three parameters which contribute

to the free energy of the system: the degree of stretching of the doreing blocksthe
interfacial tension between the micelle core and the solvenitside the core and the
repulsive interactions among the corofiarming chaing’. More than 20 morphologies of
selfassembled block copolymers have been identified, including micelles, lamellae,
polymersomes, etc. Some of them atBermodynamicallyand others are kinetically
controlled®*!. These varios nanostructures cahe obtainedby adjusting the length of the
hydrophobic and hydrophilic blocks of copolynterthe copolymer concentration, water

content, nature of the solvent, and the presence of additivesdidés™.

In this chapter we present the synthesis of novel block copolymers based on
polysaccharides. Small fragments of HPMC generated by enzymatic procedure were end
functionalized and attached to enfinctional hydrophobic blocks. The resulting amphiphilic
block copolymersvere characterizedy FTIR and DOSY NiRalyss. Their seHassembly
properties in waterwere determinedby critical aggregate concentration (CAC), DLS and
TEM. Thermaesponsive propertieswere revealedby measuring their clouding point

temperature.
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RESULTAND DISCUSSION

Two types of linear diblock copolymersre synthesizeébllowing two different procedures.

1)

2)

end-to-end coupling reaction that consisted in reacting the native terminal aldehyde
end group of the polysaccharide chain withy -arhino functional polymer chain,
through a reductive amination process in the presence of sodium
cyanoborohydridé3. Thus, Jeffamir@M-2005 (monoamine N-PQq.-EQ) and F
5000 ((HN)-PQs; seethe formulain Hgure \Y9) were coupled with shotthained
polysaccharide (HPMC K4$60-72 with M,, = 8000 g.mat) obtained via enzymatic
hydrolysis vyielding HPM®-PQq.EQ and tri-branched star block copolymers
(HPMC3-b-PQs by reductive amination.

The seond procedure of synthesizing linear AB bloabpolymer consisted in
introducing a new functional group as thiol at the reducing end of HPMC via
reductive amination reaction. Thehiol HPMGQs coupled to allyl endunctionalzed
poly(L-lactide) (PLLA) via U¥atalyzed click chemistry, yieldingdPMGb-PLLA block

copolymers.

V.1. HPM&-POo-EQ

V.1.

1.Synthesis

Reductive amination reactiotetween HPMC (aldehyde terminated) homopolymand

amino

terminatedJeffamine® M2005 (HN-PQ¢-EQ) wasperformed in DMSO using sodium

cyanoborohydride as reductive agent (Figure V.2N-PQ¢-EQwas used in excess so as to

ensure the complete reaction of HPMC. UnreactegN-RQqo-EQ was eliminated by

precipitation in water during dialysis purification®luble block copolymer HPMEPQGo-

EQ was recovered and lyophilized with a yield of 87T¥e obtained block copolymavas

characterizedy using SEC/MALS/RTIRand'H NMR spectroscopy.
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Figure V1. Synthesischeme of HPMG-PQs-EQ.

V.1.2 Average molar mass of the block copolymer

HPMCb-PGQgy-EQwas first characterizedhy SEC/MALS/RI an aqueousmedium. 5 mg of

the block copolymerwas dissolvedn 1 mL of eluent (10 mM NaCl with 0.02 % BaNhe
solution was placed ircool basin for 15 min before injectioto avoid naneobjects
interference onthe averagemolar massdetermination. Figure V.2 shows the curves of
starting HPMCM,,= 8000 g.mét, PDI = 1.5) and block copolym#f,(= 10 000 gnol™, PDI
=1.3). The increase of average motaass indicates that the block,NPQg-PEQ (M,, =

2000 g.mol) was successfully attachetd HMPC chains. The diminution of the PDI value
from 1.5 to 1.3 can be assigned to the loss of low molecular weight species during the

purification procesgy dialysis.
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Figure V2. Cumulative molar mass distribution of the starting short chained HPMC
and the resulting block copolymer HPN¥PQo-EQ.

V.1.3 FTIR analysis

Figure V.3 shows the FTIR spectra of HBNRG,-EQ compared to that of the reagents
HN-PQ4-EQ and HPMOpolymers. The intensity changes of the signals at 2900 and
1100 cnt region suggest theuccessfutoupling between IN-PQ¢-EQ and HPMC.

These results well agree with previous studies performed by the research group of Lecerf

and Picton*, where polysaccharides (pullulans®re successfully coupletb Jeffamin@M-

2005.

