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Abstract

Spider silk is a remarkable natural block copolym&hich offers a unique
combination of low density, excellent mechanicalgarties, and thermal stability over a
wide range of temperature, along with biocompatipdnd biodegrability. The dragline
silk of Nephila clavipes, is one of the most well understood and the bleatacterized
spider silk, in which alanine-rich hydrophobic ttsand glycine-rich hydrophilic blocks
are linked together generating a functional blodpatymer with potential uses in
biomedical applications such as guided tissue repad drug delivery. To provide
further insight into the relationships among peptainino acid sequence, block length,
and physical properties, in this thesis, we studigdthetic proteins inspired by the
genetic sequences found in spider dragline silkg,used these bioengineered spider silk

block copolymers to study thermal, structural aratphological features.

To obtain a fuller understanding of the thermatalyic properties of these novel
materials, we use a model to calculate the heatatigpof spider silk block copolymer in
the solid or liquid state, below or above the glaassition temperature, respectively.
We characterize the thermal phase transitions bypéeature modulated differential
scanning calorimetry (TMDSC) and thermogravimetanalysis (TGA). We also
determined the crystallinity by TMDSC and compatieel result with Fourier transform

infrared spectroscopy (FTIR) and wide angle X-refrattion (WAXD).

To understand the protein—water interactions wébspect to the protein amino
acid sequence, we also modeled the specific rexgestat capacity of the protein-water
system,Cy(T), based on the vibrational, rotational and trarshal motions of protein
amino acid residues and water molecules. Advarticednal analysis methods using



TMDSC and TGA show two glass transitions were oleerin all samples during

heating. The low temperature glass transitiy(l), is related to both the bound water
removal induced conformational change and the Ipfbicity of the protein sequences,
while the high temperature glass transitidg(2), above 130 °C is the now dry protein
glass transition. Real-time Fourier transform anéd spectroscopy (FTIR) confirmed
that conformational change occurred during the g¥ass transition, with a random coils

to beta turns transition durifig(1) and alpha helices to beta turns transition dufyt).

Due to the hydrophobic and hydrophilic nature & tiocks, the spider silk block
copolymers tend to self-assemble into various mtauctures. To study the
morphological features, the spider silk-like blodopolymers were treated with
hexafluoroisopropanol or methanol, or subjectedhtrmal treatment. Using scanning
electron microscopies, micelles were observed ierntially treated films. Fibrillar
networks and hollow vesicles were observed in nmetheast samples, while no micro-
structures were formed in HFIP-cast films, indicgtthat morphology and crystallinity
can be tuned by thermal treatments. Results atelisvhen we increase the number of
repeating unit of A-block in the protein, samplenB crystallize more easily and are
more thermally stable. Moreover, when samplestalyze, the secondary structure of
A-block and B-block become different, thus it wile easier to form bilayer structures

which could fold into vesicles or tube structuresinlg drying.
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Chapter I. Introduction

This chapter provides a general introduction andwarview of this thesis. In the
first section of this chapter, basic concepts d&ldgeneral structure of semi-crystalline
polymers, including the crystalline and amorphaunscsure, concepts of the lamellae and
phase transitions of semicrystalline polymers, @dewed. After that, a variety of
protein based polymers are introduced, with dedadescription of spider silk and
recombinant spider silk-like block copolymers. &y, the motivation of the thesis and

an outline of the subsequent chapters are provided.

1.1 Polymer

Polymer is a term derived from the ancient Greekdwwhich means having
many parts [1]. By definition it is a long chairaoromolecule consisting of repeating
structural units (monomers) typically connected dovalent chemical bonds [2, 3],
through a chemical reaction called polymerizatidh [ Polymers have been widely
studied and applied in our life today, from houdéhtools to high technology
applications. Well-known examples of polymers unld synthetic polymers used in
everyday life, for example, polystyrene (PS) whiglused as disposable cutlery, plastic
models, CD and DVD cases, foamed packing materias)ation, and foam drink cups.
Other well-known examples includes natural polyméos example, deoxyribonucleic
acids (DNAs) which carry the genetic instructionsed in the development and

functioning of all known living organisms, and pebts, which perform a vast array of



functions within living organisms. The structurepmlystyrene and DNA are shown in

Figure 1.1

Polymerization

Styrene Polystyrene

(b)
Thymine

5'end

7 b

o Man

J\w
. 3%nd Cytosme
Guanine 5 end

Phosphate-
deoxyribose
backbone

Figure 1.1 (a) Chemical structure of styrene (left) and polsene (right), a synthetic

polymer. (b) A segment of DNA, a natural polyntaken from reference [5].



In general, polymers can be classified into natyalymers and synthetic
polymers based on their source [2]. Natural polgneuch aDNA, RNA, proteins,
cellulose, starch, resins and natural rubbers,beafound in cells, animals or plants and
play critical roles in regulating life processesSynthetic polymersare man-made
chemically produced polymers. A variety of synihgbolymers, such as plastics,
synthetic rubbers, nylon, Teflon, and epoxy, arangples of man-made polymers
extensively used in daily life as well as in indystin this thesis, the recombinant spider
silk-like block copolymers, which are natural polrs, were extensively studied. In the
side projects, nhanocomposite and polymer blendsdban poly (vinylidene fluoride), a
synthetic polymer with —CHCF,- repeat units, were also investigated.

Another classification of polymers is based ondhemical types of monomer [2,
3, 6]: homopolymer consists of multiple repetitioh a single type of monomer, and
copolymers have more than one species of monorkerthermore, depending on the
arrangement of different types of monomers in tbemer chain, copolymers can be
classified into random copolymers, alternating dgmpers, block copolymers and graft
copolymers. A random copolymer has two or moréeteht types of monomers which
are distributedrandomly throughout the polymer chain. An alteingatcopolymer has
only two different types of monomers which are aged alternately along the polymer
chain. A block copolymer is a linear copolymer @hicomprises two or more
homopolymer subunits linked by covalent bonds. alyn a graft copolymer is a
branched polymer in which the side chain branclee® a different type of monomer to
that of the main polymer chairfFigure 1.2 llustrates different types of polymer chains

by a cartoon picture.In this thesis, the recombinant spider silk-likdypzer studied is a



type of di-block copolymer. In the side projette tpoly (vinylidene fluoride) used is a

homopolymer.

Homopolymer
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OO000000000000000000000000000000000000
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Figure 1.2 Different types of polymer chains. Black and whitecles indicate different

type of monomers.

The most common way of classifying polymers is daspon their physical
properties, especially the thermal properties [26-8]. Thermosets and elastomers are
the polymers which undergo permanent change andniedntractable when heated.
They degrade rather than melt when re-heated tmlatemperature. Thermosets are

cross linked or heavily branched molecules, whiehhgghly crosslinked upon heating or



adding curing agents and harden permanently once form@dtypical example of
thermoset is epoxy resin [8]. Elastomers are tird®sl rubbery polymers in which the
polymers chains are held together by weak interoutée forces, such as Van der Waals
forces and hydrogen bonds present in the polyraastomers can be stretched easily to
high extensions by applying small stress and tleegpwver their original shape when the
stress is released because of the presence ofpienfarces. When stretched, the
elastomer molecules backbone can undergo torsiandbn to permit the uncoiling of
the polymer chains, and thus their entropy deceeapen stretching [6], at the same time
heat is produced in the elastomer as it is streclle spontaneously maintain a state of
maximum entropy, the entropic force, which is algmportional to the sample
temperature, increases and tends to drive theoatass back to the original shape (a state
of higher entropy). A typical example of elastorisea rubber band.

Thermoplastics are the polymers which are capableemeatedly softening on
heating and hardening on cooling, and they are liysliaear or slightly branched
polymers. Many thermoplastics do not crystallizereupon annealing and form wholly
amorphous polymers. The thermoplastics which detalize form semi-crystalline
polymers with both crystalline regions and amorghaoagions. They rarely form
perfectly 100% crystalline materials due to the enfipct folding at the polymer crystal
folding surface, entanglement of long polymer chaend the effect of the chain ends.
The crystalline phase in semi-crystalline polyméscharacterized by the melting
temperatureT,, and the crystallization temperatuig, The amorphous phase in wholly
amorphous polymers and in semi-crystalline polymisrsharacterized by the glass

transition temperaturely. The classification of polymers based upon theermal



properties is summarized Figure 1.3 In this thesis, the recombinant spider silk-like
block copolymers studied were found to be eitheromimous or semicrystalline
thermoplastics. In the side project, the poly Yliotene fluoride) belongs to the category

of semicrystalline thermoplastics.

Polymers
|
| |
Thermoset and Elastomers Thermoplastic
crosslinked polymer linear or slightly branched polymers
that tends to degrade before melting that can be melted
4 ™
Amorphous | Amorphous
(characterized by T,) (characterized by T,)
- /
|| Semi-crystalline

(characterized by Ty, T and T,)
- v

Figure 1.3 Classification of polymers by thermal properties.

Many properties of a polymer are strongly dependenthe size of the polymer
chains. For example, when the chain length isem®ed, the polymer chain mobility
decreases as a result of the increase in internialeinteractions such as Van der Waals
attractions and entanglements of the polymer chaimish is thetopological restriction

of molecular motion induced by other chains. Tfees Ty and Ty, increases quickly



with increased chain length [9, 10]. A common esgion to characterize the polymer
chain length is the molar madd, which is also known as the molecular weight. The
molar mass is the mass of one mole of polymer shaimunits of g/mol or kg/mol. The

molar mass of a homopolymer can be simply expreased
M =xM, (1.1)

whereMjy is the molar mass of the monomer, ans the degree of polymerization, which
is the number of monomers in the polymer chaine fifolar mass of a copolymer is the

sum ofxMg; for each type of monomer, i,
M =3 XM, (1.2)

Our spider silk-like block copolymers haweA-blocks andn B-blocks with a His-tag,
and are named as HB, or HBA,. The molar massMuarg, OF Mug.am Can be

calculated as

M Mg a =M, +mM, +nM, (1.3)

HALB, — VIHB,A,

where My, Ma and Mg are the molar mass of His-tag block, A-block andbl&ck,
respectively; andm, n are the number of repeats of A-block and B-blatkhe block
copolymer, respectively.

Synthetic polymerization techniques typically yigdpolymer including a wide
range of molecular weights with differemt therefore the weight is often expressed
statistically to describe the distribution of chéemgths. The number average molecular

weight is defined as

M_n:ZXiMi:Z[(Ni/ZNi)Mi]:ZNiMi/ZNi (1.4)



where X; is the mole fraction of molecules with molar mads which can also be

expressed as the ratio fto the total number of moleculeg N. . The weight average

molecular weight is defined as
M_WZZ\NiMi:Z[(NiMi/ZNiMi)Mi]:ZNiMiZ/ZNiMi (1.5)

wherew; is the weight fraction of molecules with molar ma&g;, which can also be

expressed as the ratio Nf M; to the total weight of molecule3y, N\M, . The ratio of

is the polydispersity index, commonly used toresp the

these two valuesM /M,
"breadth” of the molecular weight distribution. eTtsynthetic polymers are usually
polydispersed polymer with a polydispersity gredtan unity.

In contrast, the recombinant spider silk-like blockpolymers, which were

studied in this thesis, are perfectly monodisperpetymers. The number average

molecular weight,M_, is the same as the weight average molecular weMp ,

because the proteins produced by recombinant DAntdogy have a uniform length
which is strictly controlled by the plasmid DNA [[L1 Thus, the polydispersity of
recombinant spider silk-like block copolymer is.1.0he molar mass distribution curves
for monodispersed and polydispersed polymers dustihted byFigure 1.4 The

contour length, which is used less often, is tmgtle of the chain backbone in its fully

extended state.
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Figure 1.4 Molar mass distribution curves of polymers: mospérse (left) and

polydisperse (right).

1.2 Phases and Phase Transitions in Semi-crystali Polymers

1.2.1 Two Phase Model and Three Phase Model

Semi-crystalline polymers constitute the largesiugr of commercially useful
polymers and are of enormous technological impogarThe reason why these materials
are called "semi-crystalline” is that amorphousiaeg and crystalline regions always
coexist in polymers upon crystallization. The degof crystallinity of a semi-crystalline
polymer cannot reach 100%, and this is becaus@éefléfects of the polymer chains,
such as the two ends of the polymer chains, arghglgment of chains due to the long
chain nature of polymers which causes incompletstaliization.

Generally, in the amorphous region of a semi-chyséapolymer, the polymer
chains are oriented randomly and they are entarageitlustrated irFigure 1.5 much
like cooked spaghetti, and the amorphous regiongribate to polymer’s flexibility. In

the crystalline regions in a semi-crystalline pofymthe polymer chains adopt a highly



ordered molecular structure by folding and staclohghe polymer chains which is also
shown in Figure 1.5. Crystalline regions, which @& physical cross-links, add rigidity
to the amorphous regions. Most commercial senstatjne polymers have a balance
between amorphous and crystalline regions, allovairtzplance between flexibility and
strength. A two phase model, comprising of the gumous phasegpuar, and the

crystalline phasepc, are conventionally used to describe the semiallirst polymers:

2-Phase: Guar TP =1 (1.6)

Semi-crystalline polymer matrix Amorphous

Crystalline

Polymer Chain Amorphous region Crystalline region
Figure 1.5 Schematic illustration of the folded-chain mode] {8 a semicrystalline

polymer based on a two phase model.

For some of the semi-crystalline polymers, suchaéiphatic nylons [12],
poly(ethylene terephthalate) [13, 14], poly(trimgédme terephthalate) [15] and

poly(butylene terephthalate) [16], there is a rigidorphous fraction (RAF) which exists
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at the interface of the crystalline and amorphoegions as a result of the imposed
geometrical constraints by the incomplete decogpbetween the crystals, or a rigid
surface, and the amorphous chains. The RAF candueed due to the crystal or by
nano-fillers, such as silica nanoparticles [17]ARRis an intermediate phase between
crystalline and the conventional amorphous phdmsenobile amorphous phase (MAF)
[18]. When RAF exists in the polymer matrix, agphase model [18], comprising the
mobile fraction,pmar, the crystalline fractionpc, and the rigid amorphous factiopgar,

is used to describe the polymer:
3-Phase: ¢MAF + ¢c + ¢RAF =1 (1-7)

Figure 1.6 shows a schematic representation about the locatioRAF in a semi-

crystalline polymer based on a three phase model.

Crystalline regions

Amorphous region

Rigid amorphous fraction
Figure 1.6 A close look at the interface of crystalline amdoaphous regions indicating

the location of RAF in a semi-crystalline polymexskd on a three phase model.
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RAF vitrifies or devitrifies during cooling or heag. Devitrification of RAF
does not contribute to the heat of fusion. Theeetbe thermal transition of RAF is a
quasi-second order transition (similar to the glaasisition of the MAF, {J). It is
believed that RAF does not participate in the cotieeal glass transition process as
MAF and does not contribute to the heat capacignge afly either [18-20]. Generally,
the mobility of RAF is lower than that of MAF butgher than that of the crystalline
phase.

To determine if RAF exists in a material, the meliaction,pvar, is determined
by the heat capacity step change at the glassitteensemperature in a differential
scanning calorimetry plot, and the crystalline fiag, ¢c, is determined by the X-ray
diffraction pattern. lipuar + oc =1, the sample only has two phasesouir + ¢c < 1,
the sample has three phases. In this thesispitlerssilk-like block copolymers do not
have RAF, and thus they follow the two phase modéle detail is discussed in Chapter

V.

1.2.2 Phase Transitions

In the study of semi-crystalline polymers, the cemged matter phases (the glassy
phase, the crystal phase and the melt phase) astddeoed to be of most interest in both
academic research and industrial applications fg]low temperatures, the polymers are
in the glassy phase. In this state the polymeremdés are “frozen” in place [2]. They
are able to vibrate, but do not have any segmendgion related to polymer backbone
conformational changes. When the temperatureisedaabove the glass transitiory,

the amorphous region changes to a rubbery statde Wie crystalline region has no

12



change. In this state the polymer molecules in @h@rphous region can undergo
rotational and translation motion changing the oamfation of the backbone [21]. When
the temperature increases again to above the meé#tmperaturely,, the polymer melts
into a viscous liquid. The polymer chains have €3g@an end-to-end statistics and they
are disordered in the melt phase. Due to the largkecular weight, polymers degrade
into low molecular weight fragments before theyctethe gas phase at high temperature,
thus polymers do not have a gas phase.

The thermodynamics of phase transition can be ctaraed by the Gibbs free

energy,G, as
G=H-TS (1.8)

whereH is the enthalpySis the entropy and is the temperature of the system. When a
phase transition occurs at temperatdrethe change of Gibbs free energy, can be

expressed as [7]

AG =AH -TAS (1.9)

where4H and 4Sare the heat and entropy of transition, respegtivdh the case of
melting,4H is the heat of fusion amtSis the entropy of fusion.

For the first order phase transition:

AG =0 (1.10a)
9G _ _asz0 1.10b)
aT

First order phase transitions are those that irevadv latent heat [2]. Melting and

crystallization are examples of first order traiesis in polymers.
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For the second order phase transition:

AG=0 (1.11a)
0G

= =-AS=0 1.11b
oT 11b)

2 AC
0G__085__ sy (1.11c)
7T oT T

Second order phase transitions do not involve entalheat, and they are also called
continuous phase transitions [2]. The glass ttamsis an example of quasi-second order
transition in polymer. It is not a true secondesrttansition because it is dependent upon
cooling rate. The experimental techniques useamatyzing these phase transitions are

discussed in Chapter Il and Chapter IIl.

Crystallization

Crystallization of polymers is a process which imedl partial alignment of the
polymer chains in the crystalline region of a senystalline polymer [2]. The
crystallization process is governed by both therynadhic and kinetic factors, and it
consists of two major events: nucleation and chggtawth [2, 3, 7].

When the temperature of a polymer melt is reduodtié melting temperaturé,,
there is a tendency for the randomly entangled metychains in the melt to become
aligned and form small ordered regions named nucléis process is called nucleation
[2] and it isthe initiation of the phase change in a small negidotal nucleation is the
sum effect of two categories of nucleation: themamy nucleation and the secondary

nucleation. Primary nucleation, simply definedthe growth of a new crystal, which is

14



classified as being either heterogeneous or honsmgesy while secondary nucleation is
the growth of the polymer crystals on a pre-exgtiorystal surface. During
heterogeneous nucleation, a constant number oéinaicte from self-seeding or foreign
bodies [7], such as dust or solid particles or lgataresidue, at the crystallization
temperature].. During homogenous nucleation, small nuclei feamdomly throughout
the polymer melt and increase their size with tifein the amorphous regions. The
majority of cases of primary nucleation are hetermgpus nucleation, and homogeneous
nucleation is relatively rare due to the large femergy cost to form an interface at the
boundaries of a new phase.

The second step in the crystallization processas/th whereby the crystal nuclei
grow by addition of polymer chains [2]. The grovatha crystal nucleus by the addition
of further chains can take place two or three dsi@rally. During crystallization, the
polymer chains fold together and form ordered twoeshsional regions called lamellae.
In most synthetic polymer films, lamellae form irfrger three dimensional spherical
structures named spherulites [22-2#gure 1.7 shows a polarizing optical microscopy
image of poly(vinylidene fluoride) where spherudittormed by melt crystallization at
150 °C for one hour. The image was take at roonpéeature with analyzer and
polarized crossed (A P). These spherulites are tfaracteristic microstructure of semi-
crystalline polymer films. Each spherulite growsni a nucleation site, which is strongly
affected by impurities, nano-fillers and other &dds in the polymer. At the early stage of
crystallization, the spherulites are isolated freath other. As the spherulites are growing,
impingement occurs in which spherulites come irdotact with their neighbor$Spherulite
impingements can also be observed in Figure 1lifieat boundaries.A Maltese cross

pattern of light extinction, which arises from thigefringence of the crystalline regions

15



in the polymer, can also be observed under poldright. The common feature of
lamellar single crystals, lamellae, and spherulieghat the polymer contains both
amorphous and crystalline component and it is sgystalline. In natural polymers,
such as silk, the lamellae, which are calpdheets, stack together to fofinsheets
crystals [25]. Figure 1.8 shows a schematic representation of the growtthiefe

dimensional spherulites aficsheet crystals.

Figure 1.7 Polarizing optical microscopy images (A P) of poly(vinylidene fluoride)

spherulites formed by melt-crystallized at 150 8€1 h taken from reference [22].
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(a)

Spherulite

LN

P sheets p sheet crystal

Figure 1.8 Schematic representations of the growth of (a)esghe and (b)B sheet

crystal, taken from references [24, 26].

Avrami analysis is a fairly successful model usedekplaining the process of
crystal growth, and it is used to roughly determiine overall kinetics of crystallization

during isothermal crystallization. The Avrami etjoa can be written as

X (1) =1-expEKt") 12)

17



wherey ™

(t) is the relative crystallinity of the crystalliziggmple at different time K is
the crystallization rate coefficient relating toettcrystal growth geometry and the
crystallization temperature, amd is the Avrami exponent parameter relating to the
nucleation mechanism and crystal growth geomefry. [2ZThe crystallization process is a
two dimensional growth when n=2, and a three dinegrad growth when n=3. Due to
imperfect crystallization, the Avrami exponentusually is not an integer [2].

The semi-crystalline polymers can be crystallized dold crystallization (by
heating), melt crystallization (by cooling) or stidun crystallization.

Cold and melt crystallization are the most commoocesses used to crystalize
polymer films [2, 27]. The cold crystallization &chieved by isothermally holding a
non-crystalline semi-crystalline polymer film atemperature above its glass transition
temperatureTy, but below its melting temperaturg,, at which point the polymer chains
gain sufficient mobility to fold and form the crgdiine regions in the polymer matrix.
Melt crystallization refers to the method in whittke semi-crystalline polymer film is
melted first by heating above its melting tempem®tid,,, and then crystallizing upon
cooling from its molten state. After cold or meltystallization of polymer films,
lamellar structures and spherulitic structuresusunally be observed.

Solution crystallization is the process of formatiof solid crystals precipitating
from a polymer solution [2, 6]. Solution-grown pier crystals usually are very small.
Figure 1.9 shows an isolated chain-folded lamellar polyethglesingle crystal grown
from a dilute solution [28]. A single crystal doest have amorphous chain inside, but
some may exist at the folding surface. A charatierfeature of polymer single crystals

is that the crystal edges are straight with weflreel angles to each other. From the
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insets (lower right) of Figure 1.9, a chain-foldingpdel of a single crystal, the growth

direction of the single crystal is perpendiculathe crystal edges.

Growth direction

Figure 1.9 TEM micrograph of the rhombic single crystal afdar polyethylene formed
from dilute xylene solution, taken from referen28][ The insets are electron diffraction

pattern (upper left) and a chain-folding model airggle crystal (lower right).

Melting

Melting of polymers is a process that is essentiaié reverse of crystallization in
the crystalline region of a semi-crystalline polymeDuring melting, polymer chains
change from an ordered state to a disordered si&ttéhe melting temperaturd,,, 4G
equals 0 and,, equals1H/4S from equations 1.9 and 1.10. Thus, the heat sibfuper

unit volume AH, can be given by [2, 29]:
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AH, = pT2(S -S,) ()13

whereT, is defined as the equilibrium melting temperattrevhich the crystal without
any surface would melt [2]pis the lamella density; arfd andSs represent the entropy
of the polymer in the liquid and solid state, regpely. Following the treatments from
reference [2, 29], we assume that the side sudaeegy is negligible comparing to the
fold surface free energyz, and the width of the lamell&, is much larger than the
thickness of the lamelld, Each lamella with a thickneds,cross-sectional areA, and
density, p, requires2A of new surface andAd; of surface free enthalpy, whetg is the

fold surface free energy. Thus, at temperaflireywe have[2, 29]

Gy 8 (T3 -T,) =G+ §(TE-T,) + S0 (112)
o

Combining equations 1.13 and 1.14, we have [2, 29]

20.T°
|AH

\

T,=T.-

(1.15)

This equation provides the relationship between ritedting temperaturel,,, and the
lamellar thicknesd, for polymers. The depression of melting tempeeafor polymers
is related to the lamellar thickneds,and differentl will lead to different melting
temperatures [2, 29]. Therefore, the observedimgelemperaturel,,, depends upon the
crystal thickness, and it also depends upon themiddehistory of the sample, especially
the crystallization temperatur&;, which is related to the crystal thickness, versusT,
plot, the Hoffman-Weeks plot [30, 31], usually headinear relationship as shown in

Figure 1.1Q and the intercept of the extrapolation of theeobsd T, versusT, curve
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with the Ty, = T line gives the upper limit of the melting behayi®?,. The observed
melting temperaturel,, also depends upon the heating rate of the sathymeto the

thermal lag of the instruments.