V.1.4. DOSKMR analysis

Figure V.4 reveal theiffusion orderedNMR spectroscopy (DOSNR) analysis fadPMCb-

PQ4-EQ block copolymer and théH spectrum projected on the top. THel NMR spectrum

SEKAOAGA

AAIYVEE &

O 2 NNEB 33ppMmRanytBPQE-PQ oif K250 11 t dat/ T v

ppm), that is also showrin Figure V.5. DOSY analysis aHdNMR signals of HPMC and

PQ.EQ present the same diffusion coefficient (Figure V.4), mdicative of successful

coupling reaction.

142



New polysaccharide fragments to amphiphilic bloc copolymer synthesis

0.75-| %?
0.70-
0.65-
0.60-
0.55-1
oso] CH, CHCH
0.45-|
[
2
< 040
2
o
2 o35
<
0.30 (:
0.25-|
0.20-
0.15-|
0.10-
0.00-
-0.05
4000 3800 3600 3200 3200 3000 2800 2600 2400 2500 2000 1800 1600 1400 1200 1000 800
Nombre dd&onde (cm

Figure V3. FTIR spectra of (AhN-PQq-EQ, (B) HPMQV,, =8000 g mo'}), ©)
HPMGb-PQ4-EQ.
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Figure V4. DOSY NMR spectatained at 298 K in DMS@ solution of the
copolymerHPMGb-PQ4EQ.
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Figure V5. 'H NMR spectra of HPME;N-PQq-PEQcopolymerHPMGb-PQ4-EQ in
DMSGdg

V.1.5 Seltassembly of HPM®-PQO,5-EQin H,O

Theoretically, theselfassembly of HPM&B-PQg¢-EQ copolymer in deionized water
could lead to two diftrent nanostructures (Figure \J:6
a) Micelles with double core fydrophilic and hydrophobi¢ and hydrophilic shell,
b) polymersomes witldoublehydrophilic shell.

W

HPMGb-PO,CEQ

A B
Figure V6. Possiblamorphologies of selassembled HPMB-PQ-EQ.
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It is noteworthy that the block copolymeés composeaf blocks having a marked hydrophilic
character (HPMC and B OThe hydrophilic part is 88t %and hydrophobic portion is 1%t

% of the total blocks. Moreover, the hydrophobic segment,gP@ located in between the
two hydrophilic blocks so that it was considered HPRMRQ.-EQ chains as a triblock-B-A.

This structure is assumed strongly affecthe stability of nanostruaired objects.

Seltassembly property odmphiphilic blockcopolymers was evaluated usiignamic light
scattering (DLS) anttansmission electron microscop(f EM. Thus, the copolymer was
dissolved in deionized water at a concentration of 0.3'gTlhe stution was filteredthrough
0.45 um PTFHicrofilter and incubated at room temperature overnight. DLS was used to
determine the size distribution and hydrodynamic radii®)(of aggregates. Figure V.5
shows the DLS results obtained fBIPMCb-PGg-EQ copolymer. Two families of nano
objectsare observedthe first with Ry around 80 nm and the second with tinggh intensity

% ofR;at 250 nm.Therefore, it is highly probably th#te size of the nanabjectsreaches
250 nm,accompanied by a smaller poptibn with a size around 80 nm (Figure \.The
blue line corresponds to the correlatiotoefficient asa function of time.The large size

population withRyaround5000 nm shoulde assignedo aggregation of micelles.
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Figure V7. Sizedistribution (black) and autocorrelation function (blue) measured by
DLS for HPMB-PQ4-EQ copolymer at a concentration of 0.3 g.L
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Figure V.&hows the TEM image of the sael$sembled nanoparticles ofie HPMCb-PQo-

EQ copolymer. The shape of the nabjects appears irregular, and the average size
measured from TEM image is lower than that obtained by DLS analysis. The difference
between the results obtained from TEM and Darsalyss could be contributedto the
experimental conditions.Indeed, DLS determines the hydrodynamic diameter of micelles in
aqueous solution, whereas TEM shows tehydrated solicstate of micelles. From the TEM

image, it could be assumed that naobjects exhibit micelldike structure.

Figure V8. TEMimage ofthe selfassembled nanoparticles 6fPMCb-PQs-EQ
copolymer.