I

c

Figure 1.10Schematic representationsTaf versusT, plot for poly (dI-propylene oxide),

taken from reference [2]. Black dots representeoled data from reference [2] [32].

Glasstransition

The glass transition is a reversible transitiommamorphous material, or in the
amorphous region of a semicrystalline materialjrdpwhich the polymer undergoes the
transformation from a rubbery state to a glasste staring cooling [2]. During the glass
transition, the crystalline portion remains crylgt@l. The glass transition is a quasi-
second order transition, because there is no laesittinvolved, but an abrupt change of
the heat capacity exists in this process as shoveguation 1.11. The glass transition is
also dependent on the thermal history and the mgaohte of the sample, thus it is not a

strictly defined second order phase transition,dquasi-second order phase transition.
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It is found that the slower the cooling rate thedo the glass transition temperatufg,
[2].

At low temperatures, belowWy, the glassy sample only has local vibrational
motion, thus the vibrational heat capacities ofahrphous and the crystalline region in
the sample are approximately the same. The hegaicity of the polymer below the

onset ofTy is called the solid heat capaci€y(solid), and it can be expressed as

C,®(solid) = C, ™™™ (solid) =C, (vibrational), (T < Ty) (1.16)

where Cpamor phous,

(solid) is the solid heat capacity of the amorphous sanapleC,*(solid)

is the solid heat capacity of the semicrystallinengle. When the temperature is above
Ty, the amorphous region of the sample is changed fre glassy state to the rubbery
state, and the heat capacity of the amorphousmragitarger than that of the crystalline

region, because the heat capacity related to thvgoational change in the amorphous
region needs to be taken into consideration beybadharmonic vibrations [33]. The

heat capacity of the polymer after the endTgfis called the liquid heat capacity,

Cy(liquid), and it can be expressed as
C, *(liquid) < Cpa‘m”’mus(liquid) =C,(liquid), (Tm>T> Ty) (1.17)

where C,"™"S(liquid) is the liquid heat capacity of the amorphous samjpind
CpX(liquid) is the liquid heat capacity of the semicrystallisemple. C,*(liquid) is

smaller than thegparmrphous

(liquid) when the temperature is aboVg but below Ty,
because the crystalline region of the sample ligrsthe solid state, with its heat capacity

equal to the solid heat capacity.
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C, ™ =C (solid), (Tw>T> Ty (1.18)

The heat capacity change at the glass transitidghegramorphous ponmeACpO, and in

the semicrystalline polymeAC,*, can be expressed as

’ p PlT
g(onset)

AC@:(G_HJ _(a_Hj
> "\t ), oT ),

Their ratio can be used to calculate the fractibthe mobile amorphous phassgy, in a

(1.19a)

Tg(en)

(1.19b)

Ty (end) Ty (onset)

semicrystalline polymer as

— ACPSC

Pu = AC,,

20)

Ty

The crystallinity,p., of a sample can be determined by the heat abriusom differential
scanning calorimetry, or from the WAXD pattern,byr Fourier self deconvolution of the
FTIR spectrum. lipm + ¢ <1, besides the amorphous region and crystallineoneg
rigid amorphous phase also exists in the polymerixpand it complies with the three

phase model; Ipw + ¢c =1, only the amorphous region and crystalline re@aists in

the polymer, and it complies with the two phase ehod

1.3 Protein as a Polymer

Proteins are large macromolecules which are esdentibiological systems.

They are either naturally occurring or biosynthedidinear biopolymers, and they
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perform a vast array of functions within living argsms, such as replicating DNA,

responding to stimuli, and transporting moleculesnfone location to another [34]. The
monomeric units of proteins are amino acids, aray thre linked together by peptide

bonds between the amino and the carboxylic acidpgg®@f adjacent amino acid residues
to form the protein polymer. The general structfréhe amino acid is shown Figure

1.11

Figure 1.11General structure of the amino acid. “R” represenside-chain specific to

each amino acid.

There are twenty standard amino acids that are tsetiake proteins, each
distinguished by the identity of the “R” group (teEle group). As can be seen, in an
amino acid, one amino group, one carboxylic aciougr one “R” group (side chain
group) and a hydrogen atom are connected to thercearbonC,. Table 1.1lists the
twenty standard amino acids with their detaileadinfation [5], such as their three-letter
and one-letter abbreviations, their residue mobacuheights (actual amino acid
molecular weight minus water due to the formatiérihe peptide bond), and chemical
structures. For the molar mass of the amino askelfj the molar mass of the water

molecule (18.0 D), needs to be added back to #idue molecular weight.
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Table 1.1 Twenty Standard Amino Acids with Their Deailed Information [5]

Amino Acid

Abbreviations

Residue Mass* (D)

Structual Formula

Amino Acids with nonpolar side chains

Glycine

Gly G

57.0

(|300
1135:—([3—1-1
H

Alanine

Ala A

71.1

:|300
H;,N—r(l‘,—H
CH;

Valine

Val V

99.1

ﬁ:oo
HEN—(J)—H
CH
2N
CH; CH,

Leucine

Leu L

113.2

CcOO
H;N—C—H

Isoleucine

lle

113.2

Methionine

Met M

131.2

Proline

Pro P

97.1

Phenylalanine

Phe F

147.2
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Table 1.1 Twenty Standard Amino Acids with Theit&led Information [5] (continued)

Co0~
Hgﬁr—(‘z —H

=
C=CH
\

NH

Tryptophan Trp w 186.2

Amino Acids with uncharged polar side chains

Serine Ser S 87.1 , (fOO
H,N—C—H

CH,OH

Threonine Thr T 101.1 0
H N—C—H
H—G—OH
CH,
CO0
H.N—C—H

Asparagine Asn N 114.1

Glutamine GIn Q 128.1

Tyrosine Tyr Y 163.2 e

Cysteine Cys | C 103.1 c00
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Table 1.1 Twenty Standard Amino Acids with Theit&led Information [5] (continued)

Amino Acidswith charged polar side chains

Lysine Lys | K 128.2 taa

Arginine Arg R 156.2

Histidine His H 137.1 R

Aspartic acid | Asp D 115.1 \

Glutamic acid | Glu E 129.1 |

COO

* For the molar mass of the amino acid itself, a8d) D, the molecular mass o$®1
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Proteins differ from one another primarily in thegquence of amino acids, which
is dictated by the nucleotide sequence of theiegéDNAs). The difference between the
protein amino acid sequences usually results idirfigl of the proteins into a different
three-dimensional structure that determines itiac{35]. In other words, the protein
secondary structures, such asdHeelix, thep sheet and turns, are the specific geometric
shape caused by intra-molecular and inter-moleduyldrogen bonding of amide groups,
and they form motifs or supersecondary structukelsich are responsible for the
protein’s function. The detailed information ofofgin secondary structures and motifs
are discussed in Chapter II.

There are several types of proteins that existaitune, such as: 1) spider silk in
which GA/A,, motif forms 3 sheets and the (GG, motif forms a helices; or, 2) silk
fibroins in which the (GAGAGS)sequence formB sheets; 3) collagen in which (GRP)
sequence forms triple helices; 4) keratins in whicé 7-residue pseudo-repeat forms
coil-coil structures; and, 5) elastin in which tf@VGVP), sequence form§ spiral
structures [5, 35]. By using recombinant DNA teallogy, the amino acid sequences that
are related to different specific structural motifn be selected and re-attached together
to generate a new protein, one which does not éxistature. By this method, new
functionalized protein-based biomaterials can beeggted and applied in biomedical
applications [11, 36, 37].

In this thesis, we utilized the amino acid sequeincdlephila Clavipes spider
dragline silk. By using the biosynthesized proteiith well controlled sequences, we
investigate the amino acid sequence in relatigphigsical properties and function of this

new family of proteins.
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1.3.1 Spider Silk

Silks are generally defined as externally spunofilsrprotein secretions produced
by some lepidoptera larvae such as silkworms, spideorpions, and mites. Spider silks
are synthesized in glands located in the abdomepidérs, and spun out through a series
of spinnerets [38]. The spider silk glands [39] 48d a close up look at the spider

spinnerets [41] are shown kgure 1.12
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Figure 1.12 Silk glands, silk types and silk uses NEphila Clavipes, taken from
reference [40]. A close up look at the spider spiets, which consist of a number of

spigots, is shown at the upper left corner, takemfreference [41].

Spider silks differ in properties, composition, ploologies and functions

depending on their primary amino acid sequencestheadype of silk gland through
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which they are spun. For example, the spider graglilk from the major ampullate
gland is for orb web frame and radii constructidthe spider viscid silk from the
flagelliform gland is for prey capture; the spiderapping silk from the aciniform gland
is for wrapping captured prey; and the spider dikesilk from the aggregate gland is
for attachment [42]. Table 1.2 summarizes the type of spider silk including ttend
where the silks are synthesized, the spinnerets iaseeach type of silk, and the general
function of each silk [43]. Among over 30,000 spef spiders (clas&rachnida) [44],

the orb-weaving spideiephila clavipes, has become the most well understood with its

dragline silk the best characterized.

Table 1.2 Type of Spider Silks, Glands, Spinneretand Silk Functions [43].

Silk Gland Spinneret | Function Fiber
Proteins
Dragline Major Anterior/ | Orb web frame and radiiMaSpl,;
ampullate Median construction, safety line MaSp2
Viscid Flagelliform | Posterior | Prey capture Flag
Glue-like Aggregate Posterior]  Prey capture, attaattm Unknown
Minor Minor Anterior/ | Orb web construction MiSpl
ampullate | ampullate Median
Cocoon Cylindrical | Median/ | Reproduction TuSp1,;
. Posterior ECP-1;
(Tubuliform) ECP-2
Wrapping | Aciniform Median/ | Wrapping captured prey AcSpl
Posterior
Attachment| Piriform Median/ | Attachment to environmentalPySpl
Posterior | substrates
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Spider silk fibers are remarkable materials whensatering their low density,
excellent mechanical properties, and thermal stalmver a wide range of temperature.
On a strength-to-weight basis, the elongation atkrthe Young’'s modulus, and the
average ultimate tensile strength of spider silkescdose to, or even higher than, Kevlar
and steel [45-47], as shownTable 1.3 Spider dragline silk is thermally stable to abou
Due to these attractive

230 °C according to thermogravimetric analysis (G48].

properties, spider silks have received extensisearh attention.

Table 1.3 Mechanical Properties oNephila Clavipes Spider Silks in Comparison to

other fibers [43].

Fiber Elongation | Young’'s | Tensile Energy to break
(%) modulus | strength (I/kg)
(GPa) (GPa)
N. Clavipes dragline 9-11 22-60 1.1-2.9 3.7 x10
B. mori fibroin 15-35 5 0.6 7x 10
Kevlar 4 100 4 3x 10
Steel 8 200 2 2 x 0

Spider silk is also an good example of a naturaklblcopolymer, in which
alanine-rich hydrophobic blocks and glycine-rickdigphilic blocks are linked together
generating a functional polymer used in biomedagplications such as guided tissue
repair and drug delivery [49, 50]. The spider diregsilk of Nephila clavipes from the

major ampullate gland contains at least two difiefgoteins, major ampullate dragline
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silk protein 1 (MaSpl) and major ampullate dragkil& protein 2 (MaSp2), which are
held together by three to five disulphide bonds].[5TThe amino acid sequences of
Nephila Clavipes MaSpl and MaSp2 repetitive region [52-54] arestisin Figure 1.13
MaSp1l and MaSp2 proteins are modular in natureh Bbthem consist of three specific
structural motifs with highly repetitive consensagegjuences: (1) the poly-alanine GA/A
motif, (2) the GX motif in MaSpl or GPG& motif in MaSp2, and (3) the N-terminus
and C-terminus. The main difference between Ma&pd MaSp2 is thamaSpl is a
proline free protein, while the total amino acichtant of MaSp2 contains 15% proline
residues, which is known as a strgitgheet breaker due to its unique pyrrolidine ring
structure and the lack of one potential H-bond ddBb6-57]. Biophysical studies have
found evidence that different motifs are respomstbl form various secondary structures
corresponding to silk’'s mechanical properties. ThA&/A, motif forms beta sheets
structures that correspond to the crystalline mgjio the spun fibers, which provide the
high tensile strength and stiffness [42, 58, 5B 6GX motif forms alpha helices that
give rise to a non-structured amorphous region 8] to stabilize the fiber; and GPGG
motif has been hypothesized to form stackable tjpbeta turns structures, which
provide the elasticity and extensibility of thedds [61]. In this thesis, we have studied
as a model system, di-block copolymers based onpWasotifs, GA/A, and G&, and
mass produced a family of di-block copolymers, whpmossess these motifs as their
blocks, using recombinant DNA technology bio-systhed by Prof. Kaplan’'s group.
These bioengineered spider silk block copolymersewiken used tetudy the thermal
properties, structural properties and morpholodieatures with respect to the controlled

amino acid sequences of proteins.
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MaSp1

1 GQGGYGGLGGQGA - - - - - - = == = = = - === = o - 13
14 GQGGYGGLGGQGA- - - - - - GQGAGAAAAAAAGGA 41
42 GQGGYGGLGSQGAGR - - -GGQGAGAAAAAA-GGA 71
72 GQGGYGGLGSQGAGRGGLGGQGAGAAAAAAAGGA 105
106 GQGGYGGLGNQGAGRG- --GQG---AAAAAAGGA 133
134 GQGGYGGLGSQGAGRGGLGGQGAGAAAAAA-GGA 166

167 GQGGYGGLGGQGA -----=-=-=-==-=-=====-=---- 179
180 GQGGYGGLGSQGAGRGGLGGQGAGAAAAAAAGGA 213
214 GQG- --GLGGQGA---- -~ GQGAGASAAAA-GGA 237
238 GQGGYGGLGSQGAGRGGE - - -GAGAAAAAA-GGA 267
268 GQGGYGGLGGQGA - - - - - - - - - == - - - o m oo - 280
281 GQGGYGGLGSQGAGRGGLGGQGAGAAAA---GGA 311
312 GQG---GLGGQGA------ GQGAGAAAAAA-GGA 335

336 GQGGYGGLGSQGAGRGGLGGQGAGAVAAAAAGGA 369
370 GQGGYGGLGSQGAGR - - -GGQGAGAAAAAA-GGA 399
400 GQRGYGGLGNQGAGRGGLGGQGAGAAAAAAAGGA 433

434 GQGGYGGLGNQGAGR - - -GGQGA- - - -AAAAGGA 460
461 GQGGYGGLGSQGAGR - - -GGQGAGAAAAAAVG-A 490
491 GQE-------- GI-R----GQGA----------- 500
501 GQGGYGGLGSQGSGRGGLGGQGAGAAAAAA-GGA 533
534 GQG- --GLGGQGA---- - - GQGAGAAAAAA -GGV 5§57

558 RQGGYGGLGSQGAGR - - -GGQGAGAAAAAA-GGA 587
588 GQGGYGGLGGQGVGRGGLGGQGAGAAAA- --GG- 617

Consensus Sequence
GQGGYGGLGGQGAGRGGLGGQGAGA(A),GGA

MaSp2

1 GPGGYGPGQQGPGGYGPGQQGP - - SGPGSAAAAAAAAAA - - - - - GPGGYGPGQQ 47
48 GPGCYCPCQQCPGRYGPGQQGP - - SGPGSAAAAAA - -~ - - ---=------ GSGQQ 85
86 GPGGYGPRQQGPGGYGQGQQGP - - SGPGSAAAASAAASAESGQQGPGGYGPGQQ 137
138 GPGGYGPGQQGPGGYGPGQQGP - - SGPGSAAAAAAAAS - - - - - - - - - - - GPGQQ 178
179 GPGGYGPGQQGPGGYGPGQQGP - - SGPGSAAAAAAAAS - - - - - - - - - - - GPGQQ 219
220 GPGGYGPGQQGPGGYGPGQQGL - -SGPGSAAAAAAA - - - - - - o o e oo e e o s 253
254 - ---- GPGQQGPGGYGPGQQGP - - SGPGSAAAAAAAAA - - - - -~ - =~ -~~~ - - - 284
285 GPGGYGPGQQGPGGYGPGQQGP - - SGAGSAAAAAAA - - - - - - == - - - - GPGQQ 323
324 GLGGYGPGQQGPGGYGPGQQGPGGYGPGSASAAAAAA - - - -~ === ===~~~ 360
361 ----- GPGQQGPGGYGPGQQGP - - SGPGSASAAAAAAAA - - - - - == -----=- - 392
393 GPGGYGPGQQGPGGYAPGQQGP - -SGPGSASAAAAAAAA - - - - == - - = = o o - - 429
430 GPGGYGPGQQGPGGYAPGQQGP - - SGPGSAAAAAAAAA - - - - = == === == == - - 465
466 - --------- GPGGYGPAQQGP - -SGPGIAASAASA-- -~ -------------- 489
490 GPGGYGPAQQGPAGY---------- GPGSAVAASAGA-------==-==--=--- 516
517 ---------- GSAGY---------- GPGSQASAAA - --------=--=------ 531

Consensus Sequence
GPGGYGPGQQGPGGYGPGQQGPSGPGS(A),

Figure 1.13 Amino acid sequences of the repetitive region @3@dl and MaSp2 from
the dragline silk ofNephila Clavipes and the consensus sequences, taken from reference

[52-54].
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1.3.2 Spider Silk-like Block Copolymers

Block copolymer is a special kind of copolymer, ahis made up of blocks of
different polymerized monomers linked by covaleondls [62]. In this thesis, to provide
further insight into the relationships among pnetamino acid sequence, block length,
and physical properties, a family of synthetic pno$ inspired by the genetic sequences
found in MaSp1 ofNephila Clavipes dragline silk was produced using recombinant DNA
technology in Prof. Kaplan's group. These spidilike block copolymers haven A-
blocks andh B-blocks along with a His-tag, and are named agBifor HB,An. The A-
block is a hydrophobic alanine-rich block basedvabpl motif GA/A. The amino acid
sequence of A-block is GAGAAAAAGGAGTS (14 amino @&j. The B-block is a
hydrophilic glycine-rich block based on MaSpl m@i6GX, whereX = Q, Y, or L. The
amino acid sequence of B-block is QGGYGGLGSQGSGRGGRTS (22 amino
acids). The His-tag is for protein purificationrpases. Figure 1.14 shows a cartoon

picture of HBA and HBA spider silk-like block copolymers.

H B A A A A A A
SN AN INAIAINANAI

Figure 1.14Cartoon picture of spider silk-like block copolymEIBA and HBAs.
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Due to the hydrophobic/hydrophilic nature and th#erent motif structure
formed by each block, the physical properties, sashthe thermal properties, and
structure, whether the tertiary or secondary, bl different among the spider silk-like
block copolymers. These spider silk-like block clypeers also tend to self-assemble to
form various microstructures [11, 63]Figure 1.15 illustrates a typical morphology
formed by A-block rich spider silk-like block copyoher, HBA,. Detailed discussion of
the amino acid sequence dependent physical prepestid morphological features of

spider silk-like block copolymer are discussed ha@ter 1V, V and VI.

WD = 4.5 mm EHT= 500 kY Mag= 10.00KX
Mag Ref To = Monitor

Figure 1.15Vesicle structure formed by A-block rich spideikdike block copolymer,

HBA..
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1.4 Motivations and Topics in This Thesis

Natural silk fibers have been discovered sinceemdimes, and some of them
have been wildly used in textile industry for 08000 years [64, 65]. With the help of
modern characterization techniques, the intrinsaperties of silks are beginning to be
understood. Knowledge about the silk amino aciqusace, thermal properties and
phase transitions, and silks’ structural changedeurmwvarious conditions facilitate the
fabrication of silk products and leads to a var@thigh-tech applications of silk.

The two most well studied naturally occurring sidee theB. mori silkworm silks
and the dragline silk diephila clavipes spider. By knowing the physical properties of
silks, the silks can be fabricated into differeatnfis, such as film, scaffold, hydrogel,
vesicle, fiber, particle and nanofibers or nanaplas, and they can be further utilized in
different high-tech applications. For examplej@bnsor made of silk film is one of the
interesting applications of silk protein [66]. B¥ilizing the biocompatibility of silks
films, the sensor is implantable into the humanyhoahd can be degraded-situ,
without making additional surgery to take it ouSilk is also wildly used in tissue
engineering. Tissue scaffolds made of silk cande to grow cells for the treatment of
defective bone or skin [50].

Silk is also a remarkable material for loading wattugs for drug delivery. The
hydrogel patch made of drug-loaded silk providesatrolled release of the drug into the
human body [67]. The release rate of the drug ftleensilk depends upon the degree of
crystallinity of the silk. Crystals are more dertlsan non-crystalline silk, and the crystal
beta sheets of silk act as crosslinks and cortteotiffusion of the drug. So the physical

properties of the silk affect its performance ie thody. Besides the hydrogels, in other
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forms, such as vesicle, microspheres, and nanofegitithe silk also served as a drug
carrier to deliver drug to cells [68].

There are also many other biological or industajplications for silk, such as
serving as a nerve guide for nerve regeneratiohd6@ making tough strings for musical
instruments [70].

To make full use of silks, these remarkable mateaad their intrinsic properties
need to be studied in detail. Unfortunately, amtarg of thousands types of silks, only
a few types are well characterized. Moreover, with development of recombinant
DNA technology, more and more “man-made” silks witlell-defined amino acid
sequences have been synthesized, and these newalsateed to be characterized as
well. In this project, we want to improve our kriedge about silks, especially the
recombinant silks, and also improve the methodsl use characterize the silks by
adopting the characterization techniques that @awg been used for studies of synthetic
polymers.

The goal of this thesis is to use a new family it¥-lsased block copolymers to
understand and then control the thermal, structamadl morphological features of the
recombinant proteins with specific motifs. By iziihg recombinant DNA technology,
the volume ratio of each structural motif in theambinant silks can be adjusted, and in
this manner their self-assembly morphology, therraat structural properties are
adjusted accordingly. We anticipate that the testiom our study will provide a
roadmap for the design and synthesis of preciseenmai having some of the same
properties of spider silks, or other valuable ravaterial, using well controlled protein

sequences.
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In this thesis, to achieve our goal, the followstgdies of spider silk-like block

copolymer were discussed step by step.

a. Heat Capacity of Spider Silk-like Block Copolymers

Thermal property studies of protein-based matarialvery crucial because of the
potential use of these materials in biomedical iappbns in drug delivery [43].
Therefore, we investigated the heat capacitiesuofspider silk-like block copolymer.
The reversing heat capacitie€y(T), for temperatures below and above the glass
transition, Ty, were measured by temperature modulated diffedestanning calorimetry.
For the solid state, we then calculated the heptates of spider silk-like block
copolymers based on the vibrational motions ofciwestituent poly(amino acid)s, whose
heat capacities are known or can be estimated themATHAS Data Bank. For the
liquid state, the heat capacity was estimated bgguthe rotational and translational
motions in the polymer chain. Excellent agreenvead found between the measured and
calculated values of the heat capacity, showing ttia method can serve as a standard
by which to assess ti&, for other biologically inspired block copolymer3he fraction
of beta sheet crystallinity of spider silk blockpodymers was also determined by using
the predictedC,, and was verified by wide angle X-ray diffractiand Fourier transform
infrared spectroscopy. The glass transition teatpees of spider silk block copolymer
were fitted by Kwei's equation. Results, which eg@ublished in Macromolecules [21],
indicate that, in the solid state, attractive iat#ion exists between A-block and B-block,

while intermolecular interactions exist between laelx and the His-tag.
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b. Determining the Effect of Water on Spider Silk-like Block Copolymer Glass

Transition

To obtain a fuller understanding of the protein-evanteractions with respect to
the protein amino acid sequence, advanced themadysas methods using temperature
modulated differential scanning calorimetry (TMDSCn combination with
thermogravimetric analysis (TGA) were employed aptare the effect of bound water
acting as a plasticizer in water cast protein filmstheoretical model, which was used to
predict the specific reversing heat capacity of ghetein-water systenC,(T), based on
the vibrational, rotational and translational mosoof protein amino acid residues and
water molecules, along with the TMDSC measuremshtsv that two glass transitions
formed in all samples during heating. The low temagure glass transitiog(1), is
related to both the bound water removal inducedfaarational change and to the
hydrophobicity of the protein sequences, while khigh temperature glass transition,
Ty(2), above 130 °C is the now dry protein glass tréorsit Real-time Fourier transform
infrared spectroscopy (FTIR) confirmed that confational changes occurred during the
two glass transitions, with a random coils to ketas transition duringy(1) and alpha
helices to beta turns transition durifig?2). This study provides a deeper understanding
of the protein-water relationships and the confdiromal changes in protein-water system
during heating with implications for the thermabuted structural transitions of other
protein based materials. A portion of this work bagn published in Journal of Thermal

Analysis and Calorimetry [71], and Polymer Premiim2].
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c. Tunable Self-assembly, Crystallization and Degradation of Recombinant Spider

Silk-like Block Copolymer

Due to the hydrophobic and hydrophilic nature @ bhocks, the spider silk block
copolymers tend to self-assemble into various mtanotures. To investigate the
morphological features formed by spider silk-liklndk copolymers, thin films were
prepared either from solutions of hexafluoroisopg@gHFIP), or from methanol (MeOH)
which served as a control. Secondary structure amgdtallinity of the films were
monitored by Fourier transform infrared spectrogcdpring heating from 30 - 34%C.
Thermal properties were determined by differensabnning calorimetry.  Using
scanning electron microscopy, micelles were obsknveéhermally-treated HBA HBAg,
HBA, and HBA films. Hollow vesicles and fibrillar nebnks were observed in
methanol-cast HB4 HBA3; HBA; and HBA sample films, while no micro-structures
were formed in HFIP-cast films or in HAEand HAB;, indicating that morphology and
crystallinity can be tuned by not only be the bléekgth and also the thermal/chemical
treatments. Results indicate when we increasaudhnger of repeating units of A-block
in the protein, sample films crystallize more easiWhen the volume fraction of A-
block is increased, the final crystallinity uporetimal treatment increases. Because beta
sheets acted as a cross-link between protein chhimsrystalline sample films became
more thermally stable. Moreover, when samplestalyze, the secondary structure of
the A-block and B-block become different, thus il we easier to form bilayer structures
which could fold into vesicles and tube structwlesing drying. A portion of this work

has been published in MRS Proceedings [73].
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Side Projects

Two side projects: 1Nanocomposites of poly(vinylidene fluoride) with Hiu
walled carbon nanotubes, and 2) PVDF-based polybiend films for fuel cell
membranes, which were completed during the sumntermiship at Tufts are also briefly
summarized in Appendix | and J. The projects teguin publication in Journal of

Applied Polymer Science [74], PMSE Preprints [78d RS Proceedings [76].
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Chapter Il. Theory of Characterization Methods

This chapter provides the theoretical backgrounthefexperimental approaches
used in this thesis, which includes differentiahrating calorimetrythermogravimetric
analysis, Fourier transform infrared spectroscoppd X-ray diffraction.  Other
experimental approaches used in the side projeetalso briefly introduced at the end of

this chapter.

2.1 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a powgrénalytical tool which has
been widely used in polymer characterization [1d &omedical research [2, 3]. DSC
enables the determination of the glass transitibe,characterization of crystallization
and melting transition temperatures and the coardipg enthalpy and entropy changes,
and other thermally induced effects which showegithanges in heat capacity or latent
heat. The invention and development of DSC catrdmed all the way back to the early
1960s [4], and because of the quantitative featwkscalorimetry and ease of
measurement of thermal properties during heatirgy @voling, DSC now becomes a
well-accepted analysis technique. Traditional riredr analysis techniques include
differential thermal analysis (DTA) and standard@dSMore advanced DSCs were also
developed in recent decades such as temperaturelated DSC (TMDSC) [5-10],
Nano-DSC [11, 12] and fast scanning chip calorign€¢fSC) [13-18]. The techniques

used in this thesis are standard DSC and TMDSC.

48



2.1.1 Fundamental Principles of DSC

The basic principle underlying DSC measurementsh& when the sample
undergoes phase transitions or other thermallydeduphysical changes, more or less
heat will need to be absorbed or released froms#drmaple (which is encapsulated in
aluminum pan for measurement) than from the reterefwhich is just an empty
aluminum pan), to maintain both at the same tentperd19]. Therefore, by detecting
the difference of heat needed to heat up or cowinda sample relative to a reference,
enthalpy changes due to a change of state of thplsacan be determined, and a number
of thermal properties, such as the specific heaadsy, and important thermal transitions,
such as glass transition, crystallization, melang degradation, can be further quantified
and analyzed by the enthalpy change.

There are two types of DSCs commonly used: heat $C and power
compensation DSC. In heat flux DSC, the heat flohtferential temperature) as a
function of sample temperature is measured, whilgpower compensation DSC, the
electrical energy provided to maintain the samptel dhe reference at the same
temperature is measured. Because the heat fluxi®8€&ed for the thesis project, it will
be discussed in more detail.

Figure 2.1shows a schematic representation of the heatifferential scanning
calorimeter, which consists of a twin DSC cell fevlavith sample platform and reference
platform [4]. The reference (an empty pan) andstm@ple which is sealed in an identical
aluminum pan are represented by rectangular bolkethe DSC furnace, the sample and
reference are heated by the furnace heating blodkreeir temperatures are measured by

the individual thermocouples. If a temperaturefedénce between the sample and
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referenceAT = T, - Ty) is detected, the heat is immediately suppliedhayheaters until
the temperature difference between the sample @iedence is less than a predefined
value (< 0.005 °C). The temperature differen@ewill lead to an electrical signal that is
proportional to a heat flow-rate signal.

AT=AU/S (2.1)

where4U is the adjusted voltage of thermocouple &nslthe thermocouple response.

Reference

E— —

Furnace
Temperature sensors

Individual heaters
Figure 2.1 Schematic representation of the differential scagmalorimeter. Sample is
sealed in an aluminum pan, and is heated togethieran empty reference pan on two

nearly identical platforms in a furnace.

In reporting of DSC data, the differential heat@bgd or released by the sample
is usually examined. The sample heat absorptiatgss is called an endothermic
process, which typically can cause solvent evammratrystal melting, or the physical

aging peak during glass transition, while the santy@at releasing process is called an

50



exothermic process, such as crystallization. Toicavconfusion, the endotherm or

exotherm direction must be marked on DSC heat fi@ees. Figure 2.2 illustrates a
typical heat flow vs. temperature curve measuredDBC depicting several transition
types [19]. A given sample may not show all of thatures in Figure 2.2. The structure

of the sample, set by its thermal history, willetetine which features are seen.

Crystallization

Cross-linking

’l LY -
Glass < =
transition

Heat Flow (a.u.)

Melting
Exo Up

Temperature o)

Degradation

Figure 2.2 A typical heat flow vs. temperature curve by DS€inlg heating.

2.1.2 Standard DSC

The standard DSC is the conventional DSC whichbess used since the 1960s.
It is operated under a constant heating/cooling cat= dT/dt by the programmed

heating/cooling furnace block. The block tempamtoan be expressed as a linear

function of time with an initial temperature &s
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T.=T,+qt . (2.2)
When the steady state [4, 19] is reached in stdn®&C, the reference and sample
temperaturesl, andTs, can be expressed as

dT,/dt= q= dT/ d 2.3a)

dT,/dt= qdT/ dT (2.3b)

The data collected by standard DSC includes tenyoeraime and differential heat flow.
With the approximation of a negligible temperatgradient within the sample, and under
steady state conditions throughout the instrumtet,heat flow rate into the reference
and sampledQ/dt and dQJdt, in a standard DSC can be modeled by Newton’'sdaw

cooling [4, 20]:
dQ /dt= K(T-T) 44)
dQ,/dt= K(T,- T) 4B)

where Ty, is the furnace block temperaturé and T, are the sample and reference
temperatures, respectively, aidis the geometry and DSC cell-material dependent
thermal conductivity which is independent of sanypieperties. When a sample passes a
thermal transition, the heat absorbed or releasah the sampleQQs, within a short

period of time can be calculated as
Q, =Cy(T,—T) (2.5a)

dQ./dt= C.dT/ di @)5
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whereC; is the heat capacity of sample calorimeter (pahsample), and it is assumed to
be a constant over a short time (within 1s) duvifgch the sample temperature is almost
a constant. Therefore, by combining equations 25-we can conclude that

_C dT

T,-T < Cat (2.6a)
_+_GC, 4T, _mG+G dT,
h-T= K(dt)— K ( ) (2.6b)
_r_-_G+mg dT,, C dT m‘B
AT=T -1 = " — (= t) K(dt) " (2.6¢)

where theCs and Cr are the heat capacities of the sample and referealcgimeters,
respectively, and, is the specific heat capacity of the sample witkssm. So the heat
capacity of sample can be then re-written as [4]

mc, = kAT 4 (k2T c;)(—)~ kAT - ke HE 2.7)
q q q q

whereK” is the calibration constant obtained by runningtandard material such as
sapphire, andHF is the differential heat flow into or out of thansple. After the baseline
subtraction and calibration &, the heat capacity of the sample mate@alcan be
obtained [21-23]. A detailed description aboutngsihis “three runs methods” to
calibrateK” for measuring sample heat capacity is given inp@a 11l and IV.

Using the fact that the melting endotherm argaraportional to the crystallinity,
the crystallinity of semicrystalline synthetic polgrs can be calculated as a fraction of
the enthalpy of fusion from the area of the DSCtimglendothermdH(measured)in

ratio to the heat of fusion of a fully crystallisample 4H;, as

@. =AH (measured/A H (2.8)
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However, for biopolymers, usually no thermal majtpeak can be observed because of
their low thermal stability. Thus, usually it istnpossible to determine the crystallinity

of biopolymers by using heat of fusion from DSC.

2.1.3 Temperature Modulated DSC

Temperature Modulated DSC (TMDSC) can be considaedn extension of
standard DSC. This technique, first reported 82184, 6], involves applying a super-
imposed sinusoidal oscillation (modulation) on adi®mperature and deconvoluting of
the total heat flow rate into two parts: one ph#ttfollows the modulation in phase, the
reversing heat flow; and one part that does net,nibn-reversing heat flow. In general,
TMDSC can be used to perform the same materiabchenization as the standard DSC,
including determining the transition temperaturéise enthalpy of fusion during
crystallization and melting, and the specific hegacities. Moreover, TMDSC can also
be used to solve more complicated thermal tramstiand increase the amount of
information that can be obtained from DSC measungsne For example, most protein
samples contain bound water molecules which aftBeir structure and transition
temperature. During heating, the bound water enadjpm peak overlaps the glass
transition of the bound water-protein system, ahid tomplication cannot be well
explained by standard DSC measurements. Howewenising TMDSC, the non-
reversing water evaporation peak can be separabed the reversing glass transition,
which separates this complex transition into masilg interpreted components. The

detailed description of the protein-water thermahsitions can be found in Chapter V.
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TMDSC preserves the same DSC cell from the stand&@ as shown in Figure
2.1. It also measures the differential heat fl@twkeen the sample and the reference as a
function of time and temperature. The only diffese is, in TMDSC a sinusoidal
temperature modulation with frequency of oscillatio and amplitude? is added to the
conventional constant heating ratpA 0) or absolute isothermg € 0). Therefore the

temperature of the programmed furnace heatingtegdiiock is
T, =T, + qt+ A sin(wt) (2.9)
whereq is the underlining heating/cooling rate which &colated by averaging over a

full modulation cycle. Figure 2.3 shows the temperature profile of TMDSC compared

with standard DSC.

e
iq
& 52
e TMDSC a
= \ ’/'
Rt -
o -
- -
= 7R
> /,_f ‘.‘
- =
P Standard DSC
Time

Figure 2.3lllustration of the temperature profile of TMDS€b(id curve) using the “heat
only” condition (sample temperature never decread@sng heating). The linear

temperature profile of standard DSC (dashed lim@lg0 plotted for comparison.
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When TMDSC reaches the steady state, the modulatiedence and sample
temperatures], andTs, can be separated into two components. One phase withT,
which is described by a sine functionaf and the other is out-of-phase withwhich is
described by a cosine functioncof [4].

Tr =T0+ qt_q_Cr+ Ar sin(a)t—¢)
- (2.10a)

=T, +qt- qlfr + A [cosg sinwt— sinp cosut

T=T,+ qt—q—CS+ A sin(wt-¢)
K (2.10b)

=Ty +qt— qlfs + A [cose sinwt— sire cosut

where¢ ande are the phase lag of reference and sample, resggct Considering a
qguasi-isothermal TMDSC mode with the underlyingtimeprateq = 0 and using a

common mathematical relatiosing — icos) = - ie"’, the modulated reference and sample

temperature can also be expressed in the compee als following

T -T,= A ig“™? (2.11a)
T.-T,= A ie“™ (2.11b)
AT =T -T,= Aig“™? (2.11c)

where phase angle equals £ — ¢), andA, is the amplitude of temperature difference.

Inserting equation 2.11 into equation 2.6 yields

AAé(wt—cf) :CS_Crﬂ_& CKT_ -D

C _C . i (at-¢) C . i (ad—3)
ST A iwe -— A iwe
A, L
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which can be rearranged with an imaginary partarehl part

e = —isin(e-J)+ cos€-I)
____KAi . AGC (2.13)
AC,-C) A(G-Q)

usingsirfd + cosd = 1, we have

1= KA o A& (2.14)
A@C,-C)| | A(G-0)

Considering that the position of reference and $ampe symmetric in the DSC cell,
equation 2.14 can be rearranged to be an equatiachd sample heat capacity [4, 22, 23]
A (KY L@ A
|CS—Cr|_KS bj + C? = K (2.15)

whereCs andC, are the heat capacity of the sample and pan,efaetence, respectively;

A = Ay is the modulated temperature amplitudgi= is the modulated heat flow

amplitude;K is Newton’s law calibration constant; aKd is the calibration constant for

the heat flow amplitude for a given empty referepae and modulation frequency.

For most of the cases, the reference side andati@ls side are not symmetric
and not thermally balanced, even though two idahtedluminum pans were used,
because of the existence of cell asymmet@;e. Thus, equation 2.12 can be expressed
as equation 2.16 by separating out the sampledagaicity,mg, from the heat capacity

of its panCsp, written by substitutin@s with mg+ Csgt ACcei[4, 22, 23], we obtain:

_A (Kj . G2 A

=2 || — =—F K 2.16
A\l G A (2.16)
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wheremg, is the heat capacity of a sample of masgsand specific heat capacity, Csp
is the heat capacity of the empty sample ph is the cell asymmetry correction [24];
A, is the amplitude of temperature difference betwsample and referencd is the
sample temperature modulation amplitudes Newton’s law calibration constanfr

is the heat flow amplitude aril is a calibration constant [23] related to the expental
conditions.

The specific heat capacity, of a sample measured by TMDSC is called
“reversing heat capacity”, because it is a modotainduced signal.  Since
thermodynamic equilibrium has not been assuredhdwgtanning, the term “reversing” is
used rather than “reversible.” Using the sampkxdjgc heat capacity, the reversing heat
flow, RHF(t), can be expressed as

RHF(t) = mg Ug (2.17)

The reversing heat flow refers to that componentiwvis reversing within the time scale
of the temperature oscillation. The glass transitmhenomenon is an example of a
transition which is reversing. The non-reversimgthflow, NHF(t), is computed as the
difference between the total heat flddF(t), and the reversing heat floRHF(t).

NHF(t) = HF(t) - RHF() (2.18)
Nonreversing processes include solvent or wateovaim melting and crystallization, or
degradation. As discussed above, TMDSC can betosggparate the reversible process
from non-reversible process. Therefore, it wagmsively used for the thermal analysis

of protein and protein-solvent system in this thdmscause of this advantage.
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2.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is an extensivabed technique in which
sample mass is measured as a function of time rapdeture [19] in a controlled
atmosphere. TGA measurements are primarily usetidoacterize materials that exhibit
weight loss or gain due to dehydration, degradatoroxidation either with time or at an
elevated temperature up to 1000 °C. For examk\ Was used to calibrate the sample
weight of biological samples when the bound watetecules escaped from the material
during heating [25]. The operational details asewassed in Chapter IV. A typical TGA

curve is shown ifrigure 2.4

100 -
Water loss

? 80 B -
: I
e
Nt
=
20
§ 60 [ Degradation

40

0 50 100 150 200 250 300 350 400

Temperature(OC)

Figure 2.4 A typical TGA curve of recombinant spider silkdikblock copolymer,

illustrated by B-block.
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A TGA curve usually has limited ability to identitile sample thermal transitions,
but in combination with DSC, it provides a fullaofile of the sample thermal properties
during heating or cooling. It is especially usefiml determining the change of sample
mass with temperature, allowing correction to bedlena the mass of sample used to
normalize the DSC heat flow data following the noethprovided in our previous
publications [26, 27]. For example, the total skanmpass of a protein-water system is
decreasing during a TMDSC heating scan, but thghtdoss of samples due to water
evaporation during heating can be estimated byingnthe same experiment using TGA.
Thus, the TGA profilewt%(T), can be used to calibrate the temperature dependen

sample mass in TMDS®/(T), by:
M (T) = Mpgc x Wi%(T) @1

where Mpsc is the initial sample mass in the DSC, amido(T) is the percent residual
weight at temperatur€ measured by TGA. Therefore, the total heat fleNw(T), and the

reversing heat flowRHF(T), are normalized at each temperaturdify) using:
HF (T) = HR g X M poc/ M(T) = HF o/ W% (2.20a)

RHF(T) = RHRgc X Mpse/ M(T) = RHR,o/ Wb (2.20b)

2.3 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) baserged as a powerful tool
for the investigation of polymer structures and @n@lysis of functional groups [19, 28].
It is also widely used to study the protein secopg&ructures [29-31]. The infrared light

(IR) is an electromagnetic wave with longer wavgtes than those of visible light, and
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its electric part of light, called electric vectanteracts with molecules [32]. IR can
usually be divided into three different spectrabgioms [32] depending on their
wavenumber: the near infrared (14000 — 4000"¢rthe mid infrared (4000 — 400 ¢in

and the far infrared (400 — 10 &n The wavenumbes, is defined as the reciprocal of

the wavelengthi,, and it is directly proportional to enerdy, as follows
v=1/A (2.21a)
E=hc/A=hw (2.21b

wherec is the speed of light (3 x $@n/s) anch is Planck’s constant (6.63 x 1tus).

The basic principle of FTIR is that at temperatabeve absolute zero, all atoms
in molecules are in continuous vibration with regp® each other [19, 22]. When IR
interacts with polymer or biopolymer functional gps, a portion of the incident IR is
absorbed which excites the vibration of the chehboads inside the molecules from the
ground state to an excited state. In a heteroauddéatomic molecule, the dipole
moments can be described as uneven distributi@leatron density between the atoms,
while in a homonuclear diatomic molecule, the dgpmloments in the molecule is evenly
distributed. In order for a molecule to be IR eetithe electric dipole moment of the
molecule must change as a result of the vibratlmat bccurs when IR radiation is
absorbed [33]. Therefore, for a heteronuclearodiat molecule, the vibration of the
molecule due to the IR absorption can be detecyeldhR. However, the homonuclear
diatomic molecule shows zero dipole moment no mate long the bond length is, and
thus the vibration cannot be detected by FTIR. TFi¢R absorption intensityAbs
increases with the change of the dipole momenthe molecules, and the larger the

dipole moment change, the strong the absorpti@ngity will be. Absis given by:
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AbsO (d—ﬂj (2.22)
dQ

where [ is the dipole moment a@Qds the vibrational coordinate.

The vibrational modes of chemical bonds of molesuleclude stretching and
bending which are the major types of molecular atibns. To be more detailed, the
stretching includes symmetrical stretching and amginical stretchingas shown in
Figure 2.5 (a) and the bending includes twisting bending, wagdending, scissoring
bending and rocking bendings shown inFigure 2.5 (b) The IR radiation energy
absorbed by the molecules is generally converteatimese types of motionBecause
the IR absorption of individual functional groumts to be in the same wavenumber
range regardless of the structure of the rest ef iolecules, by correlating the IR
absorption band wavenumbers with sample chemioadtstre, IR can be used to provide
qualitative identification of polymer and biopolymsructures and functional groups [19,
32]. Figure 2.6 shows infrared absorption bands of interest fdympers grouped by
approximate wavenumber [19]. IR can also be usedpdrform the quantitative
measurement of each structural component [23, 3D,a8 well, and the basis of all

guantitative analysis in FTIR is Beer’s law [19hieh has the following form
A=log,,(l,/1)=éc (2.23)

where |y is the incident IR intensityl is the transmitted IR intensity, is the molar

absorptivity, | is the cell path length and is the molar concentration of the absorbing
substance. In this thesis, FTIR is extensivelydute characterize the change of the
secondary structures of recombinant spider sil&-ldtock copolymers and the details are

discussed in Chapter IV, V and VI.
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Figure 2.5 Vibrational modes of chemical bond illustrated&@H, group. The arrows
indicate the atom moving direction in plane. Thé and “-” signs denote the atom

moving in directions out of, or into, the planepestively.
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Figure 2.6 Infrared absorption bands of interest of polymgrapproximte wavenumber

taken from reference [19].

2.3.1 FTIR for Protein Secondary Structure ldentifcation

An important problem in biomaterials research is ttetermination of protein
secondary structure and structural changes undeougaconditions [34-38]. FTIR
spectroscopy provides information about the seagnstaucture content of proteins [23,
30, 35, 39, 40], and because it is nondestructinge sample to perform, it has become a
well-established method for the protein analysWhen the frequencies of incident IR
and vibration frequencies of the chemical bondpristein sample coincide, the IR light
can be absorbed. The FTIR absorption spectra swally used to determine the

secondary structures in the protein.
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The common secondary structures in proteins inchelees, beta sheets and
turns. The random coil is not a true secondaryctire, but is the class of conformations
that indicate an absence of regular secondarytateic The chemistry of amino acid side
chains is critical to protein structure. Chargexireo acid side chains can form ionic
bonds, polar amino acids are capable of formingdgeh bonds, and hydrophobic side
chains interact with each other via weak van demal/anteractions. The majority of
bonds formed by the amino acid side chains arecowatent. In fact, cysteine is the
only amino acid capable of forming covalent borttls, disulfide bond. Because of side
chain interactions, the sequence and location afi@iacids in a particular protein guide

where the bends and folds occur in that protein.

o helix

The a helix, as shown irFigure 2.7 (a) is the most common type of helical
secondary structure of proteins, and it was prapdselLinus Pauling and Robert Corey
in the 1950s [41]. In theory, am helix can be either right handed or left handed,
however, thex helices found in proteins are almost always riggntded [42, 43]. The
helix repeats after 18 amino acid residues, whitiounts to 5 complete turns, with a
residue per turn number of 3.6. Each carbonyl eryig theo helix is hydrogen-bonded
to the amido proton on the fourth residue towar @terminus and forms a loop of 13
atoms (11 backbone atoms, one carbonyl oxygen aacamido hydrogen). Thus, an
helix is also called an 3,6helix. The hydrogen bonds, as shown in Figureb.the red
dotted lines, are near parallel to the helix axid stabilize the structure. The amino acid
side chains in an helix are pointing outward from the helix axis,sk®wn in Figure 2.7

by the R group.
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Figure 2.7 Ball-and-stick model of (ay (3.613) helix, (b) 3, helix (left) andn (4.4)

helix (right) based on reference [42]. The hydrogends are shown by red dotted lines.
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The pitch of aru helix, which is defined as the distance the hesigs per turn, is
0.54 nm with a rise of 0.15 nm/residue [42, 43heTength of am helix of proteins can
range from 4 residues to more than 40 residuesth®itaverage length is about 12
residues corresponding to about 3 turns with atlein§ 1.8 nm [42, 43]. The dipole
moment in ano helix is due to individual dipoles of the C=0 gpsuinvolved in
hydrogen bonding and the total dipole moment of ehére helix is a dipole with a
positive N-terminus and negative C-terminus. T®heelix content in a protein is about
26% on average [42, 43]. Some proteins also aotdew short regions ofighelices,
as shown irFigure 2.7 (b)on the left. Ther (4.46) helix, as shown in Figure 2.7 (b) on

the right, is sterically possible but has not beleserved in proteins yet [42, 43].