Thecritical aggregateoncentration (CAGQyas determinedy DLS experiments following the
methodology proposed biuller et al.'®. Copolymer solutions with concentrations ranging
from 1.0 x 1d to 1.0 g [* were preparedn deionized water. The solutiongere incubated
overnightand the measurements were realized at 35°C. The evolution of the intensity versus
copdymer concentrationwas plottedwith linear regression. At the low concentrations, the
scattered intensity was very weak because natgects were not formed (electrostatic
repulsion). In contrast at higher concentrations, the intensity strongly increag#ud the
presence of particles. Experimental CA&s graphically readt the intersectionof the two

linear regression lines (Figure Y.9hus we deduced that the CAC of HPMPQs-EQ
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copolymer is 0.28 gL Belbekhouche et al*® reported similar results for this kind of
copolymers (Pullulah-PQ¢-EQ) with CAC values 6£18 g.I* at pH = 12 and 0.54 ¢'lat pH

= 2. In deionized water, neutral block copolymer aggregation is governed by the hydrophilic
hydrophobic balance. According to the literature, the CAC or CMC value increases when the
content of hydrophilic fractionincrease$>*"*°. DeMendeiroset al.*° reported a CM®f 0.1

g.L! for nanoparticles formed by oligoseharides.
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Figure V9. Plot of scattered intensity (%) as a function of HREIHCGQ-EQ
copolymer concentration.

V.1.6 Thermoresponsivdehaviorof HPMCb-PG,e-EQ

The thermoresponsive behavior of HPM&EPQ,-EQ copolymer was determined by
measuring the clouding point of solutions at 10 i deionized water. Figure V.Ehows

the typical phase transition for the copolymer and the starting HPMC. The clouding point
temperatureCp is 15 °C for the amphiphilic block copolymer, and 79 °C for HBMGnget
al.*°reported that the Cp value for HN-PQg¢-EQ s 18°Cin Milli-Q water (pH 11)

The clouding point of the copolymer is much lower than that of ¢hert chainedHPMC
This effect could relatat the presence of hydrophobic moieties (RP The novel block
copolymer HPM@-PQqo-EQ evidenced a phase transition completely different fréiRMC.
This finding could be explained by the methyl substitutalong the HPMC chain which
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might interact with the hydrophobic PO block increasing the hydrophobic donmed

interfering with thestability of nanostructures.
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Figure V10. Plots of trarsmittance changes as a function of temperature for

aqueous solutions (10 g').for HPMC and HPMEPQ4-EQ. Solutions prepared in
deionized water.

V.2.Miktoarm block copolymer (HPMG)-PQ;s

V.2.1 Synthesis

The blo& copolymer was synthesized usitigy of HPMCM,, = 8000 g.mat (0,125mM) and
0,065 g of triarm Jeffamine®@-5000 (P@;) M,,=5000 g.mdt (0.0125mM) (Figure V.}1And

8 mg ofNaCNBEI(0,125mM was used as the catalyst. The yield of the reaction reaches 92
%.
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FigureV. 11 Synthesischeme of (HPMGp-PQs.

V.2.2. Average molar mass of (HPM®}P 5 block copolymer

To verify the coupling reactignihe M,, of the copolymerwas determinedunder the same
conditions as those copolymers in section heM,, of (HPMG)}b-PQswas 25000 g.mof
while the expectedV,, should be about 2800 g.mof (Figure V.12). Therefore, it is highly

149



New polysaccharide fragments to amphiphilic bloc copolymer synthesis

probable thatthe coupling reaction wascompletg and only twoamino groups of -6000
reacted.This finding could be explained by twgypotheses first, 10 eq of NaCNBHs not
sufficient to reduce all iminium groups; second, the third aminkaslly accessible to the

reaction due to steric hindrance.
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Figure V.12 Average of molar mass distribution of HPMC and HPNRCye.

V.2.3 FTIR of (HPMgp-POssblock copolymer

Figure V.3 shows the FTIR spectra of (HPMKEPQscopolymer. The stretching vibration of
CH, CHand CH are around 2900 cih and GO of ether groups around 1100 &m
corresponding to P§. Concerningthe HPMC vibration the peak around 1000 chis
assignedo GO groups characterizing polysaccharides and the bamdlse region of 3500
cm™ are due to hydroxyl groups. The copolymer presents the OH a@dvibration at 3500
and 1100 cri, respectively. The vibtian peaks at 2900 cthand 1100 crif suggest the

efficiency of the coupling reactioas alreadydemonstratefor the previousdescribed block

copolymet
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V.2.4. DOSY NMRf (HPMC3-b-PQss block copolymer