J sheet

The B sheet, as shown ilRigure 2.8 (a) is another common type of secondary
structure of proteins, and it was also proposedlibys Pauling and Robert Corey in the
1950s [44]. The structural unit pfsheets is callefl strand, and 8 sheet is composed of
multiple (usually from 2 to 15) strands which are arranged side-by-side. {&&and is
an almost fully extended polypeptide chain witreagth of 0.32 to 0.34 nm per residue
[43], in contrast to the compact coil efhelix (0.15 nm per residue), and3astrand is
usually from 5 to 10 residues long [45]. Isolafedtrands rarely exist in the proteins
because the structure by itself is not as stabletlas secondary structures. However,
whenf strands stack together and fopnsheets, th@ sheet structures are stabilized by

hydrogen bonds.
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Figure 2.8 (a) Ball-and-stick model d¥ sheet, and (b) chemical structures of antiparallel
B sheet (left) and parallél sheet (right) based on reference [42, 45]. Therdpen

bonds are shown by red dotted lines.
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There are two types @fsheets: the antiparallplsheet, as shown Figure 2.8 (b)
on the left, in which neighboring hydrogen bondestrands running in the opposite N-
to C-terminus directions, and the parafiedheet, as shown Figure 2.8 (b)on the right,
in which neighboring hydrogen bond@dstrands running in the same N- to C-terminus
directions. Hydrogen bonds in antiparallelsheet are nearly perpendicular to the
extended polypeptide chains, while hydrogen bomdparallelp sheet are not. Thus,
parallelp sheets are less stable than antiparflgheets because of the distortion of the
hydrogen bond alignment [42, 43]. The dipole momiena B sheet is also due to
individual dipoles of the C=0 groups involved indnggen bonding, and parallglsheet
have a significant dipole moment, in contrast topamallelf sheets with a direction from
C-terminal (partially negative) to N-terminal (pally positive) [46]. Thep sheet
content in a protein is defined as the crystallimt the protein, found from Fourier self
deconvolution of the FTIR spectrum in the Amideegion. It can range from 0% to

more than 60%, such as in cocoon silk fibroin @ombinant proteins [23].

pturns

The B turns are usually involved in connecting regulecandary structures such
asa helices o sheets, since they cause direction changes ipdlypeptide backbone.
A B turn consists of 4 amino acid residues, whichrayea in one of the two ways: Type |
B turn, as shown ifrigure 2.9 (a) or Type IIp turn, as shown ifrigure 2.9 (b) Thep

turns are also stabilized by hydrogen bonds.
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C-terminus

N-terminus N-terminus

Figure 2.9 Ball-and-stick model of (a) type i turn, and (b) type IB turn based on

reference [47]. The hydrogen bonds are shown thylogted lines.

The combination of a few secondary structures wsihecific geometric
arrangement is often called a motif or supersecgndimucture. Some of these motifs
can be associated with particular protein functiptid. For example, different motifs
are responsible to form various secondary strustaogresponding to silk’'s mechanical
properties; for example, the GA{Aotif provides the high tensile strength and séiffs
[48-50] to silks.

When characterizing the secondary structures ofepr® and polypeptides by
FTIR, there are several characteristic bands wharh be found in the infrared spectra
including Amide I, Amide II, Amide Ill, Amide A and\mide B vibrations. Amide |

vibration is centered near 1650 ¢rand usually ranges from 1690 — 16007cnit arises
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mainly from the C=0 stretching vibration with minowntributions from the out-of-phase
C-N stretching vibration, the CCN deformation ahd N-H in-plane bending [30, 40].
The Amide | vibration is hardly affected by the esichains, and mainly depends on the
secondary structure of the backbone [30, 40]. dfoee the Amide | vibration is most
commonly used region for secondary-structure amalysThe Amide Il vibration is
centered near 1550 ¢nand usually ranges from 1575 — 1480cnt is the combination
of the out-of-phase N-H in-plane bending and thiE 6tretching vibration with smaller
contributions from the C=0 in-plane bending and @€ and N-C stretching [30, 40].
The Amide Il vibration overlaps some of the sideichvibrations, such as the 1515¢m
peak of the tyrosine side chain which arises froi@ €tretching and C-H bending mode
in the 6-carbon aromatic ring [38]. Therefore tAenide Il vibration is less
straightforward than Amide | vibration for the sadary structure analysis. Amide Il
ranges from 1400 — 1200 &m In protein or polypeptide, the composition astmode
involves amino acid side chain vibrations as wslvdrations from backbones [30, 40].
Due to these complications, Amide Il vibration lsss suitable for the secondary
structure analysisAmide A and B are centered at 3300 and 3170.cifhey arise from
the NH stretching vibrations and are thus insersitio the conformation of the
polypeptide backbone, but strongly depend on ttemgth of the hydrogen bond [30, 40].
Therefore, Amide A and B are not suitable for selewy structure analysis either, but
could be used to study the change of the hydrogewibg during the environmental
changes of protein or polypeptide samples. Ger€Fd#R absorption band assignments

of recombinant spider silks of Amide | and Il atersnarized infable 2.1
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Table 2.1 General FTIR Absorption Band Assignmentfor Recombinant Spider

Silk-like Block Copolymer

Amide | [22, 30, 40] Amide Il [35, 39]
Wavenumber Wavenumber

Peak Assignment Peak Assignment
Range (cm") Range (cm')

1595-1605 (Try) side chains

(Try) side chains,

1605-1615 aggregated strands

1498-1518 (Tyr) side chains

1618-1629 Beta sheet (strong) 1520-1530 Beta sheet

Random caoils,
1630-1642 1520-1545 Random coils
extended chain structures

1643-1657 Random coils 1526-1527 (Lys) side chains
1658-1667 Alpha helices 1545-1551 Alpha helices

1668-1678 Turns 1556-1560 (Glu) side chains
1679-1685 Turns 1574-1579 (Asp) side chains
1686-1696 Turns 1575, 1594 (His) side chains

High-frequency
1697-1703 antiparallel beta sheets
(weak)
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2.3.2 Fourier Self Deconvolution

Fourier self deconvolution (FSD) is a mathematieplproach for reducing
bandwidths, so that overlapped bands can be rabdheen one another and hence
improving the information content [51, 52]. To §z& protein secondary structures and
determine the crystallinity with FSD, FTIR absorbarspectrum in the Amide | region
are usually deconvoluted, because the Amide | regiainly depends on the secondary
structure of the backbone and it is hardly affedbydthe side-chains. The general
principle of FSD is to consider the original FTIRestrum,E(v), as the convolution of a
Dirac delta function that has ar@alocated with the center of the bandvatfollowing
the method of Lorenz-Fonfria [53-55]. Two spreadinnctions, the band shape function
L(v), which broaden the band homogeneously and inhonoagty, and the instrumental

broadening functiolR(v), are used to describe the delta function [23] as
E(v)=A(V-v,) O Lv)O Rv) (2.24)

where [0 is the convolution operator. GeneralR(y) is insignificant compared to(v).
The original FTIR spectrum can also be expressed tlas Fourier

transformation(], of interferogram(x), as
E(w) =0{1(x)} (2.25)
Thus,lI(x) can also be expressed as

1(x) =0 EW)} =0 AV-v,)0 Lv)O Rv)}

(2.26)
=0 A -v,)} M L)} Y Rw)}

Resolution enhanced deconvoluted spectritify), is obtain by dividingl(x) by

D‘l{L(v)} , Which is typically a Lorentzian function [23], é@rFourier transforming the
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result. In this thesis, the FSD was performed bsnmmercial FTIR analysis software
Opus 5.0. An example of the FSD of the FTIR abmock spectrum is shown kigure
2.10 (a) After FSD, the crystallinityg. rrir, Of the sample can be determined by fitting
E’(v) with a series of Gaussian functions, as showigare 2.10 (b) andg. eriris the

ratio of the area of the beta sheet p&ak,over the total area undgf(v), Q.

@ e =Qg/Q (2.27)

Absorption(a.u.)

Absorption(a.u.)

1 1 1 | 1 1 1
1720 1700 1680 1660 1640 1620 1600 1580
7 -1
Wavenumber(cm )

Figure 2.10(a) FSD of Amide | spectra for spider silk-likeobk copolymer, HBA E(v)
is the raw dataE’(v) is spectrum after FSD. (b) The curve fitting loé tdeconvoluted
spectrum, showing bands related to random coils {Rheets (B)a helices (A), turns
(T), and side chains (SC). Symbols repreg€() data, and the solid heavy line is the

summation of the individual deconvoluted peaks.
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2.4 X-ray Diffraction

X-ray diffraction is one of the primary techniquesed to determine the
macromolecular structure, because the wavelengtbeerglly used for X-ray
crystallography are in the range from 0.05 to MRH[56], which is comparable to the C-
C covalent bond (about 0.15 nm) and interatomitadie of the polymer crystals. For
biological materials, the mean distance of amind aesidues in the crystalling sheet
region is about 0.33 nm [57], thus the proteindeytstructure is generally determined by
X-ray diffraction. In the late 1950s, the struetsirof hemoglobin and myoglobin at an
atomic resolution were solved by Max Perutz [58] dohn Kendrew [59] using X-ray
diffraction which marked the beginning of proteimystallography and they were
awarded the Nobel Prize for Chemistry in 1962. c8ithat success, over 39,000 X-ray
crystal structures of proteins, nucleic acids, atiter biological molecules have been
determined. The atomic coordinates of most ofdtsructures are stored in the Protein

Data Bank (http://www.rcsb.org) now, and this alkothe tertiary structures of a variety

of proteins to be analyzed and compared.
To explain X-ray diffraction, we use the propert@dight as an electromagnetic
wave with a wavelengti, and energyg, that is related by

hc
E=— 2.28
3 (2.28)

whereh is Planck’s constanh(= 6.63x10** Js) andc is the speed of electromagnetic
wave propagation in a vacuurm £ 3x1¢ m/s). One of the fundamental properties of
electromagnetic waves is that two waves can intergth each other. If we consider two
identical waves with intensith=I,=loand wavelengtli interfering with each other, the

total intensity can be expressed as [60]
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| =1,+1,+2i| ,cosp= B, (& cop (2.29)
whereg is the phase difference. In two extreme casesnwlre 2nz (for n an integey,
the two waves are in phase, and they will congirelst interfere; while ifp = (2n+1)x
the two waves are out of phase, and they will destrely interfere (zero amplitude).

The basic principle of X-ray diffraction follows 8gg’s Law:

nA = 2d,,, sin@ (2.30)
wheren is an integer indicating the order of the reflectil is the wavelength of the X-
ray, dna is the distance between the planes in the atoatiice Q, k, and| are Miller
indices as illustrated byrigure 2.11), and ¢ is the scattering angle. Bragg's Law
describes the condition for constructive interfeeerfrom successive crystallographic
planes and the representation of Bragg’s Law isvehio Figure 2.12 In one variation
of an X-ray diffraction measurement, the sampléhvatmicroscopic three dimensional
structure is gradually rotated which leads to #eseuf different scattering angles, and
the diffraction pattern in reciprocal space is et following the mathematical method
of Fourier transforms [56]. In reciprocal spaaguation 2.30 is usually rearranged into

S:i:i:zs—lng

2.31
2 d,, A ( )

wheres (or q) is called the scattering vector in reciprocalcgpa The X-ray scattering

intensity,ls, by one single electron can be obtained by Thoredommula [56]:

2 2
e j 1,1+ cog B (2.32)

IS(ze)z(mcz 2

where |y is the incident beam intensity; is the sample-to-detector distaneejs the

charge on the electromis the mass of the electron; ani the speed of light.
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Figure 2.11 (a) Atom positions in a cubic, orthorhombic ancdgonal unit cell, and
their calculated d-spacingl, based on the lattice informatioa. b, ¢ are the lattice
constants [61], and, k, | are the miller indices of the unit cell ipy andz directions,
respectively. (b) Miller indices of some importacitystal planes in body-centered

orthorhombic unit cells.

77



O
O

O
O
O
O
O
O
O

(b)

Incident X-ray
beam direction

Figure 2.12(a) Bragg's Law in real space. Two X-ray beammplavaves with identical
incident anglef, wavelength4, and phase, approach parallel planes of crystafioiid
and are scattered off two different atoms within (i) Bragg’s Law in reciprocal space
by the Ewald sphere constructior§ and S; are the wave vectors of the incident and

diffracted beams, respectively; aBds the scattering vector.
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There are two types of X-ray diffraction methodsed to study polymers and
biopolymers: wide angle X-ray diffraction (WAXD) dnsmall angle X-ray scattering
(SAXS). WAXD has a scattering andé usually greater than 3° dependent on the beam
stop size, and it provides information of crysiaks crystal structure, crystallinity of the
sample and degree of orientation within the samgpler example, WAXD was used to
determine the crystal structures and crystalligité proteins [22, 25, 62], and it was also
used to observe the orientation induced by eleginogng or zone-drawing of polymer
nanofibers [63] or drawn polymer strips [28]. S®Xas a scattering ang?é@ usually
smaller than 3°, and it useful in detecting langeriodicities in a structure. For example,
SAXS was used to determine the microphase separattiolock copolymers [64, 65].

In this thesis, WAXD is extensively used to chaeace the spider silk-like block
copolymers. Two phases (amorphous phase and linstphase) are considered to
contribute to the protein’s WAXD diffraction inteties [22, 23]: the3-sheet crystalline
region in proteins gives rise to the diffractiorake, while the amorphous matrix causes
an isotropic and broad scattering halo. To deteenthe crystalline structure and the
lattice parameters for polymers and biopolymerg thiffraction peak position in a
diffraction intensity vs. scattering ang®¥ plot is usually evaluated by Bragg's Law
following equation 2.30 at a given X-ray wavelengthThus, the d-spacing and lattice
constants can be calculated. The Miller indicesattering peak positions, and
correspondent d-spacing for the pseudo orthorhomahitccell of thef sheet crystals of
recombinant spider silk-like block copolymer measlby WAXD ¢= 0.154 nm) [22, 66]

are summarized iflable 2.2
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Table 2.2 Miller Indices and Correspondent26, d-spacing and g-vector for the

Scattering Peaks of Recombinant Spider Silk-like Bick Copolymer [22, 66].

Miller index Scattering Angle,260 (°) | d-spacing g-vector
(hkl) (A= 0.154 nm) (hm) (nm™)
200 17.09 0.520 12.08
120 20.54 0.433 14,51
121 24.20 0.371 16.96

WAXD intensity can also be used to calculate tngstallinity indexof semi-
crystalline samples [22, 28, 67]. Prior to datalgsis to find thecrystallinity index the
raw intensity data must undergo a few correctiorfdrst, the background scattering
profile due to the air scattering and the effectted sample holder must be subtracted
from the sample scattering data. The scatterigeaand the sample-to-detector distance
should be calibrated by standards, such;an8 ALOs. Then, the scattering intensity

needs to be further corrected by a Lorentz weightirctor,4zs%, which leads tdcor L

2

Iq°. After raw intensity data correctionthe crystallinity index of the sample can be

determined by fittingthe Lorentz-corrected scattered intendiy vs. g with a sum of

Gaussian functions and a quadratic baseline as
I(@)q® = Z{A exp[ (a- 00') }} + Bq+ Cd (2.33)

whereA; is the amplitudeqoi is the mean g-vectos; is the standard deviation of the

Gaussian functions, ar8landC are theq andg® coefficients of the quadratic baseline,
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respectively. The crystallinity inde¥c xray Can be calculated using area of crystal peaks,

Q., divided by total ared, as

[1.9%dq
@ = - - 2.34
i Q J. I corrd qu ( )

An example of this procedure is illustrated by WAXD profile of recombinant spider

silk-like block copolymer, HBA, shown inFigure 13

(a) HBA3

& b

/ e,
Amorphous

I(CI)‘IZ (a.u.)

Scattering Vector, q(nm)'1

Figure 2.13Deconvolution of the Lorentz-corrected WAXD integsi(q)o® vs. g, using
Gaussian wave functions for spider silk like blaaipolymers HBA (Open circles -
measured data; heavy curve - summation of Gaupsiaks; thin solid curves - individual
crystalline Gaussian peaks; dashed curves - amospBaussian peaks; dotted lines at

the top - the residual between the fitted curve mx@@sured curve) shown on the same

intensity scale. The insert is the 2-D X-ray ditfian pattern.

81



2.5 Other Experimental Approaches

The mechanical tests used in nanocomposite anangoliplend side projects are

briefly introduce in this session.

2.5.1 Tensile Testing

Tensile testing is a fundamental material sciengeemental technique to test
the mechanical properties of a sample, in whichrapde is subjected to uniaxial tension
until failure. The sample specimens used for tertssting are of a standardized shape,
the “dog bone” shape, with a fixed widtl, as shown inFigure 2.14 The basic
terminologies used in tensile test, such as stadsstrain, are also described in Figure
2.14. During the test, one end of the samplexedfin a static grip while the other end of
the specimen is pulled at a constant velocity, thaspecimen is deformed by applying a
uniaxial force. The mechanical properties that directly measured via a tensile test
including the ultimate tensile strength (UTS), whis the maximum load the specimen
sustains during the test when there is no straiddmeng, and the maximum elongation of
the sample. The Young’'s moduldswhich describes the stiffness of the materiat, loa
calculated from a stress-strain curve in the eastjion as shown iRigure 2.15by the

following equation:

E=

g (2.35)
£

whereo is the uniaxial stress andis the uniaxial strain. The higher Young's mogdulu
indicates a stiffer material, while the lower Yolsignodulus indicates a more elastic

material.
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Stress: o = F/A

Strain: ¢ = (L-L,)/L,
L

Cross-sectional area, 4

|

Uniaxial force, F

Figure 2.14The “dog bone” shape sample specimen commonly fsensile testing,

which was also used in the nanocomposite side groje
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Figure 2.15A typical stress-strain curve from the tensile.test
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2.5.2 Dynamic Mechanical Analysis

Dynamic Mechanical Analysis (DMA) is a techniqueedsto measure the
mechanical properties of a wide range of materggdpecially the viscoelastic properties
of polymers, such as the frequency and temperatependent complex modulus? =
E’ +iE” . During a DMA measurement, a small sinusoidadsstris applied to a sample
of known geometry, and a sinusoidal strain (defdiong is measured. As shown in
Figure 2.16 the stressy, and the strairg, from DMA measurements can be expressed as

o(t) =o,cos(2rft) (2.36a)

£(t) = g cos(2rft &, sin(Zrft

=g,cos(2rft+0) 2.36b)

whereaoy is the stress amplitude, is the strain amplitude of the elastic part, inickh
strain responds to the stress instantaneossly,the strain amplitude of the viscous part,
in which strain responds to the stress shifted webpect to timegy is the strain
amplitude calculated by’ = &.° + &2 fis the frequency and is the phase difference
between the two waves. Many polymers exhibit \atasticity properties, which
contains both viscous and elastic characteristitfie storage modulus is the elastic
component, and it is related to the sample’s &#fn The loss modulus is the viscous
component, and it is related to the sample’s gbiid dissipate mechanical energy
through molecular motion. The storage modulds, and loss modulus:”, can be

calculated as

E'=%coso (2.37a)
80

E"=Zging (2.37b)
50
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Figure 2.16 The storage modulug’, and loss modulu&”, calculated by DMA at test

frequencyf.

The tangent of the phase differentam) 0 = E”/E’, is a common parameter that
provides information on the relationship betweea #hastic and inelastic components.
For elastic materialgan ¢ is negligible. For viscoelastic materials, thees$ and strain
are related as a function time with a phase differencé, between the two, and then ¢
is high when samples exhibit a more viscous charatiesi As the material goes
throughits glass transition, the sample absorbs energyitargtorage modulus reduces.
At the same time, thtan ¢ goesthrough a peak, because the sample becomes [fss sti
and molecular reorganization of the relaxation cetuless elastic behavior [68]. The

major peak otan ¢ in amorphous polymer usually relates to the gtemssition, called
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the alpha relaxation, in which the polymer chairens¢form from a glassy state to a
rubbery state during heating [19, 28]. In semiame PVDF,tan ¢ is related to the
segmental motions of PVDF polymer chains in the gumous regions [69, 70], and it is
usually used to determine the glass transition &atpre of a polymer during
frequency/temperature sweep test [28]. There laeaher relaxations relating to other
movements, such as side chain motion [71]. Anmpta of usingtan ¢ by a

frequency/temperature sweep test using DMA is shioviAigure 2.17.
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Figure 2.17 Loss factor,tan ¢, versus temperature for nanocomposites of PVDR wit

MWCNT indicating the glass transition temperatufegh® samples at frequency of 1.0

Hz.
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DMA is used to study primarily the linear viscog¢lagange and therefore it is
more sensitive to structure, while tensile testiasgused primarily outside the linear

viscoelastic range.
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Chapter Ill. Experimental Approaches

This chapter provides the background informationtref materials preparation
process, as well as the experimental details ofpézature modulated differential
scanning calorimetry (TMDSC)hermogravimetric analysis (TGA), Fourier transform
infrared spectroscopy (FTIR), wide angle X-ray mifftion (WAXD) and scanning
electron microscopy (SEM). The thermal analysimgiSTMDSC and TGA, and the
structural analysis using FTIR and WAXD were pearfed in our lab at Science and
Technology Center, Tufts University. The morphgiatudies using SEM are performed

at the Center for Nanoscale Systems (CNS), Harvardersity.

3.1 Preparation of Spider Silk-like Block Copolyme Films

Recombinant DNA technology [1] was applied in tthigsis to prepare a new
family of spider silk-like block copolymers. Twaider silk amino acid sequences,
named A-block (hydrophobic) and B-block (hydroptjilibased on the major ampullate
spidroins 1 proteins (MaSpl) in the draglineNéphila Clavipeswere picked as the
building blocks of our block copolymers. The pal@nhine) A-block, which is similar to
the ‘crystalline module’ in natural spider silks,domposed of 14 amino acid residues;
and the glycine rich B-block, which is similar toet ‘elastic module’ in natural spider
silks, is composed of 22 amino acid residues. arhao acid sequences for A-block and

B-block are shown ifrigure 3.1
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A block (Hydrophobic, 14 amino acids):
GAGAAAAAGGAGTS

B block (Hydrophilic, 22 amino acids):
QGGYGGLGSQGSGRGGLGGQTS

Figure 3.1Amino acid sequences of A-block and B-block.