Figure V.14 also shown the DOSY analysis #hdNMR signal of(HPMC)b-PQs
blockcopolymers In the same way oprecedentcopolymer, HPMC and POS85 reveal the
same diffusion coefficient, as a result of the successful synthesis reaction. Hoveever,

residues2 ¥ | t a /-3 ppm)lae @lgo observed insgonseat the incomplete coupling

reaction.
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Figure V13.FTIR spectra of (A) RO(B) HPMCM,, =8000 g.mat), (C) (HPMG)-
PQs.
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Figure V14. DOSY NMR spectrum obtained at 298 K in DEl30lution of the
copolymer(HPMC3-b-PQs.

V.2.5 Seltassembly of (HPMGJ-PQssin H,O

Consideringhe M,, of (HPMG}b-PQs, it was believedhat the obtained copolymer was a
mixture of triblock copolymer ABA mixed with a thdeeanched stablockcopolymer The

possible seassembly organization of ABA block copolym@resentedn Figure V.15
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Figure V15. Possible selassembly organizations of ABype block copolymer.
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The seHassembly organization was characterized by TEnoparticles with asize of
approximately 106150 nm are detected (Figure )1 It canbe notedthat (HPMGC-b-PQ
selfassembly is better defined than HPNWPQ-EQ. This finding couldbe relatedto the
higher percentage of hydrophobic segments (#7%)on the total chan of the copolymetr

Well defined hydrophobic core all@sgtabilizing and increasing the micelles formation.

Figure V16. TEM images of seffssembled nanobjets of (HPMG}b-PQs
copolymer.
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V.3 HPMGb-PLLA by using thiiol-eneclick reaction

Amphiphilicdi-blockcopolymerwas synthesizetly using the thickeneclick reaction. HPMC
b-PLLA, was prepared in three steps according to the following reaction sequence: 1) HPMC
thiolation obtained by reductive amination between HPMC and cysteamineAlB)
terminated PLLA obtained by ROP dédtide using Sn(Ogtas catalyst and allyl alcohol as
initiator, and 3) HPM®-PLLA synthesized by thieheclick reaction.

V.3.1 HPMGthiolation

Thiolation of HPMC was carried out by coupling reducing sidelof HPMC withhe amine
group of cysteamine (aminothiol compound) iine presenceof NaCNBkas a reductive
agent (Figure V.)7 The ratio of reaction isHPMC:cysteamine:NaCNBH3 M Y mfie¥ m n =

purification process theigld of this reaction was 90 %.

OR
R ° or OR OH
RO (o) /0 H N/\/SH
° + M
R OR H
OR o OR
OR n

DMS(
NaBHCN
60°C, 5d

o Q oRr ]
o e
or N OR
Figure V17. Synthesischeme of thiolation of HPMC

In this reaction four possible productgere expected: 1) unreacted HPMC, 2) HPSIE 3)
HPMCGSS(CH),-NH, 4) HPME&SHPMC. The product of the reaction obtained after
LJdZNR FAOF GA2y 61 a OKIFN}Y¥OGSNAT SR o6& 9ftmMyl yQa
RSGSNNAYIFGA2Yyd 9ffYlIyQa GSad NBGSIESR (KI G
was around 6% which is very low. SEC of the product confirmed the presence of {#MC

HPMC because thil,, value obtained is the double as high as that expected (Figur@.V.1
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Hence, the center disulfide bond (HPMESHPMC) was reduced with an excess of
dithiothreitol (DTT) over argon at room temperature overnight. Then, the polymer was
LJAZNA FASR YR RNASR F2NJ Iyl f &aA thid gréupinYhey Q&
final polymerwith M,, close to theexpectedvalue These findings are consistent with those

reported in earlier studies byloypierreset al.**.
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Figure V18 Cumulative weight fraction as a function of molar mass: red line corresponds to
the initial HPMC, blue line to the disulfide bonded diHPMC and black line tBlPMCSH
after reduction with DTT.