The process of obtaining spider silk-like block alyners with his-tag is shown
in Figure 3.2 This process is describe in detail in the presipublication [2]. In brief,
a spacer region of pET30a(+) plasmid was modifigti an adaptor sequence to generate
a cloning vector pET30L. After constructing therghg vector, the hydrophilic B-block
and hydrophobic A-block were ligated into the adaequence utilizin@pelandNhel
restriction sites, and all the interrbelandNhel restriction sites were destroyed during
ligation. Then the successfully constructed plaswith desired number of A-blocks and
B-blocks is transformed into an expression hBstpli RY-3041 strain, and were grown
at 37 °C in LB medium to an QE of 0.6 at which point protein expression was iretlic
with 1mM isopropylthioB-galactoside (IPTG). The cells were harvested drdafter
induction and were lyzed for purification. Protgmurification was performed by
immobilized metal affinity chromatography using &NNT'A resin, followed by dialysis
with DI water for 3 days. Centrifugation and fition were performed to remove
insoluble residues after dialysis, and the spidé-like block copolymer aqueous
solution was obtained after the whole process. obtain the protein in solid form, the
dialysed solution were frozen and lyophilized. ekfbbtaining the material, they were

stored in desiccators to prevent absorbing moidtora the air. The synthetic peptides
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were run on SDS-PAGE gel electrophoresis to confiumty. Protein identification was
confirmed by matrix-assisted laser desorption/iatian time of flight (MALDI-TOF)
mass spectrometry. Another set of proteins, A, && B without histidine tags were
purchased from the Tufts University Protein Coreilfig (TUCF) for comparison. In
order to prevent cyclization of the peptides, théefninus was modified to an amide.
These samples were also checked and stored imthe fashion as the his-tag containing
proteins. The number of residues, the amino aeiduesnces, and the calculated

molecular weight of all the samples are lisTable 3.1

Xhol
Adaptor

Neol Neol Nhel Spel Xhol

+ _—

FL Construct cloning vector
}{hol

hel
Neol Block B Block A
Nhel Spel Nhel Spel A
pETBlockB pETBInckBA
/
S

Cloning silk modules into pET30L vector

— IPTG

am

Lyophilized ' LB Medium
spider-silk like
block copolymers

Purification Expression Transformation

Figure 3.2 The process of obtaining spider silk-like block atymers usingrecombinant

DNA technology [2].
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Table 3.1 Number of Residues, Amino Acid Sequencené Molecular Weight of

Recombinant Spider Silk-like Block Copolymers

Sample | # Residueg Sequence* M, (Da)

MHHHHHHSSGLVPRGSGMKETAAATW
FERQHMDSPDLGTDDDDKAMAASG
154 GYGGLGSQGSGRGGLGGQTAGAA 12 982

AAAGGAGTSGAGAAAAAGGAGTSG
AGAAAAAGGAGTSGAGAAAAAGGA
GTSGAGAAAAAGGAGTSGAGAAAA
AGGAGTS

HBAg

MHHHHHHSSGLVPRGSGMKETAAAK
FERQHMDSPDLGTDDDDKAMAASG

HBAs 112 GYGGLGSQGSGRGGLGGQTSAGAA 10069

AAAGGAGTSGAGAAAAAGGAGTSG

AGAAAAAGGAGTS

MHHHHHHSSGLVPRGSGMKETAAAK
HBA, 98 FERQHMDSPDLGTDDDDKAMAA®G| 9098
GYGGLGSQGSGRGGLGGQTAGAA
AAAGGAGTSGAGAAAAAGGAGTS

MHHHHHHSSGLVPRGSGMKETAAATW
HBA 84 FERQHMDSPDLGTDDDDKAMAASG| 8127
GYGGLGSQGSGRGGLGGQTEAGAA
AAAGGAGTS

MHHHHHHSSGLVPRGSGMKETAAAK
106 FERQHMDSPDLGTDDDDKAMAASA | 10047
GAAAAAGGAGTSQGGYGGLGSQGSG
RGGLGGQTRNGGYGGLGSQGSGRGG
LGGQTS

HAB>

MHHHHHHSSGLVPRGSGMKETAAAK
FERQHMDSPDLGTDDDDKAMAASA
HAB 3 128 GAAAAAGGAGTSQGGYGGLGSQGSEG11967
RGGLGGQTRNGCGGYGGLGSQGSGRGEG
LGGQTSQGGYGGLGSQGSGRGGLGG

QTS
A 17 MASGAGAAAAAGGAGTS 1278
B 25 MASQGGYGGLGSQGSGRGGLGGQTS 2227

MASQGGYGGLGSQGSGRGGLGGQTEAGAAAAA

BA 39 GGAGTS

3198

*End group or His-tag shown in black; B-block irue] A-block in red.
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The lyophilized spider silk-like block copolymersre dissolved into DI water,
hexafluoroisopropanol (HFIP), or methanol (MeOHpatoncentration of 2 mg/mL, and
cast into films for further measurements. Freaditeg films about 30Qum thick were
also cast on Teflon substrates for DSC, TGA, andXANA Films about 1Qum thick
were cast on a IR transparent calcium fluoride @Caébstrates for FTIR. Free standing
films about 10um thick, which were peeled off from PDMS substratesre also used
for real-time FTIR. Sample solution was also decagt on a pre-cleaned Si wafer; after
drying the sample was coated with Pt/Pd for SEMIm$ were placed into a vacuum
oven at 25 °C for 24 h to remove the surface waketamples of the sample films from

Cak, and PDMS substrate, used for real time-FTIR amalgse shown ifrigure 3.3

CaF?2 substrate

PDMS substrate
Figure 3.3 A, BA and Bsample films on Cafsubstrates and HBAHBA3, HBA,, HBA,

HAB, and HAB; free standing films from PDMS substrates. Thenditer of the CaF

and PDMS substrates is 10 mm.
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3.2 Thermal Analysis

Thermal analysis is conducted on a TA Instrumer@€100 and TGA Q500 in

room 219, Science and Technology Center, Tufts &isity.

3.2.1 Temperature Modulated Differential ScanningCalorimetry

Differential Scanning Calorimetry (DSC) studies weararried out using a TA
Instruments DSC Q100. This instrument can be opeéran two modes: one is the
conventional standard DSC mode and the other isteéhgerature modulated DSC
(TMDSC) mode. The theoretical backgrounds of st#mdard DSC mode and TMDSC
mode have been given in Chapter Il.

Figure 3.4 shows the setup of the TA Instrument Q100 DSCur BSC system
includes a main DSC Q100 unit, a refrigerated caplystem, a nitrogen gas purge
system and a computer which is used to set upxberienent and collect data. The DSC
cell which is located on the main DSC unit is usedneasure the differential heat flow
that is needed to heat up or cool down a sampdgivelto a reference [3, 4]. The inside
view of the DSC cell is also shown at the uppehntrigorner with the reference platform
(marked as R), which is located farther away fréva tiser, and the sample platform
(marked as S), which is located nearer to the u3dre DSC cell is covered with the
AutoLid during the measurement as well as durirgstandby conditions. The AutoLid
is controlled by the touch screen on the main D®@ and it is only opened during
loading and removing the sample and reference e SC cell temperature is close
to room temperature. Opening the AutoLid belowCO€ strictly forbidden because the

moisture condensation from air will damage the.cell
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DSC Q100 Inside view of
- DSC cell

—

Computer

N, gas

RCS F90

Figure 3.4 Experimental setup of the TA Instruments DSC Q1TBe inside view of the
DSC cell is shown at the upper right corner with teference platform (marked as R)

and sample platform (marked as S).

The main DSC unit is used in conjunction with a loawp accessory, the
refrigerated cooling system (RCS) F90. RCS F90sid to control the temperature in
DSC cell for performing cooling experiments, andhias an operating range of -90°C to
550°C [5]. Another important accessory of our DiS@e gas purge system. The purge
gas used in our experiments is nitrogen gas, lmdutd also be helium or other inert gas
with high thermal conductivity. The purge gas étivered from the gas storage tank to a

gas filter to remove moisture before it comes th®DSC cell. The flow rate of nitrogen
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gas is controlled by a regulator, which is locabedthe top of the gas tank and always
left at 18 psi. The flow rate of the purge gathia DSC is 50 mL/min.

To prepare DSC sample and reference for measurgtmenpairs of aluminum
pan and lid having identical total weights are cteld. One pair of pan and lid is
compressed without any sample inside by a mechgpiieas to make the reference pan,
and the other pair is compressed with the sampleeiween the pan and lid to make the
sample pan. A picture of the TA mechanical pressdSC and the Mettler AE240
digital balance (with an uncertainty of £ 0.01mbattis used to measure the weight of

the pan and lid are shownHkigure 3.5

Figure 3.5TA mechanical press for DSC (at the left) and tigital balance that is used

to measure the weight of the pan and lid (at thletyi

To calibrate the temperature and heat flow, indgiandard is usually used. To

calibrate the heat capacity, sapphire standardsimlly used following a “three run”
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method. In the “three run” method, the first rma@mpty aluminum sample pan vs.
empty aluminum reference pan to obtain the celirasgtry and baseline correction. The
second run is sapphire standard in aluminum parempty aluminum reference pan to
calibrate heat flow amplitude according to standegdations [6, 7]. The third run is
sample in aluminum pan vs. empty aluminum refergraoe The same empty aluminum
reference pan is used in all the runs, and alatbminum sample pans are kept the same
in weight within £ 0.01 mg.

The heat capacity measured by standard DSC is giv€hapter Il as

mg, = K"% (3.1)

whereK” is the calibration constant obtained by runningtandard material such as
sapphire, andiF is the differential heat flow into or out of thamsple. The heat capacity

measured by TMDSC from Chapter Il is given by

Im, + G, - G+AG,

- A
= K (3.2)

wheremg, is the heat capacity of a sample of massand specific heat capacity, Csp
andC, are the heat capacities of the sample pan andyemrfarence pan, respectively;
ACq is the cell asymmetry correction [8] Ak is the modulated heat flow amplitude,
andK’ is the calibration constant for the heat flow atogle for a given empty reference
pan and modulation frequency.

When setting up a TMDSC measurement, at leastplate modulation cycles
need to be ensured in one thermal transition toaguee resolution of the transition, thus

the appropriate heating/cooling rates need to befulsy considered. An example of
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modulated heat flow vs. temperature curve is shawirigure 3.6 The heat flow
envelope boundaries correspond to the heat flotheaslowest and fastest heating rate
during each modulation cycle. When the slowestihgaate is zero, the upper boundary
should be equal to the non-reversing heat flow bse@nly the kinetic component exists
under this condition. The amplitude of the tempemmodulation is £0.318 °C/min in
Figure 3.6, which was chosen based on both thedoedihg rate and the oscillation
period. Table 3.2 gives the suggested parameters under “heat onlgtlitons (i.e.,
The oscillation

sample temperature never decreases during hedting)MDSC [5].

period used in this thesis is 60 s for all the meaments.

Table 3.2 Maximum Modulation Amplitude for TMDSC under “Heat Only”

Conditions

Period | Heating Rate (°C/min)

) 0.1 0.2 0.5 1 10
10 0.003 0.005 0.013 0.027 0.053 0.133 0.265
20 0.005 0.011 0.027 0.053 0.106 0.265 0.531
30 0.008 0.016 0.040 0.080 0.159 0.398 0.796
40 0.011 0.021 0.053 0.106 0.212 0.531 1.062
50 0.013 0.027 0.066 0.133 0.265 0.663 1.327
60 0.016 0.032 0.080 0.159 0.318 0.796 1.592
70 0.019 0.037 0.093 0.186 0.372 0.929 1.858
80 0.021 0.042 0.106 0.212 0.425 1.062 2.123
90 0.024 0.048 0.119 0.239 0.478 1.194 2.389

100 0.027 0.053 0.133 0.265 0.531 1.327 2.654
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,‘::\ | 3 Heat flow at slowest rate 1
£ il T g
; HIIIHW”H”H” H”””Hl |HHIl'l!l,l”‘||||ill|l“|l£H H\H 3
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Temperature ‘0O

Figure 3.6 Modulated heat flow vs. temperature curve (in bloEyecombinant spider
silk-like block copolymer HBA after annealing at 120 °C. The heat flow at thevsst,
average, and the fastest rate, vs. temperatures auithh the modulated heating rate vs.

temperature curve are also shown as a reference.

The standard operating procedure for TA Q100 DS(Stisd below.
1. Sign up time for DSC experiments in Room 219 (atlibck of the door).
(TGA scan must be accomplished before you canwgigior DSC.)
2. Sign the Log book.
3. Turn on the gas, adjust regulator and turn on tiodireg system.
a) The DSC requires purge gas to run properly. Tuenkitob on top of the cylinder
first counter clockwise to open the tank, then sdjine regulator, to make sure the

reading on the second (low pressure) gauge is psil8
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b) Turn on the cooling system (Green button).
4. Encapsulate the sample.

a) Measure the weight of pan+lid for sample pan onMlettler balance.

b) Find a similarly weighted reference in the DSC refice book. Make a new one
if necessary. The weight difference must be leas 0.01mg.

c) Place the sample into the bottom pan, and putidhanl gently.

d) Compress the sample pan and lid using the blue &éhamical press.

e) Measure the total weight of pan+lid+sample.
5. Put pan and lid inside DSC cell compartment.

a) Go to Control Menu on the DSC screen, pities$o open the lid automatically.

b) Putthe reference at the farther side, and pusdh&ple closer to operator.

c) Presdid again to close the lid automatically.
6. Open TA Instruments data collection software, geprogram and GO.

a) Double clickTA Instrument Exploreithen double clickQ100-0974

b) Input sample information. Use only the sample’sghieias the entered weight in
the DSC set up software.

c) Select the directory where your data will be stor@tlis should be a subdirectory
in the TA Instruments >> Data >> DSC directory path

d) Change the measuring method if needed. Be swseléat the correct operation,
such as “Calibration”, “Standard” or “Modulated” BS

e) Start the run.
7. During data collection, double clickA Universal Analysidgo see a real time DSC

graph.
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8. When finished, close the software, then close tdwirg system and the gas.

To measure the reversing heat capacity of the ecpmbinant spider silk-like
block copolymer using a “three run method” by TMDQS8e method used is listed as
following:

1. Equilibrate at 120.00 °C

2. Isothermal for 60.00 min

3. Equilibrate at -30.00 °C

4. Isothermal for 3.00 min

5. Modulate +/- 0.318 °C every 60 seconds
6. Ramp 2.00 °C/min to 350.00 °C

7. End of method

To measure the reversing heat capacity of the ipretater system, step 1 and 2
are skipped. The same method was used for athtiee runs in the “three run method”,
which is described in Chapter II.

After data collection using TMDSC, the data carviesved and exported as a text
file using TA Universal Analysisoftware. The TMDSC data text file is then impdrt
into Matlab to plot heat flow vs. temperature ploisto calculate the reversing heat
capacity based on equation 3.2 using the “threenmathod”. The Matlab program for
calculating the reversing heat capacity is attachsdAppendix Il (a). During that
calculation, a text file called SapphireLiter.tgtused as the heat capacity literature value

of the sapphire standard [9] for calibration, amd file is attached as Appendix Il (b).
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3.2.2 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) studies were eariout using a TA
Instruments Q500 thermogravimetric analyzer. H tgpe of thermal analysis instrument
that is used to determine the change of samplehiveuith respect to the change in
temperature during a heating ramp or time durieghsrmal holding. The TGA is used
to characterize any material that exhibits a weigtdange and to detect phase changes
due to decomposition, oxidation, or dehydration.

Figure 3.7 shows the setup of the TA Instruments Q500 TGBur TGA system
includes a main TGA Q500 unit, a heat exchangertragen gas purge system and a
computer which is used to set up the experimentcatidct data. The main TGA unit
has 3 major components: the balance, the furnaddhensample platform as shown in
the insert picture of Figure 3.7. The balancehs key to the TGA, which provides
precise measurement of the sample weight. The Isammpoaded into the platinum
basket at the sample platform first then autombyideansferred onto the hook of the
high-precision balance. The sample platform istratled by the touch screen on TGA
and used to load and unload the samples. Thedearimathe main Q500 TGA unit is
used to control the temperature and it can perforeasurements in the temperature
range from room temperature to 1000 °C [10he main TGA unit is used in conjunction
with a water-based cooling accessory, the heatasmgdr. Another important accessory
of our TGA is the gas purge system. The inerbgen purge gas flow rate in the TGA is

60 mL/min. The purge gas is used to prevent odadaind undesired reactions in air.
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TGA Q500

Computer N, gas

Figure 3.7 The setup of the TA Instruments Q500 TGA. ThesinEcture at upper left
shows the platinum sample basket (1), the temperansor (2) and the force sensor (3)

seen while opening the furnace.

In this thesis, the TGA was used for determinirgy ¢thange of sample mass with
temperature, allowing correction to be made inrfass of sample used to normalize the
DSC heat flow data [11, 12]. For example, to abtae true glass transition temperature
of dry spider silk-like block copolymers, the saegplat 120 °C were annealed to
eliminate the effect of bound water. During animgglthe water molecules escaped, and
the total weight of sample changed. To avoid aliegrsurface water from air again, we
kept the sample in the DSC and estimated the sawgilght after annealing by running

the same experiment with the TGA. To obtain theerging heat capacity of a protein-
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water system, the sample was run directly in TMD8hout annealing. The total
sample mass is decreasing during the TMDSC heaoapn, and the temperature
dependent madd(T) of the sample due to water evaporation during hgas obtained
by running the same experiment using TGA. Theggfthre total heat flowHF(T), and
the reversing heat flowRHF(T) for a protein-water system during heating are

normalized at each temperature by the TGA prof8s, and can be expressed as

HF (T) = HF . / W% (3.3a)

RHF(T) = RHE../ Wb (3.3b)

The standard operating procedure for TA Q500 TGlsisd below.
1. Sign up time for TGA experiments in Room 219 (& ltlack of the door).
2. Sign the Log book.
3. Turn on the gas, and adjust regulator.
The TGA requires purge gas to run properly. Tumm khob on top of the cylinder
first counter clock wise to open the tank, theruatlihe regulator, to make sure the
reading is between 0 and 1 psi.
4. Zero the balance.
a) Go to Control Menu on the TGA screen, pressd/unloadto open the furnace
and transfer the platinum basket from the balaodbd sample platform automatically.
b) Clean the basket with acetone and Q-tips and fnatck to the sample platform.
c) Wait until the basket is completely dry.

d) Go to Control Menu on the TGA screen, préaseto zero the balance.
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(By pressingTare, the empty platinum basket will be transferredrfrthe sample

platform to the balance and the furnace will besetbautomatically. After taring the

basket, which takes about 5 min, the platinum hbiagkié be transferred back from
the balance to the sample platform and the furmalt®e open automatically.)
5. Loading sample.

a) Load sample carefully into the platinum basketlmgample platform.

b) Go to Control Menu on the TGA screen, préssd/unloadagain to transfer the
full basket from the sample platform to the balaand close the furnace automatically.
6. Open TA Instruments data collection software, geprogram and GO.

a) Double clickTA Instrument Explorethen double click)500-0698.

b) Select the directory where the data will be stor&tis should be a subdirectory
in the TA Instruments >> Data >> TGA directory path

c) Change the measuring method if needed.

d) Wait for a minute for a steady weight, and themtgtee run.

7. During data collection, double clickA Universal Analysito see a real time TGA
graph.

8. When finished, close the software, then close d® g

After data collection using TGA, the data can bewed and exported as a text
file using TA Universal Analysisoftware. The TGA data text file is then importetb
Matlab to plot residual weight % vs. temperaturetplor to calibrate the mass of the
DSC data using equation 3.3. Because the DSC datdy as total heat flow and

reversing heat flow, are collected at a differemyperature interval than the TGA data, a
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Matlab command is used to interpolate the TGA redidveight % at a temperatufen
DSC data file. This Matlab command [13] has a garferm of

>> y =interpl(X,Y,Xx)

which used linear interpolation to find the valugfsy at x by using the underlying
function Y(X) In particular, the following Matlab command isedsfor converting the
original TGA data, name@GA to a new TGA file, name@iGApsc which has the same
temperature profile as the DSC data:

>> TGA:(:, Temperature= DSEC Temperaty

>> TGA (5, W) = interpL(TGA(;, Temperaturg TGA wWb), TGA (5, Temperatd)

3.3 Structural Analysis

Structural analysis is conducted on a Jasco FT2B06 Jasco infrared
microscope IRT-5000 and Bruker GADDS D8 X-ray difftometer in room 221, Science

and Technology Center, Tufts University.

3.3.1 Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) s#advere carried out using a
Jasco FT/IR-6200, and the real-time FTIR studiesewarried out using a Jasco infrared
microscope IRT-5000 in conjunction with a Mettlgatioal microscopy hot stage FP9O0.
FTIR is a type of characterization technique thatused to analyze the chemical
components in a sample by IR absorption caused digaular vibration [14-16]. The

intensity of the IR absorption is proportional ke tsquare of the rate of change in dipole
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moment with respect to the displacement of the atfir]. The theoretical background
of FTIR and its application to biopolymers can berfd in Chapter Il.

The major components of the FTIR system includinglasco FT/IR-6200
spectrometer, a Jasco infrared microscope IRT-5p@8trometer, and a computer which
is used to set up the experiment and collect daigure 3.8 shows the setup of the Jasco

FTIR instrument.

Computer IRT 5000 FT/IR 6200

Figure 3.8 Jasco FTIR instrument, including computer, micopsc spectrometer (IRT-

5000), and ATR (FT/IR-6200) compartment.

The most important part of FTIR instrument is thechélson interferometer
inside of the spectrometer. An optical diagranthef Michelson interferometer is shown
in Figure 3.9 The function of the interferometer is to modelahe intensity of the
incident beam with time according to each frequents, 17, 18]. When the
polychromatic light in the IR region passes throdbgh semitransparent beam splitter

with a calibration monochromatic laser beam, thal toeam is split into two beams. One
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beam is reflected back to the beam splitter byxadfimirror, and the other is reflected
back by a moving mirror which creates a time depahdptical path difference with the
first beam. The two beams will interfere with eaather when they recombine at the
beam splitter, which leads to an intensity-modwal® beam with an intensity-

modulated laser calibration beam. Then the totadutated beam will travel through the

sample and reach the detector.

Interferometer

L

A 9 2
: L Beam splitter  : Sample  Detector
 Moving mirror 5

Y

Fixed mirror

Figure 3.9 An optical diagram of the Michelson interferometer.

The signal measured by the detector is called temf@rogram which is provided
as an intensity vs. optical path difference pld&. mathematical Fourier transform is
performed after IR light passes through the sartpleonvert the interferograms into a

spectrum. When an interferogram is Fourier tramséal, the resulting spectrum is called

112



a single beam spectrum, which is a plot of the d&tector response vs. wavenumber.

The transmittance spectrum can be calculated bfptlosving equation [14]:

T=— (3.4)

whereT is the transmittancd, is the IR intensity measured with a sample inlikam
from the sample single beam spectrum, knd the intensity measured with no sample
in the beam from the background single beam spactriihe absorbance spectrum can

then be calculated from the transmittance specbyipi4]
A=-log,, T (3.5)

There are two commonly used sample stage setupsh®&rFTIR instrument: the
transmission sample stage and the attenuated reftattance (ATR) sample stage as
shown inFigure 3.1Q Transmission spectroscopy, as shown in Figut® &), is the
most commonly used technique and it has a highaktganoise ratio, because the
transmitted IR beam directly reaches the detedter ateracting with the sample. The
effective path length of transmission spectrosaspyst the thickness of the sample. For
the transmission spectroscopy, free standing famd thin films which are cast on IR
transparent substrates can be measured. The comatenals used as an IR transparent
substrate include potassium bromide (KBr), whichs@duble in water, and calcium
fluoride (Cak), which is insoluble in water. In this thesis, wsed free standing films
and thin films on Cafsubstrate to perform transmission spectroscoplye dttenuated
total reflectance sample stage, as shown in Figut® (b), is another stage setup for
FTIR measurement which is used when the sampléick and therefore has a low

transmission. The advantage of the ATR stage getthat it requires almost no sample
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preparation, and it can also be easily used to tagasurement of liquid. The ATR
technique is based on a contact sampling technidueh utilizes the property of total
internal reflection, and it only takes measuremamtthe surface layer of the samples.
The most important component of the ATR stage s&tupe ATR crystal, which has a
high refractive index and low IR absorption in fiReregion of interest. The refractive
indices of the common materials that are usualgdusr the ATR crystal are listed in
Table 3.3 In the ATR crystal, at least one total intermaflection happens at the
interface between the ATR crystal and sample. Wib&ad internal reflection happens,
an evanescent wave is formed at the interface ateth@s into the sample. The depth of
penetration of the evanescent waskg,is typically about 1 pm, which can be expressed

as [19]

A

P 271(n? sin” @ - n? ) (36)

where/ is the wavelength of the IR light, is the refractive index of the ATR crystal,

is the refractive index of the sample, &hi$ the incident angle of IR at the ATR/sample
interface, which is greater than the critical angl€éhe evanescent effect can only be
observed iinc > ns. After interacting with the sample, the IR is seatbkto the detector
to form an ATR spectrum. The signal-to-noise rafithe ATR spectrum depends on the
number of reflections, the contact between thetalynd the sample, and also the total
length of the optical light path. During the ATReasurement, the optical path is pre-
determined and the operator needs to make sursatimgle is tightly attached to the

surface of the ATR crystal.
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Figure 3.10 Two commonly used sample stage setups for the Fi3Rument: (a) the

transmission sample stage and (b) the attenuat&d ¢flectance sample stage.
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Table 3.3 Common Materials Used for the ATR Crystal

Material Refractive Index at 1000 cm* | Spectral Range (crit)
ZnSe 2.4 15,000 - 630
AMTIR 2.5 11,000 - 630
Ge 4.0 5500- 780
Si 3.4 8,300 - 1,500
Diamond/ZnSe 2.4 17,900 - 525
Diamond/KRS-5 2.4 17,900 - 250

The standard operating procedure for the Jasco FEiiRument is listed below.

Operation procedure for Jasco 6200

1. Sign up time for Jasco instrument from online geagdlendar.
2. Turn on Power
a) Make sure th&esumdight (top of Jasco 6200) is green.
b) Turn on the power switch (top of Jasco 6200), aralt wntil the End of
initialization beep sound (3 beeps).
3. Open software
a) Double-clickSpectra Manageicon on PC desktop.
b) Double-clickSpectra Measuremennderinstrument — Jasco IR Microscope
c) Wait for the instrument initialization
4. Background measurement
a) Clean the ATR crystal gently with Lens paper. @leath solvent if necessary.

For most cases, the preferred solvent is DI watersopropyl alcohol. If a
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stronger solvent is required, acetone may be used.

b) Click Monitor Background from the Measure menu. Monitor Background
Advancedwindow pops out, with a real-time background speutis displayed on the
left.

c) Setting parameter in thdonitor Background Advancedindow on theStandard
tab. You may choose your desired value accordingote sample. A typical value for
solid form material is:

Number of scan: 32

Resolution: 4.0 cfh

Range: 4000-600 cm

View range: 4000-600 cim

Vertical axis: Sample - Abs; Background - Single

d) Observed the background spectrum. Make sure itsl@dkilar toFigure 3.11

Then wait until the spectrum is stable during time.

L LR T PR PP — - .-

Figure 3.11Single beam background spectrum for air background
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e) Click ok at lower right to start the actual measuremergradgress bar is displayed
at lower left during data measurement.
5. Sample measurement

a) Place sample onto the ATR crystal, turn the sangémp knob (coarse)
clockwise to increase the pressure exerted on samptil your material is firmly
touching the ATR crystal (1 click sounds). Use skenglamp knob (fine) to apply extra
pressure if necessary.

b) Click Monitor Samplefrom the Measure menu. Monitor Sample Advanced
window pops out, with a real-time sample spectrispldyed on the left.

c) Make sure the parameters in tMonitor Sample Advancedindow on the
Standardtab are the same as those for the background.

d) Wait until the spectrum is stable during time. Tlodiok ok at lower right to start
the actual measurement. A progress bar is displageedower left during data
measurement.

6. Save the spectrum

Measured spectrum is automatically serfspectra Analysisoftware.

a) SelectSavefrom File menu.

b) Ensure that the file type is set*tgws. Then put in File name and select the right
directory.

c) Click saveat lower right to save the spectrum.

d) To save file as & txt file, useExportfrom File menu, and make sure the file type
is change td. txt.

7. Shut down
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a) After measurement, turn the sample clamp knob és)acounter-clockwise to
release the sample.

b) Clean the ATR crystal with Lens paper.

c) Close Spectra Manager software.

d) Turn off the power switch on top of Jasco 6200.

Operation procedure for Jasco5000

1. Sign up time for Jasco instrument from online geardlendar.
2. Turning on Power
a) Pour liquid nitrogen for the MCT detector

i.  Wear goggle and cold protection gloves, and fi# tlquid nitrogen Dewar
from the tank in Room 221.

ii.  Remove the lid from the filling port and insertumhel.

iii. ~ Pour liquid nitrogen into the funnel slowly till amall amount of liquid
nitrogen overflows from the filling port.

iv.  Remove the funnel and replace the lid.

v. Wait for at least 5 min to let the detector tempeestablize.

b) Turn on Jasco 6200 (as above).

c) Turn on the power switch (rear left) of Jasco 500@ake sure that the LED on
the control panel has changed from blinking totiiglp This initialization takes about 1
minute.

3. Open software

***Do not open software before initialization****
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a) Double-clickSpectra managdacon on PC desktop.
b) Double-clickMicroScope measuremeambderinstrument — Jasco IR Microscope
c) Wait for the instrument initialization
4. Observe sample using the microscope on Jasco 5000
a) Adjust the Brightness on lllumination/Zoom tab in MicroScope Parameter
window. Start with a low brightness.
b) Adjust the sample stage position with Joystick.
5. Background measurement
a) Make sure to use the transmission sample holdenfitn that the shutter on the
sample stage is open.
b) Select X16 Cassegrain objective lens Objective Lenstab in MicroScope
Parameterwindow.
c) Select Transmission mode Ref/Transtab in MicroScope Parametewindow.
Then clickAuto Correctin Trans Focudab.
d) Adjust the sample stage position in x-y directionlét IR light go completely
through the sample holder.
e) Setting parameter in tideasurement parametarindow.
f) Click Monitor Backgroundirom Measuremenu. A spectrum displays on center
top of the window.
g) Observed the real-time background spectrum. Make islboks similar to Figure
3.11. Then wait until the spectrum is stable andkcODk to start the actual
measurement.

6. Sample measurement
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a) Place sample onto the sample stage under IR light.

(Uneven sample surface, such as a convex surfadbe adge of a drop cast film,
redirects the IR beam and distorts the FTIR spsegtthus it should be avoided during
FTIR measurement.)

b) Click Monitor Sampldrom Measuremenu.

c) Make sure the parameters in tMonitor Sample Advancedindow on the
Standardtab are the same as those for the background.

d) Wait until the spectrum is stable during time. Tlodiok ok at lower right to start
the actual measurement. A progress bar is displalykxver left during data collection.
7. Save the spectrum (same as Jasco 6200)

a) Click Send Data to Analysis App File menu to send the spectrum $pectra
Analysissoftware.

b) SelectSavefrom File menu inSpectra Analysisoftware.

c) Ensure that the file type is set*tojws. Then input file name and select the right
directory.

d) Click saveat lower right to save the spectrum.

e) To save file as & txt file, useExportfrom File menu, and make sure the file type
is change td. txt.
8. Shut down

a) After measurement, remove the sample from samatgest

b) Close Spectra Manager software.

c) Turn off the power switch on the rear left of Ja5600.

d) Turn off the power switch on top of Jasco 6200.

121



In this thesis, the Jasco IRT-5000 is used in trassion mode in conjunction
with a Mettler optical microscopy hot stage FP90chttontrols the sample temperature
to perform the real-time FTIR studies. The expental setup for the real-time FTIR
studies is shown ifrigure 3.12 The Jasco IRT-500 can also be operated in the AT

mode with an ATR objective.

Figure 3.12Experimental setup for the real-time FTIR studies.

After data collection using Jasco, the data carvieeved and corrected using
Spectra Analysisoftware inSpectra Manager The standard data correction procedures
include: ATR correction (for ATR mode), baseline rregtion, extraneous peak
elimination and smoothing (optional). When an A$pectrum needs to be compared
with a transmission spectrum in literature, ATRreotion must be performed on the
ATR spectrum. As shown in equation 3.6, the debtbenetrationd,, of the evanescent
wave is proportional to the wavelength of the iecidIR light. The effect of this varying
depth of penetration is to change the relative gezsights compared to a transmission

spectrum, which gives lower peak intensity at tighér wavenumber range (where the
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wavelength is shorter). The ATR correction is torect the spectrum intensity with a
normalizedd, and it is done by the ATR correction 8pectra Analysisoftware, as
shown inFigure 3.13 (a) For the transmission mode spectrum, no ATR ctioe
needs to be performed. The baseline correctiarsésl to fix the non-zero baseline or
curved baseline. The non-zero baseline is caugdldebincomplete subtraction of the air
background spectrum from the sample spectrum, l@adcén be fixed by adding a linear
baseline to bring the baselines to zero. The cutvaseline is caused by both the
incomplete subtraction and Rayleigh scattering. sSM®TR crystals have large noise in
the low wavenumber range, and this will be amplifiey the ATR technique due to the
longer d, in that range. By superimposing the noise on® shmple spectrum, it
generally induces baseline drifting in the low wawber range. The Rayleigh
scattering, on the other hand, generally induceslbree drifting in the high wavenumber
range, because the scattering intensity of Rayleggittering is proportional to the fourth
power of the wavenumber; [20]. The curved baseline can be fixed by adding
concave baseline which follows the drifting trerfdttte sample spectrum, as shown in
Figure 3.13 (b). The extraneous peak eliminatiorremtion cuts absorption peaks for
atmospheric carbon dioxide gas (§Qs shown in Figure 3.13 (¢). The smooth fumctio
is generally used to reduce noise in the spectryra mathematical method when the
signal to noise ratio is low, and it was not usedhis thesis. After data collection using
Jasco, the data can be viewed and exported as BléexsingSpectra Analysisoftware

in Spectra Manager The FTIR data text file is then imported into tMa to plot
Absorption vs. wavenumber plots to get the stradtunformation, especially the

secondary structure information of protein samflds 12, 21-24].
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Figure 3.13 (a) ATR correction, (b) baseline correction, arg) éxtraneous peak

elimination of FTIR absorption spectrum.

The FTIR absorption spectrum in the Amide | regtan be used to determine the
secondary structure content and the crystallinflyerir of proteins [11, 21]. The
theoretical background has been introduced in @napt To calculatepc rrir FTIR
spectrum will first be deconvoluted, and then dtigith a series of Gaussian functions.
¢c_rrir IS the ratio of the area of the beta sheet p@ak,over the total area under the

deconvoluted spectrur.
qoc_FTIR = QB/ Q (37)

An FTIR spectrum with low signal-to-noise ratio @vntaining bound water cannot be
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used to do the FSD and curve fitting for proteins.
The standard operating procedure for using Opusatoulate g rrir is listed
below.
1. Perform baseline correction in the wavenumber rd@@® — 1330 crh
2. Perform smoothing if needed (5 or 9 point smoothing
3. Perform Fourier self deconvolution in the wavenurmbage 1750 — 1550 ¢h
a) Choose deconvolution parameters using Lorentziaation:
Bandwidth: 23-27;
Noise reduction: 0.30.
b) Perform the baseline correction and cut the spectut for curve fitting in that
wavenumber range
4. Fit the deconvoluted curve by a series of Gauskiantions. The peak position is
determined by literature and the shape of the curve

5. Calculate the crystallinity using equation 3.7.

3.3.2 Wide Angle X-ray Diffraction

Wide Angle X-ray Diffraction (WAXD) studies were rcged out using a Bruker
GADDS D8 X-ray diffractometer (Cu-4 wavelengti. = 0.154 nm) operated at 40 kV
and 20 mA. X-ray diffraction is a type of charai#ation technique that is used to
analyze the macromolecular structure of polymer @modein tertiary structures [25, 26].
The theoretical background of X-ray diffraction aitsl application to biopolymers is

presented in Chapter II.
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Figure 3.14 shows the setup of the Bruker GADDS D8 X-ray difmaneter.
The major components of the WAXD system including GADDS D8 X-ray
diffractometer, a Haskris water cooling system, antbmputer which is used to set up
the experiment and collect data. The main X-rdfyadition unit is used to generate the
two dimensional wide angle X-ray diffraction paftterof samples. It is used in
conjunction with a cooling accessory, the Haskragewr cooling system that is used to
cool down the X-ray generator. The water flow rafeHaskris should be at 3 ~ 4

liter/min (about 1.2 gallon/min), and the temperatshould be set at 68 ~ 70 F [27, 28].

GADDS D8
X-ray diffractometer

Haskris

water cooling system Computer

Figure 3.14Experimental setup of the Bruker GADDS D8 X-rayf@di€tometer.
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The inside view of the GADDS D8 X-ray diffractomets also shown ifrigure
3.15 The incident X-ray is generated by the BrukerSAX-ray tube with copper target,
then diffracted by the sample which is mounted @ gample stage that is connected to
the goniometer, and finally reaches the detectofoton a two dimensional X-ray

diffraction pattern.

+~Laser

X-ray tube

Beam block

Goniometer

Figure 3.15The inside view of X-ray diffractometer, showingrXy generator, sample
stage, goniometer and the detector; laser, videteam and white light illumination for

sample positioning.

The standard operating procedure for the Bruker GA&D D8 X-ray

diffractometer is listed below.
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1. Before starting the generator, make sure the Haskoling water supply is running

properly. (Water flow is about 1.2 gallon/min, aedhperature is in the range from 68 to
70 F.)

2. Switch on external power switch (green button anrtght of Bruker).

3. Set key switch to the “I” position.

4. Hold the “Heater” key for about 2 seconds.

5. Press the “ON” key. The “X-ray on” signal lampdatte radiation warning lamp of

Bruker light up. The X-ray generator is switched wow, and it is at the standby
condition: kV=20, mA=5.

(The Bruker is always left at the standby condititnus user usually starts from here.)

6. Load the sample to the sample stage.

7. Open GADDS software: Desktop -> Shortcut to Bruk¥iS -> Gadds

8. Choose yes to change the setup to 40kV and 20 mA.

9. Open the laser: Collect -> Goniometer -> Laser

10. Use the goniometer head tool to adjust the stagi the laser goes through the

sample.

11. Close the door, and make sure the “alarm” lamyfis o

12. Set up working directory for data saving: ProjectNew -> Working directory.

13. Data collection: Collect -> Scan -> Single run.t 8g the running time, 2 theta, file

name and click “ok” to start. Wait for data coliea and do not open the door when X-
ray shutter is open.

14. When finished, save the file as thaw file.

(Repeat step 10-14 for air (or Kapton) backgroumdi &i standard reference.)
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15. After data collection, convert two-dimensional pattto a one-dimensional pattern
by integrating over azimuthal anglBigure 3.1 avoiding beam block area: Peak ->

Integrate -> Chi. Save the X-ray data file (n#ity vs. 2) as theplt file.

Figure 3.16 Two dimensional X-ray diffraction pattern of spidsilk-like block
copolymer, HBA, showing the integrated area, the direction ofmathal anglep, and

scattering anglezé.

16. After test: Project -> exit. Choose “yes” to sengrator to standby setting “20kV,

SMA”.

After data collection using the Bruker, the two dimsional X-ray diffraction

patterns can be viewed using Gadds online or Gaditise software, and the one

dimensional X-ray data, intensity vs?,Zan be plotted by Matlab after corrections. The
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X-ray intensity will be corrected by subtractingthir (or Kaptonpackground from the
original sample which wasken under the same condition. TldeaRgle is calibrated by
using silicon powder reference standard with sili¢bl1) peak at 28.444° [11].

The corrected WAXD intensity can then be used toutate thecrystallinity index
of proteins as discussed in Chapter Il. First,dba&ttering intensity needs to be further
corrected by a Lorentz weighting factor [29]. Th#me crystallinity index of the sample
can be determined by fittintlie Lorentz-corrected scattered intensifyvs. g with a sum
of Gaussian functions and a quadratic baseline 261,26]. The crystallinity index,

#c_xray Can be calculated using area of crystal pe@ksjivided by total ared, as

Q _ [la’dg

Q [ladg -

q”c_ Xray =

A master Matlab program, XRayFitGUl.m, along witfour slave programs,
XRAYFITCALC.m, XRAYFITGUL.fig, XRAYFITLOOP.m, and XRAYFITPLOT.m,
written by Matt Reveley, are used to perform thevetitting and calculatéc_xray Using

equation 3.8.

3.4 Morphology Analysis

Morphology analysis using SEM is conducted at thent€ for Nanoscale
Systems (CNS), Harvard University.

Scanning electron microscopy (SEM) studies wergezaput using Zeiss Ultra55
and Suprab55VP scanning electron microscopes. SEMtype of electron microscope

that uses electrons instead of light to form angenalt uses a focused beam of high-
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energy electrons to generate a variety of signateeasurface of solid specimens under
vacuum to study the surface morphology of samples.

Figure 3.17shows the setup of Zeiss Ultra55 SEM. Our SEMesysncludes a
main SEM unit, and a computer which is used taupethe experiment and get pictures.
As shown in the insert of Figure 3.17, the electbeam is generated by the electron gun
and accelerated to an energy in the range of BaLkeV, in the vacuum chamber of the

main SEM unit [30]. The electron wavelengih, can be expressed by the de Broglie

relations as
h h h
A =—=— = 3.8
el p mv /—Zmev ( )

where h is Planck’s constant,p = mv are the momentum, mass and velocity of the
electron, respectively; aralis electron charge. For example, the generaetireh has
an electron wavelength of 0.018 nm under 5 keV lacaon voltage. Because the
electron beam diameter produced directly by theventional electron gun is too large to
generate a sharp image at high magnification, fetren beam is then condensed by the
magnetic lens and focused on the sample surfat¢bebgcanning coil.Once the focused
electron beam hits the sample, tleeelerated electrons, which carry significant anteun
of kinetic energy, are decelerated in the solid@amand generate a variety of signals
produced by electron-sample interactions. Two m@jpes of electron signals are used
to produce SEM images: secondary electrons andsbattkred electrons. Secondary
electrons are generated when the incident ele@xeites an electron in the sample and
loses most of its energy in the process. The excdlectron of the sample moves

towards the sample surface undergoing elastic aethstic collisions, and only the
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secondary electron that are very near the surfat@ (im) can exit the sample surface
and be examined [31]. Therefore, secondary elesteze most valuable for showing
morphology and topography of samples. Backscattelectrons consist of high-energy
electrons originating from the electron beam, whacé produced by elastic interactions
of beam electrons with nuclei of atoms in the speci [31]. The production rate of
backscattered electrons varies directly with thecspen's atomic number: higher atomic
number elements appear brighter than lower atonuimber elements. Therefore,
backscattered electrons are most valuable fortiiting contrasts in composition in
multiphase samples. Because most of the polymdr @otein samples are non-
conductive, they need to be sputter-coated witld golplatinum before being observed in
SEM to prevent the accumulation of surface charfee resolution of our SEM is about

1 nmat1l5keVand 1.7 nmat 1 keV.

...............................................
.....

J

GO
Magneticlens ] 1
Scanning coil < ==

Backscattered
i electron detector
: ==

Sample

Secondary
and stage :

electron detector :

*an .
..............................................

ULTRA 55

Figure 3.17The setup of Zeiss Ultra55 SEM at CNS, Harvardversity.
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The standard operating procedure for Zeiss Ultaab Supra55VP SEM is listed

below.

1.

Sputter-coat samples with Pt/Pd for 60 second€DanA with Cressington 208HR

sputter coater at CNS.

2.

3.

©

Sign up time for SEM experiments at CNS website.

Sign the Log book.

Start the SEM software by double-clicking on thea®®EM logo icon on the
desktop, and vent the chamber (it takes about . min

Load samples onto the sample holder. Once the lsathpmber has been vented,
open the sample chamber and insert the samplerimitie the sample stage.

Pump down the sample chamber by clicking: Vac -mjpu

Switch on the beam by clicking: EHT -> ON. (EHT k¥ for our case.)

Adjust Z position by joy stick first to lift the sgple stage close to the detector (WD ~

7 mm).

9.

Adjust magnification, focus, brightness and corittasget the SEM picture. Start

with low magnification first.

10. Correct for any observed astigmatism using the & érstig knobs alternately with

the focusing knobs to improve picture quality.

11.Select a suitable scanning/noise reduction modertmve any noise from the image

(Pixel average noise reduction mode in our casiek ‘t-reeze” to freeze the image, and

then take a picture under the option of “scannwgh a slow scanning speed (scanning

speed 8 to 10 in our case).

12.Save the picture by clicking “save”. Input theeditory and name for the file.
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13.To end the SEM session: the operator should tdrthefEHT, vent the chamber, take
out the sample holder with samples, pump down trember again, and log off the
software.

After taking sample pictures with SEM, the pictuaese used directly without any

further altering.
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Chapter 1V. Heat Capacity of Spider Silk-like Block

Copolymers

This chapter studied the thermodynamic propertiespder silk-like block
copolymers with respect to protein amino acid seqae The heat capacities of spider
silk-like block copolymers were interpreted by tivederlying molecular motion of the

constituent amino acids in proteins.

4.1 Introduction

The dragline oNephila Clavipedas been widely studied because of its potential
application in tissue engineering and drug delij@rg]. Recent studies suggest that at
least two proteins, the major ampullate spidroingMaSpl) and major ampullate
spidroins 2 (MaSp2), comprise the spider draglitie filoer [4]. MaSpl and MaSp2
proteins are modular in nature. Both of them csinsf three specific structural motifs
with highly repetitive consensus sequences [4]tl{&)poly-alanine GA/Amaotif, (2) the
GGX motif in MaSpl or GPGE motif in MaSp2, and (3) the N-terminus and C-
terminus. Hayashi and co-workers extensively suidihe correlation between the
sequence, structure, and mechanical propertiespiokrs silk proteins [5, 6]. They
associated these motifs with its impact on the meidal properties of a silk fiber. In
particular, alanine-rich ‘crystalline module' giués fiber tensile strength and toughness,
and the G& and GPGQ 'elasticity module' stabilized the fiber and pae/the elasticity

and extensibility.
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Thermal property studies of spider silk proteins @so very crucial especially for
the application in drug delivery [1-3]. To drawcarrelation between the sequence,
structure, and thermodynamic properties of biomactecules, in our work, we
synthesize a family of protein block copolymersdahen the genetic sequences found in
spider dragline silks, and use a model to calculaeheat capacity of spider silk block
copolymer in the solid or liquid state, below oroae the glass transition temperature,
respectively. We characterize the thermal phasesiions and other thermal properties
by temperature modulated differential scanning roaletry (TMDSC) and
thermogravimetric analysis (TGA). We also assesscrystal structure and secondary
structure by Fourier transform infrared spectrogcdpTIR) and wide angle X-ray
diffraction (WAXD). The methods used here can seag a standard way to assess the

structural features and crystallinity of biologickblock copolymers.

4.2 Experimental Section

4.2.1 Materials

Two spider silk amino acid sequences were picketh@$blocks, named A-block
(hydrophobic) and B-block (hydrophilic), respective A-block and B-block
polypeptides were purchased from Tufts Protein I$3sis Laboratory in powder form,
and then purified. The di-block copolymers contagna His-tag H were bio-synthesized
in our labs. The synthesis method of these blambolymers was described in our
previous paper [7]. In brief, after constructingring vector, cloning silk modules into a
pPET30L vector, expressing and purifying spider &ill&ck copolymers, bio-synthesized

block copolymers with His-tag H, HABHBA, HBA,, and HBA, were obtained in solid
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form. Protein identification was confirmed by MatrAssisted Laser Desorption
lonization Mass Spectrometer (MALDI-TOF; Chemisgpartment, Tufts University,
Medford, MA).

The spider silk block copolymers were dissolved water at a concentration of
2 mg/ml, and cast into films about 10 microns thak a Calcium Fluoride (CafF
substrate for FTIR. Free standing films about B0€ons thick were also cast from the
same solution on Teflon substrate for DSC, TGA WAIXD. Films were placed into a

vacuum oven at 2%C for 24 hours to remove the surface water.

4.2.2 Thermal Analysis

Temperature Modulated Differential Scanning Calaing (TMDSC)

Samples with mass about 2 or 3 mg were encapsulat@adluminum pans and
heated in a TA Instruments Q100 DSC, which was gaisgith dry nitrogen gas at a flow
rate of 50 mL/min. The temperature and heat fléwhe DSC were carefully calibrated
using indium standard before experiments. The kmnpere annealed in the DSC at
120 °C for 60 min to eliminate the surface watesaabed during handling before each
run. The total weight of pan and lid for sampleagsulation and reference were kept the
same in all runs.

TMDSC was performed at a heating rate of 2 °C/mamnf-30 °C to 350 °C with
oscillation amplitude of 0.318 °C and a modulatjperiod of 60s. To measure the
reversing heat capacity, we used a “three run noétlas described in our earlier work
[8]. The first run is empty aluminum sample pamsus empty aluminum reference pan

to obtain the cell asymmetry and baseline corractioThe second run is sapphire

140



standard in aluminum pan versus empty aluminunreate pan to calibrate heat flow
amplitude according to standard equations [9, I0je third run is sample in aluminum
pan versus empty aluminum reference pan. The sanpty aluminum reference pan
was used in all the runs, and all the aluminum dam@ns were kept the same in weight.
The basic mechanism of quantitative TMDSC invohasding a sinusoidal
temperature modulation to the conventional lineamgerature ramp to separate reversing
and non-reversing heat effects within the tempeeatange of the modulation. The time

dependence of sample temperature is expressed as:
T.(t) =T, + gt+ A sin(wt-¢) ®.1

where Ty is the initial temperatureg is the underlying linear heating rat&s is the
corresponding modulation amplitude,is the modulation frequency, aads the phase
shift with respect to the reference.