V.3.2 PLLAynthesis

Allyl terminated PLLA was obtained by ROP-lattide using Sn(Oetas catalyst and allyl
alcohol asinitiator, with a ratio lactide:Sn(Oct)2:allyblcohol corresponding td®5:1:25

equivalentqFigure V.1

-

0O
CHs |

N 0 Sn(Oct),

OH S
J + > N 5 H
H,C
z O\ﬂ/ CH; 30mlToluene
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Figure V19. Synthesischeme of PLACH.
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Figure V.2Ghows the'H NMR spectrum of PEXCH. The signals at 5.and 1.6 ppm are
assigned to the methine and methyl protons of PLA, respectively. Moreover, some signals of
lower intensity are detected. The signal at 4.4 ppm is assigned the methine protd®-of
terminal unit. The signals at 5.9, 5.3, 5.2 and 4.6 ppm assigned to the end functional
double bond, thus confirming the successful synthesis ofg@llA The molecular weight of

PLASCH determined by'"H NMR was s = 3000 g mot(FigureV.19.

SpinWorks 3: 2015-06-23 SEH-PLA-Allyl

608Z' £
Zroz's
— 98¢0t
— 60LE'Y

o001 —<_ § \

PPM 6.5 5.5 4.5 3.5 2.5 1.

Figure V20.'H NMR spectrum of PECH.

V.3.3 HPMGb-PLAallyl by coupling using the thieéneclick reaction

HPMGCb-PLA diblock copolymewas synthesizedoy thio-lene click reaction under UV.
HPMGSH W,,= 8077 g.mol*, 1 g,0.13 mmol), PLACH (M,=3000 g.mdt, 0,125 g, 0,041
mmol), and photeinitiator DMPA ,=256 g.moll, 18 mg,0.070 mmol) were disstved in
DMSO (10 mL) (Figure V)2After 10 h reaction under UV light, the resulting HPNA®LA
copolymer was precipitateth excess ofcetonitrile, filtered and dried in a vacuum oven
overnight at 35 °C. Theegld of this reaction was 87 %he copolymer was characterized by
DOSWMR and FTIR
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Figure V21. Synthesischeme of PLACH2b-HPMC

V.34. FTIR of PLA alid-HPMC

Figure V.2Z&hows the FTIR spectra ofLRib-HPMCcopolymer, PLA allyl, and HPMC. The
spectrum of PLA-HPMC copolymer presents all the signals of the two componeat$LA
and HPMC. In particular, the characterigtezbonyl vibration band of PLA chains at 1763 cm

!is detected irthe spectrum of thecopolymer, suggesig a successfudoupling reaction.
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Figure V22. FTIR spectra of (A) PLA allyl, (B) HPMC, (C)-BPue
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V.35. DOSWMR analysis for PLA-b-HPMC

The diblock copolymerlPAb-HPMC was also characterized by DOSY MMRidencethe
efficiency of the copolymerizatiorAsshowson the top of DOSYmap, *H NMR spectrum
SEKAOAG ardylrfa O2NNBaLRyRAy3d (2 GKS t]!
and the region 3.2.8 ppm) (Figure V.23)'H NMRsdgnals of PLA and HPMC present the

same diffusion coefficient, as a result of the copolymerization between PLA and HPMC.
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Figure V23. DOSY NMR spectrum obtained at 298 K in DE0lution of the
copolymer PLA-b-HPMC.

V.36. Selfassemblyof PLAb-HPMGn H,O

To our knowledge, this is the first amphiphilic block copolymer {*HRMC) coupled
between PLA and HPMC. Therefore,-asfembly was studied based on the previous work
on PLA derived block copolymét$®. The copolymers constitutedapproxmately of 63wt

% of hydrophilic and 37wt % ofytirophobic segments. Figure V.2dveals their possible

selforganizing nanostructures, which can be cylindrical and lamellar micelles.
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Figure V24. Possible selbrganization of PLA-HPMC

V.3.7. Morphology of PLA-HPMC

The morphology of sedissembled PL-B-HPMC copolymer was revealed by TEM analysis
Figure V.25shows clearly the presence of different morphologies: 1) spherical micelle, 2)
elongated or rodike micelle, 3) aggregate of 2 rdidte micelles, and 4) birllke aggregate

of 3or morerod-like micelles.

The seHassembly of amphiphilic block copolymeras been widely investigated, in
particular PLA/PEG copolymers of AB, ABA, and BAB types. These copayenabde to
selfassemble inraqueousmedium, yielding various aggregates such as spherical micelles,
rod-like micelles, worrdike micelles, nanotues, polymersomes, ett?’. This isin
agreement with our results showing th&LAb-HPMC copolymer is susceptible to self

assemble to form similaapherical micelles and relike micelles.
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