In TMDSC, the signal deconvolution is accomplishbg a mathematical
technique known as Discrete Fourier TransformaioiRT) [11]. As the first step in the
deconvolution process, the raw data are averagedame complete period to remove the
modulation. This gives the total heat flow and tieeonvoluted temperature, which is
equivalent to information obtained by standard DSChen the averaged signal is
subtracted from the raw data and DTF procedurep@ied with a sliding transform
window to obtain the amplitude and phase differen€éehe heat flow response at
modulation frequency» so as to obtain the reversing heat capacity [1Zhe heat

capacity in TMDSC can be expressed as:

A K. o
=2 5y + G (4.23)
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wheremg, is the heat capacity of a sample of massand specific heat capacity, Csp
andC; are the heat capacities of the sample pan andyemfarence pan, respectively;
ACcq is the cell asymmetry correction [8]. On the tighnd side of Equation 4.24, is
the amplitude of temperature difference betweenptamnd referenceéd is the sample
temperature modulation amplitude;is Newton’s law calibration constant. In Equation
4.2b, A4r is the heat flow amplitude arii is a calibration constant [13] related to the
experimental conditions.

Using the sample specific heat capacfydetermined by the “three run method”

and Equation 4.2b, we obtain the reversing heat, fRHF(t) as:
RHF(t) = mg T (4.3)
The non- reversing heat flomyHF(t), is computed as the difference between the total
heat flow,HF(t), and the reversing heat floRHF(t):
NHF(t) = HF(t) - RHF({) (4.4)

Since thermodynamic equilibrium has not been adsuering scanning, the term
“reversing” is used rather than “reversible”. Theversing heat flow refers to that
component which is reversing within the time saaflehe temperature oscillation. The
glass transition phenomenon is an example of asitran which is reversing. Non-

reversing processes include melting and crystaitinaor degradation.
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Thermogravimetric Analysis (TGA)

Samples with masses about 4.0 mg or 5.0 mg werapsaotated in aluminum
DSC pans to prevent powder sample from being blowunof the pan by nitrogen gas
flow. Several holes (d ~ 1mm) were made on DSG taml let the sample surface be
exposed to the atmosphere to let degradation ptedscape. Samples were heated in a
TA Instruments Q500 thermogravimetic analyzer, Wwhi@s purged with a dry nitrogen
gas at a flow rate of 60 mL/min. Before each rine, empty pan was used to calibrate
the zero point of the total weight. The experirsenere performed at a heating rate of

2°C/min from 25°C to 400°C.

4.2.3 Wide Angle X-ray Diffraction (WAXD)

Water cast sample films about 300 microns in theslenwere mounted in a
Bruker GADDS D8 X-ray diffractometer (wavelength= 0.154 nm) operated at 40 kV
and 20 mA. Scattering anglég, was calibrated by using silicon powder reference
standard with silicon (111) peak at 28.444°. Téengime used was 1800 s per sample.
The scattering angl@g, ranged from 4° to 28°. The air background wdsraated from
the original scan for each sample. To compare pibak position and identify the
crystalline content, the 2-D WAXS patterns werevated to a one-dimensional pattern
by integrating withy over all sectors (the beam stop region is avoid@dhe baseline was
determined by subtracting air background and fittesthg quadratic baseline. The
crystallinity index, @ xray Was calculated using the ratio of the area o$tatypeaks to
the total scattered intensity by fitting the Lomnbrrected WAXS peak intensity using

Gaussian wavefunctions as described previouslyl3},
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4.2.4 Fourier Transform Infrared Spectroscopy (FTR)

Water cast sample film about 10 microns in thicknegas cast onto CaF
substrate for FTIR measurements. Fourier transfiofmared spectroscopy was carried
out on a Jasco FT/IR-6200 with a TGS detector. diberbance spectra were obtained
by averaging 128 scans with a resolution of 4.0"cifhe background spectra were

collected under the same conditions and subtrdotedthe scan for each sample.

4.3 Theoretical Basis
4.3.1 Calculation of Solid State Heat Capacity of [ Block

Copolymers

The heat capacity in the solid state of the gealyiengineered spider silk block
copolymers is determined based on the assumptatnathsufficiently low temperature,
the major part of the total heat capacity comemfrdbrational motion. This common
assumption has been successfully applied to caéécuale heat capacity of synthetic
polymers [16] as well as bio-polymeBombyx morsilk fibroin [17, 18], from O K to the
glass transition temperature.

The total solid vibrational heat capacity of drydgp silk block copolymer film,
Cp’vibalock copolymer

" can be estimated as a linear combination of tieational heat

capacities of each block through [16]:

Block copolymer _ Block A Block B Block
C = n,C + n,C + n,C (4.5)

p, vib p, vib B ™~p vib H ~p vib

whereC, > °*%, Cyi>°* B andC, i °* Mare the solid vibrational heat capacity of each

block, A, B and H; whilena, ng andny are the molar ratios of each block in the block
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copolymers. For example, in 1 mol block copolyri@As, the molar ratios area= 3,
ng= 1 andny= 1.

Following the method of Pydat al [16] the solid vibrational heat capacity of
each block,Cp, v °*' (I = A, B or H), is constructed as a sum of products of the

vibrational heat capacities of the individual paly(ino acid) residue€,(i), by Equation

4.6 using the Advanced Thermal Analysis System (ABjdata bank [19].

Cp, vibBIOCkI = NAIaC:p( Ala) + NGIpr( Gl)) + |\gerC:p( Se)’+ et I\Ihr Q( Th
= ZNiCp(i) (4.6)

where N; is the total number of each kind of amino acid enésin the amino acid
sequence of an individual block. For example,lotk A, Naa= 7, Noiy= 5 and Nser=
Ntr=1. Among 20 amino acids, the solid vibrationalthespacity data of 12 of them,
alanine, asparagine, glycine, histidine, leucinetmonine, phenylalanine, proline, serine,
tryptophan, tyrosine, and valine, are recorded THHAS data bank. But for other amino
acids, such as arginine, aspartic acid, cysteihgamic acid, glutamine, isoleucine,
lysine, and threonine, the solid vibrational heaparity data are not available in the
ATHAS data bank. Therefore, we present a straf2@j/to estimate the unknown ones
by the following method. (a) Because the side rcltliiference between threonine and
serine is the same as the difference between alamd glycineKigure 4.18, Cy(Thr)
can by estimated by using the solid vibrationalthespacities of other amino acids,

which can be found in ATHAS data bank [21]. TaresteCy(Thr), we used:

C,(Thn-C,(Se) = G( Ala- G( Gly (4.72)
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For the same reas@y(GIn) can also be estimated by usi@gAsn) Cy(Leu)andCy(Val)
(Figure 4.19. (b) For arginine, which has a relatively mommplicated side chain, no
amino acid with a similar structure can be fourBlt in the ATHAS data bank we find
heat capacity data for poly(arginine) hydrogen gtk poly(histidine) hydrogen
chloride, and poly(histidine). Assuming the infhee of HCI is the same for both
poly(arginine) and poly(histidineJ{gure 4.1b), we estimat&,(Arg) from:

C,(Arg-HCI)- C,(Arg) = C,( His- HC)- C/( Hig (4.7b)
Cp(Lys) can also be estimate by this meth&thgre 4.1b). The total solid vibrational
heat capacity of spider silk block copolymers frira glass transition up to 1000 K were
calculated using the strategy outlined above.

In TMDSC or DSC, the heating rates are not fasughao prevent degradation
of the biopolymers just abovig. However, faster scanning rates are possiblegubin-
film (chip) calorimetry, which provides scanningasias high as several thousand Kelvin
per second [22]. For these fast scanning ratessample degradation could be deferred
to a much higher temperature. Thus, extensiorhefchlculated total solid vibrational
heat capacity to temperatures above the TMDSC+uéted glass transition could serve

as a baseline for the fast heating techniques.
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Figure 4.1 General scheme to estimate the vibrational hegaaty of an amino acid
using an equation format for the chemical structiltestrated by: (a) threonine and
glutamine, with side chain of each amino acid hgitted by a rectangle, and (b)

poly(arginine).
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4.3.2 Calculation of Liquid State Heat Capacity of Dry Block

Copolymers

The heat capacity in the liquid statee.( viscous liquid, or rubbery state, of the
polymer abovely) is more complicated to estimate. Because thé&ribotion comes not
only from the vibrational motion, but also from thmetational and the translational
degrees of freedom, all of them should be takeo wdnsideration. According to
Wunderlich [23], each mobile unit in the polymemathon average contributes 11 J/(mol
K) to the change of heat capacity at the glasssiian temperaturelg. The number of
mobile units of each kind of amino acid residueomr block copolymers can be

determined from their chemical structure, showFkigure 4.2

H 0 H O H o i "
]L : Nl TL ” ! ]L I y
-:r \-)\(‘_:/’; o ,—“y) \5}‘\(‘:7’{ M ‘-'j‘-i,' N([‘//—{ e ,:._)?_. &é/{ e
‘ ] .f""! "t‘
o . H,C H,C
F> X
. - -
Alanine Glycine . N 8
W\ HO
NH
Histidine Aspartate

Figure 4.2 Mobile units in the amino acid residues, exemgtifiby alanine, glycine,
histidine and aspartic acid. The arrows represeet rotational bond in each type of
amino acid residue that changes the conformatigheothain affy. Alanine and glycine

have 3 mobile units, while aspartate and histitiaee 5 mobile units.

By adding up the rotational bonds in the individaailino acid residues, the total

number of mobile units that start to mobilizeTgtcan be calculated. According to Pyda
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[17], this rotational degree of freedom contributgsproximately 91% of the heat
capacity incrementyC,, at the temperaturg, in dry Bombyx morsilk fibroin. Though
the sequence of the amino acid residues is diffenea spider silk block copolymers, we
assume this approximation should still be valicour bio-material, because genetically
engineered spider silk block copolymers also cesgissimilar amino acid sequences to
Bombyx morsilk. Thus, the total degrees of freedom contiitguto the change in heat
capacity can be estimated as the sum of the catitsibfrom each mobile unit divided
by 91%. For example, there are 44 rotational bandsne A-block, thus the heat
capacity increment of A-block at the glass transitiemperature igCy(A-block)= 44 x

11 J/(mol K) / 91% = 537.8 J/(mol K).

4.4 Results and Discussion
4.4.1 Modeling the Heat Capacity of Spider Silk Rick Copolymer in

the Solid and Liquid States

Determination of the heat capacity in the solidtestaf spider silk block
copolymer from O K to the glass transition regienhbased on the assumption that
contributions to the heat capacity come only frofrational motions,Cy(solid) =
Cp(vibrational). It hasbeen extensively studied that water in polymeristesms can
affect the total heat capacity and the glass ttianstemperature [18, 24-26]. To obtain
the true glass transition temperature of dry spsgillérblock copolymers, we anneal the
samples at 120C to eliminate the effect of bound water. Duringhe@aling, the water
molecules escaped, and the total weight of santfeged. To avoid absorbing surface

water from air again, we kept the sample in the 8@ estimate the sample weight after
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annealing by running the same experiment with TGXter annealing, the spider silk
block copolymers are free of bound water, and theie experimental reversing heat
capacity was measured by TMDSC. Figure 4.3 a—d/staocomparison of the calculated
vibrational heat capacity (solid linesE(vibrational), with the experimental heat
capacity (thick solid lines)Cy(experimental) of spider silk block copolymers, HAB
HBA, HBA, and HBA;, respectively.Cy(experimental)was displayed only in the region
(from -30 °C up to about 200 °C) for which regioe ware confident no degradation
occurred in the samples. The vibrational heat @@pavas constructed using the
vibrational motion spectra of the individual amiacids (found in the ATHAS data bank
[21] or estimated from the procedure of Figure 4i%ing Equations 4.5, 4.6 and 4.7,
following the scheme discussed above.

The vibrational heat capacity of individual polyiamacids in ATHAS were first
calculated by Wunderlich and co-workers [27, 28[ d@eveloped by Pyda to apply them
to the other biopolymers, such Besmbyx morsilk fibroin [16]. In the present work, we
further applied this calculation to a bio-block obpner system. The detailed amino acid
compositions and their properties in A-block, BdKpand H-block are summarized in
Table 4.1a, 4.1b, and 4.1c, respectively. Notefhdi) is the molecular weight mass of
the repeating unit of the poly(amino acids). Fearaple, we used the molecular weight
mass of the repeating unit of poly(glycine), 75-:978.02 = 57.05 g/mol, rather than the
molecular weight of glycine, 75.97 g/mol, to caltel the molar mass of A-block and B-
block. The numbergy;, are the total numbers of each type of amino existing in the
block copolymer, e.gNgy = 5 in the A-block. Knowing the numbebg and their

corresponding poly(amino acid)s' vibrational hesgtazities as a function of temperature
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(from the ATHAS data bank or estimated), the caltad solid state heat capacity of
spider silk block copolymers from 0.1 K to 600K che constructed by a linear
combination of the vibrational heat capacity ofeamino acid component. Excellent
agreement was found between the measured and ataltulalues of the heat capacity
between 250 K and the glass transition temperafyreith an error of +1%. This
agreement supports the conclusion that only theatidnal motion of the amino acid
components contributes to the heat capacity bdlpand also shows that this can serve
as a standard method to predict the solid statedagacity for other biologically inspired

block copolymers.
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Figure 4.3 The experimentally measured and calculated appegearsing heat capacity
vs. temperature, after annealing at 220 for dry films of: (a) HAB, (b) HBA, (c) HBAy,
and (d) HBA. Heavy curve -€y(experimental)thin solid curve -Cy(vibrational); open
circles --Cy(liquid) calculated afy. The individual solid state heat capacities dblaek
(dotted curve), B-block (dash-dot curve), and Hig-{dashed curve) are shown for

reference. Heavy dashed lines are extrapolatdditseto experimental curve aboifg.

The heat capacity in the liquid state (viscous itigqor rubbery state, of the
polymer abovely), Cy(liquid), of spider silk block copolymer above the glasssition
can be estimated by the considering the contributammes not only from the vibrational
motion, but also from the rotational and transkatiotion in polymer side chains and
backbone. Calculations of the liquid heat capafdtysynthetic polymers [29] and a few

experimental liquid heat capacity data for biopatys[13, 18] are available but only for
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a limited temperature range above the glass tiansitEmpirically, it was found that the
liquid state heat capacity is often a linear fumctof temperature with a smaller slope
than that of the solid state heat capacity [17,329, InTable 4.1a-¢ we summarize the
number of rotational bonds of the individual amamds,RB, in each block. Knowing
the RB, the heat capacity increment at the glass tramstémperature can be estimated
by assuming each rotational bond on average coésgbll J/(mol K) to the change of
heat capacity at the glass transition temperturgigure 4.3 a-d shows a comparison of
the calculated liquid state heat capacity (opecies) of 100% non-crystalline spider silk
block copolymers,Cy(liquid) evaluated at § along with the best fit line of the
experimental liquid state heat capacity (heavy ddsline). In the case of wholly
amorphous copolymers, HABHBA, and HBA, good agreement exist between the best
fit line of the experimental values and the caltedavalue of the heat capacity (Figure
4.3 a-c, open circles) at the glass transition tmatpreTy within £3%. HBAg is an
exception - the extrapolated line of best fit tee tHata does not pass through the
calculated value o€y(liquid) because this sample is partially crystalline (@isity
reduces the heat capacity incrementgt The good agreement for amorphous samples
supports the conclusion that the vibrational, fotetl, and translational motions of the
amino acid components all contribute to the ligsidte heat capacity abovg. This
agreement also demonstrates the utility of this eh¢al serve as a standard method for
predicting the liquid state heat capacity Tt for other biologically inspired block

copolymers.
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Table 4.1a Amino Acids in the A-Block and Their Paameters

Amino Acid

My (g/mol) Number Rotatable Bonds
alanine (Ala) - A 71.082 7 3
glycine (Gly) - G 57.05 5 3
serine(ser) -S 87.078 1 4
threonine(thr) - T 101.10 1 4
A-block Totals 970.99° 14 44
& Sum of:M,, x Number
Table 4.1b Amino Acids in the B-Block and Their Paameters
Amino Acid My (g/mol) Number Rotatable Bonds
glycine(gly) - G 57.05 11 3
leucine(leu) - L 113.16 2 4
glutamine(gin) — Q 128.13 3 6
arginine(arg) — R 156.19 1 8
serine(ser) — S 87.08 3 4
threonine(thr) — T 101.10 1 4
tyrosine(tyr) — Y 163.17 1 4
B-block Totals 1919.97 22 87

2 Sum of:M,, x Number
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Table 4.1c Amino Acids in the His-Tag and Their Paameters

Amino Acid My (g/mol) Number Rotatable Bonds
histidine (His) — H 137.14 7 5
alanine (Ala) — A 71.08 6 3
aspartate(Asp) — D 115.09 6 5
glutamate(Glu) - E 129.11 2 6
phenylalanine (Phe) — K 147.17 1 4
glycine (Gly) - G 57.05 4 3
lysine (Lys) — K 128.17 3 7
leucine (Leu) — L 113.16 2 4
methionine (Met) M- 131.20 4 6
proline (Pro) — P 97.12 2 4
glutamine (GlIn) -Q 128.13 1 6
arginine (Arg) - R 156.19 2 8
serine(Ser) — S 87.08 5 4
threonine(thr) — T 101.10 2 4
valine(Val) - V 99.13 1 3
His-tag Totals 5217.67 48 225

& Sum of:M,, x Number
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4.4.2 Determining the Crystallinity of Spider Silk Block Copolymer by

TMDSC

The crystallinity of semicrystalline synthetic polgrs is conventionally
determined by the enthalpy of fusion from the akthe DSC melting endotherm using
oc = AH(measured)yH; where AH(measured)s the heat of fusion obtained from the
area of melting peak antH; is the heat of fusion of 100% crystalline polym@&ut, for
bio-polymers, usually no thermal melting peak candbserved because of their low
thermal stability (bio-polymers degraded beforetmg). Thus, usually it is not possible
to determine the crystallinity of bio-polymers bySD. However, if we know the
theoretical value of the solid state heat capaaity the liquid state heat capacity using
the vibrational heat capacity model, we can uselégrnate method to calculate the
crystallinity by DSC.

The crystallinity of spider silk block copolymerarc be determined from their
calculated solid state heat capacty(vibrational), liquid state heat capacitg,(liquid),
and experimental heat capacity curv@gexperimental) By analogy to semicrystalline
synthetic polymers [8, 31-33], spider silk blockpotymers will be modeled as
comprising three phases: (1) the mobile fractign, (2) the crystalline beta-sheet
fraction, @, and (3) the immobilized non-crystalline fractiafiyy. The immobilized
non-crystalline fractionguw, is an analogue to the rigid amorphous fraction (RAF
semicrystalline synthetic polymers, which is amagh material assumed not to
participate in the conventional glass transitioocess [34]. The beta-sheet crystals
fraction, g, and the immobilized non-crystalline portionguu, remained solid-like

above theTgand constitute the rigid fractiogkicip, in spider silk block copolymer. The
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amorphous region (turns, random coils, alpha heliete.) of spider silk block copolymer
constitutes the mobile fractiorngy. Therefore, a three-phase model can be used to

describe the phase structure of spider silk blagotymer by:
Brico T B = (@ +Gum) @ =1 (4.8)

Because the crystalline beta-sheet fraction andntimeobilized noncrystalline fraction
have less molecular mobility, they do not contréotd the glass transition [34]. The heat

capacity increment &, 4C,, can be used to deduce the mobile fractin from:
@ =AC,/AC,, =[AC,/(C( vibrationa) — C( quuid)]‘E (4.9)

where AC, is the heat capacity increment Bt ACy is the calculated heat capacity
increment for the 100% noncrystalline spider sillock copolymers, which is the
difference betwee@(vibrational) andCy(liquid) at Ty,

Table 4.2 lists the measured heat capacity incremeéx@, calculated heat
capacity increment for the 100% noncrystalline sas)ACpo, and mobile fractiongu,
calculated from Equation 4.9. The rigid fractiamcp, is deduced by subtracting;,
from unity as discussed in Equation 4.8. The ereoges listed in the table show
sample-to-sample variations in the heat capacityedsas experimental error, such as the
cell asymmetry within £ 0.01 J/g K during measuratee To validate our model, we

also used two alternate methods to determine gstadlinity.
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Table 4.2. Heat Capacity Increment, Mobile, Rigid,and Crystalline Fractions of

Spider Silk Block Copolymers

ACpo (kJ/mol K) °

Sample | AC, (kJ/mol K) 2 Qv Qriop © | @ xay | Q¢ FTIR
(x0.02) (x0.02) | (x0.02) | (x0.03) | (20.03)
B 1.06 1.05 1.0 0 003 | 0
HAB; | 6.39 6.41 1.0 0 003 | 0
HBA |4.31 4.30 1.0 0 002 | 0
HBA, |4.80 4.84 1.0 0 0.02 0.03
HBA; | 4.05 5.37 0.74 0.26 0.26 | 0.28
A 0.38 0.53 0.70 0.30 0.31 | 0.33

aMeasured data

P Calculated heat capacity step guBingRB from Table 4.1

¢ The mobile fractiompy and rigid fractionpgcip determined by TMDSC using

Equations 4.8 and 4.9

WAXD has been used as a conventional method torrdate the crystallinity

index in both semicrystalline synthetic polymerd,[15, 35] and biopolymers [36-38] in

Nature. From early studies by Warwicker [36], bsteet crystal structure dfephila

species can be classified into the Warwicker sysgeoup 3b using X-ray diffraction

analysis.

This type of beta sheet has a pseudmrbdmbic unit cell [36, 39] with

dimensions ofh = 1.06 nm in the direction of the amino acid sideigsd = 0.944 nm

along the direction of the hydrogen bond, ard0.695 nm along the main polymer chain
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[36, 38, 39]. Figure 4.4shows 1-D WAXD patterns of water cast film of gy@der silk
block copolymers. The X-ray diffraction patterrs fA-block and B-block are also
included for reference. In Figure 4.4, three majoystalline peaks were observed for
HBA; and the A-block at 2 = 17.09°, 20.54° and 24.20° corresponding to datti
distances gho(beta sheet) = 0.520 nmy.gl(beta sheet) = 0.433 nm angqbeta sheet) =
0.371 nm, respectively [36, 38]. A broad peakls amorphous halo centered2at=
22.06° was also observed for all samples. Resuisate that a minimum of 3 A-blocks
are required to form beta sheet crystalline regiansoom temperature in water cast

spider silk block copolymer films.

-~
=
Sl A
>
=
Z | HBA3
=%}
=
= | HBA2
7))
ﬁ HBA
= HAB3 ;
Amorphous
Hal
B alo
0 5 10 15 20 25 30

Scattering Angle, 20 (degrees)

Figure 4.4 1-D WAXD patterns for spider silk block copolymetdsBAs, HBA,, HBA

and HAB;. The WAXD patterns for A-block and B-block ars@included for reference.
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As described in our previous work [14, 15], the stajlinity index can be
calculated using the area of crystal peaks andatba of the amorphous halo by fitting
the Lorentz-corrected WAXD peak intensity with Gsias wavefunctions using a
Nelder—Mead simplex direct search routine [14].e Thystalline beta sheet fraction gives
rise to relatively sharp diffraction peaks, and #maorphous fraction causes a broad
scattering halo. The ratio of the area of crygiabks to the total area gives the
crystallinity index,@ xray Examples of this procedure are showrrigure 4.5 a,bfor
HBA; (semicrystalline sample) and HABnearly amorphous sample), respectively. The
amorphous ared,, and the crystalline are®,., were determined by Equations 4.10(a)

and (b), and thus the crystallinity index can beedwined by Equation 4.10(c).

Q. =[1.4°dg (4.10a)
Q=Q-Q =]l Fda-| L de (4.100)
¢C_ Xray = Qc/ Q (410C)

wherel, is the intensity of the amorphous pedk; is the scattered intensity after all
corrections have been applied and g is the saagterector. The crystallinity indices,

@& xray are listed in the sixth column dable 4.2
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(a) HBA3

1(q)q* (a.u.)

1(q)q* (a.u.)

Scattering Vector, q(nm) |
Figure 4.5 Deconvolution of the Lorentz-corrected WAXD insity, I(q)of vs. g, using
Gaussian wavefunctions for (a) HBAsemicrystalline sample) and (b) HABearly
amorphous sample). Open circles -- measured detay line -- summation of Gaussian
peaks; thin solid lines -- individual crystalline@ssian peaks; dashed lines — amorphous
Gaussian peaks; dash-dot lines — baseline; ddtted {- the residual between the fitted

curve and measured cunihe inserts shows the 2-D WAXD raw data.
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Fourier Transform Infrared Spectroscopy (FTIR) Hzeen used to provide
information on the secondary structure of polyp#ptnd proteins since 1950 by Elliot
and Ambrose [40, 41]. The amide | (1690-1600 tmnd amide Il (1575-1480 chh
vibrations are sensitive to the secondary struadfitbe backbone and hardly affected by
the nature of the side chain [42, 43]; thereforeytlare most commonly used for
secondary structure analysis [43, 44]. Water ddsts of the spider silk block
copolymers on calcium fluoride (CgFsubstrate were examineérigure 4.6 depicts the
FTIR absorbance spectra for spider silk block copeirs with the spectra of A-block
and B-block as references in amide | and amidedian. The baseline was fixed for

each scan and the air background was also sulitracte

Beta sheet
1(?24

Beta sheet
1701

Absorption(a.u.)

Rando:m coil
1649

1850 1800 1750 1700 1650 1600 1550 1500 1450
W avenumber(cm'l)

Figure 4.6 FTIR absorbance spectra for spider silk blockotgmers. Prominent bands

are marked with vertical lines.
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Because the amide | vibration has a more straighi#hal correlation with
secondary structure than the amide Il vibration, [48], we performed Fourier self-
deconvolution (FSD) over the amide | peaks on fleesa in Figure 4.6, using Opus 5.0
software with Lorentzian peak profile (half-bandthicbf 25 cn and a noise reduction
factor of 0.3). In this process, the broad andstimtct amide | band is transformed to a
set of distinct self-deconvoluted bands. The ¢etH#ithis method were discussed in our
previous work [13]. After FSD, we fitted the dewoiuted spectra with 10 Gaussian
peaks. The peak positions and assignments of rthéeal region vibration bands of
spider silk block copolymer were determined by mefiee to the literature, and listed in
Table 4.3 Generally we classify the components between048@30 crit to
intermolecular beta sheets, 1630-1667'dmrandom coils and alpha helices, and 1670
1695 cnt to turns. As shown ifrigure 4.7, the band between 1595 and 1615'cm
(centered at 1597 and 1612 tim Figure 4.6 and marked SC in Figure 4.7) comems f
the side chains or aggregated strands [7, 45,tA6]band between 1618 and 1629cm
(centered at 1624 c¢hin Figure 4.6 and marked B in Figure 4.7) andlihad between
1697 and 1703 cih(centered at 1701 chin Figure 4.6, and in also marked B Figure 4.7)
comes from the beta sheets [7, 13, 47]; the bahdees 1630-1642 crhand the band
between 1643-1657 ch(centered at 1633 and 1649 tin Figure 4.6 and marked R in
Figure 4.7) comes from random coils [7, 44, 45¢ Hand between 1658 and 1667 tm
(centered at 1662 chin Figure 4.6 and marked A in Figure 4.7) comesrithelices
structure [7, 48]; and the band in the range of816696 cm-1 (centered at 1674, 1684
and 1693 cr in Figure 4.6 and marked T in Figure 4.7) usudlyontributed by the

turns [13, 43, 48]. Examples of fitted FSD speetra shown in Figure 4.7 (a) and (b),
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for HBA3; (semicrystalline sample) and HABearly amorphous sample), respectively.
FTIR results confirm that a minimum of 3 A-blockeearequired to form beta sheet
crystalline regions. It should be pointed out tRambyx morsilk fibroins contain a band
centered around 1630 &mwhich is believed to come from the formation okt
intramolecular beta-sheets [13]. The band centetesimilar wavenumber, 1635 ¢m
1640 cnt, was observed in other proteins, such as ElastadeTrypsin, in the less
ordered state, which most authors believe comes the low wave number components
of a “turns™-like extended chain structure [49-51h our spider silk block copolymers,
we also observed a peak at 1634 after FSD. We classified this peak as a randoiin co
contribution, consistent with our WAXD result arftetcrystallinity determined by heat

capacity modeling.

(a) HBA3

Absorption(a.u.)

| | | | | | | |
1720 1700 1680 1660 1640 1620 1600 1580

W avenumber(cm_l)
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(b) HAB3

Absorption(a.u.)

| | | | | | | |
1720 1700 1680 1660 1640 1620 1600 1580
W avenumber(cm'l)

Figure 4.7 Fourier self-deconvolution of amide | spectra fay HBAs; (semicrystalline
sample) and (b) HAB(nearly amorphous sample). Open circles -- medsdata; heavy
line -- summation of Gaussian peaks; thin soli@din- individual amorphous Gaussian
peaks; dashed lines -- individual Gaussian peaks foeta sheets; dotted lines -- the
residual between the fitted curve and measuredecuihe assignment of amide | bands
is taken from the literature [7, 13, 43-51] and dmare marked as random coil (R), beta-

sheets (B), alpha-helices (A), turns (T), and sit@ins (SC).

The close agreement between the total rigid fractpaicip, calculated from heat
capacity modeling and the crystalline fraction fraAXD and FSDof the infrared
spectrac_xray aNd@c_rrir, SUggests that the immobilized non-crystallinetica, @uw,
is negligible. This result is similar to what weuhd in theBombyx morsilk fibroin [13].
The crystal fraction accounts for the rigid fraatialmost entirely. Therefore, the two

phase model is also a more suitable one for thieskltocck copolymers.

166



Table 4.3 Peak Positions and Assignments of the Ada | Region Vibrational Bands

of Spider Silk-like Block Copolymer

Wavenumber [Peak Position | Peak Assignment References
Range (cn") |(cm™) (+2)
1595-1605 | 1597 (Try) side chains [7, 45, 46]
1605-1615 1612 (Try) side chains, aggregated s$ranjd, 45, 46]
1618-1629 1624 Beta sheet (strong) [7, 13, 47]
1630-1642 1634 Random coils, extended chdh 44, 45, 49-
structures 51]
1643-1657 1649 Random coils [7, 44, 45], [47]
1658-1667 1662 Alpha helices [7, 48]
1668-1678 1674 Turns [13, 43, 48]
1679-1685 1684 Turns [13, 43, 48]
1686-1696 1693 Turns [13, 43, 48]
1697-1703 1701 High-frequency antiparallel befd, 13, 47]
sheets (weak)

4.4.3 Interaction of Blocks in Spider Silk Block @polymer

The glass transition is an important intrinsic gp in a block copolymer or a

binary polymer blend.

interaction between different components. Gengrdllis believed that a singlegTan

The gTvalue as a function of volume fraction reveals the

be observed for all compositions when componenth®fblock polymers are miscible,

while two Ty values can be observeda compatible system where the components of the
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block polymers are partially miscible [52]q Values for pure components do not change
with composition in immiscible polymers [52]. lmiospider silk block copolymers, we
observed a single step change in heat capacitpidsrssilk block copolymers undergo
their glass transition during heating for all corspions (Figure 4.3). The data in Figure
4.3 show His-tag, A-block and B-block are miscibléhe Ty values are determined by

the inflection point and are summarizedlable 4.4

Table 4.4 The Glass Transition Temperature and Theetical Isoelectric Point (pl)

of Spider Silk Block Copolymers

Sample| T4 Onset| T4 Inflection (1) Ty End|AC, pl
(°C) +0.8 | (°C) +0.8 (°C) +0.8 | J/(mol °C ) #2

A 131 140.5 145.7 537.8 5.2
B 131.8 137.7 141.7 1063.3 8.8
BA 1171 132.6 142.7 1601.1 8.5
HAB; |167.9 173.9 179 6406.6 7.1
HBA 170.5 175.6 181.3 4303.3 6.3
HBA, |170.7 177.7 183.8 4835.2 6.3
HBA; |172.3 180.9 189.8 5367.0 6.3

Several models have been proposed to predict btogolymer and polymer

blend glass transition temperatures, such as the deuation [53], Gordon-Taylor
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equation [54], and Couchman equations [55]. AltHoubese equations have been
successfully applied to certain blends and copotgméor di-block copolymers and
miscible blends, when specific interactions exetileen components, these equations do
not actually coincide with the experimentg|[36]. Kwei's equation [57] adds in a term
to the Gordon-Taylor equation corresponding to #8teength of polymer chain
interaction, which may include hydrogen bondingthe block copolymer [58, 59] or
blend [59, 60]. Therefore is the most popular eigumagpplicable for systems with

specific interactions:

- WP WT)
A kW)

whereW; andW, are weight fractions of pure componerifg; and Ty, represent the

+qWW (4.11)

corresponding glass transition temperatures kaantiq are fitting constants.

The Ty values determined by the inflection point as ecfiom of weight fraction
of A-block is plotted irFigure 4.8 TheT, value of the block copolymer without His-tag
(BA) and with His-tag (HAB, HBA, HBA,, and HBA) were fitted separately by Kwei's
equation (4.11) and are shown in Figure 4.8 by edshne and dash-dot line,
respectively. For simplicity, we adoft= 1 in both cases [58, 59, 61]. For non-His
polymer,q = -27. For polymers with His-tag, because the tdg-and B have a similar
secondary structure, we treated them as one bldtich leads tay = 90. According to
Lin [62], whenk = 1, g < O, the enthalpy of mixing must be negative foe tiwo
polymers to be compatible, and the overall intéoactoetween the polymers must
therefore be attractive. The energy barrier t&kbane movement decreases, which leads
to a lower . On the other hand, whdn= 1, q > 0O, the energy barrier to backbone

movement increases, which leads to a high¢r4]. Thus, we can conclude that in the
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dry, condensed state, an attractive interactiosteXetween A-block and B-block, and

intermolecular interactions also exist between H&:k and A-block.

190~ .
180 U .

Eo- 2 k .
. HBA - ]
170- gy .

T, ‘0)
2
s

150+~ N 4

14027 33

. BA ——

—

130~ a

1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Weight fraction of A-block

Figure 4.8 Glass transition temperature vs. weight fractioddflock. Filled circles — §

value for each composition (as marked); dashed-limest fit line of spider silk block
copolymer without His-tag using Kwei's equation1(#) withk = 1 andq = -27; dash-
dot line — best fit line of spider silk block cogoler with a His-tag using Kwei's

equation (4.11) withk = 1 andq = 90.

To further investigate the origin of the interaatioetween blocks, the theoretical
isoelectric point (pl) of all compositions was adlted by using the Compute pkMool
from Expert Protein Analysis System (ExPASy) [63hsbd on their amino acid
sequences. From the Compute pl/Mw tool, we hav@AHilock) = 5.2, Pl (B-block) =

8.8, PI (His-tag) = 6.1 and PI (HB) = 6.3, whichane A-block, His-tag and HB-block
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are slightly negatively charged, and B-block isipesly charged in a neutral (pH = 7)
environment. This is the reason for the attracioree between A-block and B-block, but
repulsive force exists between HB-block and A-blodie Pl values of spider silk block

copolymers are summarized in the last column old4b!.

4.5 Conclusions

We have characterized the thermal properties oheury-synthesized family of
di-block copolymers inspired bMephila clavipesmajor ampulate dragline spider silk,
comprising an alanine-rich hydrophobic A-block,lgctme-rich hydrophilic B-block, and
a histidine tag, H. The secondary structure agdtal fraction can be controlled by the
volume fraction of each block. By WAXD and FTIRudies, we conclude that a
minimum of 3 A-blocks is required to form beta shegystals in the spider silk block
copolymer.

In this work, we also successfully predicted thidsstate heat capacities of our
novel block copolymers based on the vibrationaliomst of the constituent poly(amino
acid)s using heat capacity data from the ATHAS DB&mk. The liquid state heat
capacity was estimated by the sum of rotational taaasslational motions of individual
amino acid residues in spider silk block copolymeixcellent agreement was found
between the measured and predicted values of gitechpacity. From our prediction of
heat capacity, we provide an alternate method timate the crystallinity from DSC for
biological polymers, whose melting peak is usualhobservable because of relatively
low thermal stability. Our result is confirmed bpth WAXD and FTIR. The close

agreement between the total rigid fraction, cakealdrom heat capacity modeling, and
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the crystalline fraction, from WAXD and FS@f the infrared spectra, suggests that the
immobilized non-crystalline fraction is negligibléd two phase model is therefore more
suitable for the bio-block copolymers. Interactiof blocks in spider silk block
copolymer was studied by Kwei's equation appliethi glass transition temperatures of
spider silk block copolymer. Results indicate thttactive interaction exists between A-
block and B-block, while intermolecular interactialso exists between A-block and His-

tag.
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Chapter V. Determining the Effect of Water on

Spider Silk-like Block Copolymer Glass Transition

This chapter reports a study of the thermodynamapgrties, and structural
changes of protein-water system with respect téepraamino acid sequence. The heat
capacities of protein-water systems were also pné¢ed by using the underlying

molecular motion of both the constituent amino adidproteins and the water molecules.

5.1 Introduction

Protein-water interactions are considered one ®itlbst important topics in bio-
macromolecule studies [1-5], protein science [6aid food science [8, 9]. Generally,
water in polymeric systems can be classified inted types [3, 10]: free water, freezable
loosely bound water, and non-freezing bound watker.the protein-food systems, the
classification of the type of water in protein-waitgeractions is described in more detail
[8], and includes: structural, monolayers, unfrédzahydrophobic hydration, imbibition
or capillary condensation, and hydrodynamic hydratvater. The character of protein-
water interactions will determine not only the giatfunctional properties [8], such as
solubility, wettability, swelling, gelation, colldal dispersion, and water holding capacity,
but also it will affect the stability of the probsi [11], the process of phase transition [12]

and the kinetics of crystallization [4].
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To further understand the relation between thegmmetater interactions and their
effects on the functional, structural, and physalperties of the proteins, researchers
have attempted to determine the specific binditessdf water in the protein molecules.
Kuntz et al.[1, 2] used nuclear magnetic resonance (NMR) testigate the degree of
hydration of synthetic polypeptides. Accordingtheir findings, water binding depends
on the composition and conformation of the protamiecules: nonpolar amino acid side
chains, such as those of alanine and valine, bivedveater molecule; polar side chains
bind two or three water molecules; and ionic sitaims, such as those of aspartic and
glutamic acids and lysine, bind four to seven wateolecules per amino acid.
Researchers also studied the plasticization eféécbound water molecules on silk
crystallization and the thermodynamic propertieshef polymer-small molecule system.
Hu et al. [3, 4] using differential scanning calorimetry (DSGuggested that the
crystallization process of silk fibroin proceedsotigh an intermediate precursor stage
associated with water removal. Pyefaal. [5, 12, 13] also found in DSC studies that
water plasticizes the glass transition step instiaech-water system. The water-protein
interaction is also widely investigated and useddantrolled thermal treatment of silk
samples. Jiret al. and Huet al. used water vapor annealing to thermally treat
regenerated silk fibroin and obtain transparetkt fiilns with various beta sheet contents
[14, 15]. However, few works have been focusedhennature of the influence of bound
water to the glass transition and the relation wiith proteins’ amino acid sequences.
Thus, in-depth investigations are still needed.

Spider silks are one of the most interesting biemas which can provide

remarkable insights into protein—water interactiph®-18]. In addition to light weight
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and extraordinary mechanical properties [19], thidex dragline silk oNephila clavipes
also displays an intriguing behavior when exposeddter: it will contract to about half
of its original length and swell in diameter [201]2 This phenomenon is called
supercontraction [21]. The spider dragline sillkntains an alanine rich GA/Amotif
which formsp sheets structures that correspond to the crysalgions, a glycine rich
GGX motif that formsa helices giving rise to a non-structured amorpheggon, and an
N-terminus and C terminus [22, 23]. The super@mtion has been shown to result from
the dissolution of the hydrogen-bonding network thalds the non-crystalline glycine-
rich parts of the spider silk together [24, 25]hisT knowledge about spider silk-water
interactions is very valuable in the developmenamblications for silks. Studies of silk-
water interactions are most widely applied in thenredical area, such as in producing
biodegradable protein membranes and micelles amnait drug delivery systems [26,
27]. It is also used in other areas, such as minduhigh-performance fibers and for
tissue repair [19].

To obtain a fuller understanding about silk-watgeractions and the relationship
between the amino acid sequences, we charactexined family of recombinant spider
silk-like block copolymers inspired by the genetérjuences found in spider dragline silk.
We used these biopolymers with well controlled amicid sequences to further
understand the morphological features, the thermawhyc properties, crystallization
kinetics, and the plasticization effect of waterlecoles. We have chosen di-block
copolymers as the model system based on MaSpl andtyidrophobic GA/A and

hydrophilic G&, and produced the spider silk-like block copolysnesing recombinant
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DNA technology [27]. The self-assembly morphologyas observed by scanning
electron microscopy (SEM).

In Chapter IV, we used a model [28] to calculat ltleat capacity of recombinant
spider silk-like block copolymers in the solid aquid state, below or above the glass
transition temperature, respectively, based on gretein amino acid sequences. In this
study, we apply this model to the synthetic proteater system, using it with
temperature  modulated differential scanning caleti;n (TMDSC) and
thermogravimetric analysis (TGA) to study the effe¢ water on the protein glass
transition. We are able to quantify the water eantin proteins as well. Fourier
transform infrared spectroscopy (FTIR) has long nbee sensitive tool for the
characterization of the protein secondary strust{28, 30]. In this study, we used real-
time FTIR during heating as a structure specifaberto monitor the secondary structural
changes during water removal. With this approadmbined with quantitative heat
capacity analysis, we can further understand tlogepr-water interactions and their
relationship to specific amino acid sequence.

Aside from the fundamental perspective, we alsaigaite that these results will
inspire the design and control of water mediateddégradable materials for drug
delivery systems and smart silk-based materialsctwhill self-assemble into various

structures as a function of processing conditiortstaermal history [31].
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5.2 Experimental Section

5.2.1 Materials

Two sets of recombinant spider silk-like block clypwers were used in this
study. The first set of proteins, A, BA and B dsitsof genetic variants of MaSp1l from
the dragline of the spid@&tephila clavipeswhere the A block (hydrophobic) is composed
of GAJ/A, poly-alanine repeat, and the B block (hydrophilis)composed of G&%
repeats. In order to prevent cyclization of thetpes, the C-terminus was modified to
an amide. These proteins were purchased from Tirfigersity protein core facility
(TUCF) in powder form, and then purified. The set®et of proteins, HBA HBA;,
HBA, HAB,, and HAB;, consists of the same genetic variants as thoeedfrst set, but
with a His-tag consisting of six histidine residwesl a short linker sequence[27] instead
of the C-terminus. These di-block copolymers wvatlidis-tag were bio-synthesized in
Prof. Kaplan’s labs using recombinant DNA technglogThe synthesis method was
described in a previous paper [27]. Protein ideation was confirmed by matrix-
assisted laser desorption/ionization time of fligiALDI-TOF) mass spectrometry. All

the experimental measurements were performed wiith form material.

5.2.2 Thermal Analysis

Temperature Modulated Differential Scanning Calaing (TMDSC)

Temperature Modulated Differential Scanning Caletiy (TMDSC)
measurements were performed on a TA InstrumentsO@B8C equipped with a
refrigerated cooling system. The samples with nadsrit 2 mg were encapsulated into

aluminum pans and heated in the DSC cell at arigeadite of 2 °C/min with oscillation
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amplitude of 0.318 °C and a modulation period ofs60The empty aluminum reference
pan with the same weight as the sample pan wasinsddthe runs. The DSC cell was
continuously purged with dry nitrogen gas at a fiate of 50 mL/min. The temperature
and heat flow of the DSC were carefully calibratesing indium standard before

experiments.

Thermogravimetric Analysis (TGA)

Thermogravimetry (TGA) measurements were performeda TA Instruments
Q500 thermogravimetric analyzer. Samples with emsbout 4.0 mg or 5.0 mg were
heated in the TGA furnace at a heating rate of Zni€ from 25°C to 400°C. A
nitrogen purge gas was used at a flow rate of 5@mim. To prevent light density
samples from being blown out of the basket by g#ro gas flow, samples were
encapsulated in aluminum DSC pans during heatBigall pin holes were made on the
DSC lids to let the sample surface be exposeddatimosphere and to let degradation
products escape. Before each run, the empty platipasket and empty DSC pan were

used together to calibrate the zero point of the tweight.

5.2.3 Real-time Fourier Transform Infrared Spectrogopy (FTIR)

Real-time Fourier transform infrared spectroscopyIR) was carried out on a
Jasco infrared microscope IRT-5000 in transmissimae with a liquid nitrogen cooled
Mercury-Cadmium-Telluride (MCT) detector, in comaiion with a Mettler optical
microscopy hot stage FP90. Sample films cast dciura fluoride (Cak) discs with

thickness about 10 microns were first stored inaauum oven for 1 hour and then
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inserted into the hot stage for FTIR measuremerit®les in the hot stage platens
permitted the IR beam to pass through the samptestly to the MCT detector. The
real-time FTIR scans were performed at a heatitg o& 2°C/min from 30 to 220C.

The absorbance spectra were obtained by averag@®gdans with a resolution of 4.0
cm®. The frequency ranged from 400 to 4000 tmThe background spectra were

collected under the same conditions and subtrdcted the sample scans. Before the

experiments, the temperature of the hot stage aldwated with a thermocouple.

5.2.4 Scanning Electron Microscopy (SEM)

The surface morphologies of the water cast recoambirspider silk-like block
copolymers films were imaged using a Zeiss Supré&S¥M and a Zeiss Ultra55 SEM
in the Center for Nanoscale Systems at Harvard éseity. Lyophilized samples were
dissolved in water to a final concentration of 1/mig, and then cast on a silicon wafer
and air dried in vacuum oven for 1 hour at roomgerature. After drying, samples were
sputter coated with platinunpalladium. Images were taken using SE2 and InLens

detectors at 5.00 kV.
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5.3 Results and Discussion

5.3.1 Thermal Analysis

The state of water absorbed in polymeric systenms b classified into three
types [3, 10]: (i) free water, (ii) freezable lobs&ound water, and (iii) non-freezing
bound water. Free water is not intimately boungdtymer chain and behaves like bulk
water. A sharp melting endothermic peak &@0should be observed by DSC if free
water exists in the polymer matrix [32]. The frakle loosely bound wates weakly
bound to the polymer chain or interacts weakly withn-freezing water and displays
relatively broad melting endotherms at temperatgrester than 0 °C on heating due to
these weak bonding interactions [10, 33]. The fieazing bound water is strongly
bound to the polymer chain and has no detectabdsepkransition [32, 33], but it can
affect the glass transition by plasticization [3h our study, the influence of water on
protein thermal properties was determined by TMD®ecause the total sample mass is
decreasing during the TMDSC heating scan, the wdimgs of samples due to water
evaporation during heating was measured by TGAumed to calibrate the temperature

dependent sample mass in TMD34T), by:

M (T) = Mg X Wt%(T) Ap

where Mpsc is the initial sample mass in the DSC, amid6(T) is the percent residual
weight (in the range from 1 to 0) at temperaflireeasured by TGA.
Figure 5.1 shows TMDSC total heat flow of recombinant spidigk-like block

copolymers films: (a) A, BA, B and (b) HBAHBA, HBA, HAB,, and HAB;, with
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heating rate 2 °C/min from -60 to 220 °C. The Itbeat flow,HF(T), and the reversing

heat flow,RHF(T), are normalized at each temperaturévi§y) using:

HF (T) = HR g XM s/ M(T) = HF oo/ Wt% (5.2a)

RHF(T) = RHEgc X Mpse/ M(T) = RHFo/ Wi (5.2b)

In these recombinant spider silk-like block copodys) the free water was removed by
storing samples in desiccators and keeping samiplea vacuum oven at room
temperature for 1 hour before measurements. Tgndothermic peak at°@ could
be observed in Figure 5.1, and the major influeotcevater on proteins comes from
bound water. A series of wide endothermic peaksered at about 68C were observed
in all samples, and marked on the total heat flowh & dashed circle (on the left) in
Figure 5.1(a) and 5.1(b). These endotherms cattbbuted to the heat absorbed by the
evaporated water molecules [34, 35]. As suggebiediu et al[36], the beta sheet
crystal formation in silk fibroin-water system alswolved a stage in which a disordered
non-crystalline protein (state 1) containing bowater transformed into a precursor state
(state 2) of higher molecular chain order followiggnoval of bound water. Thus, if a
crystallization process exists in the silk-wateistsyn, an exotherm should also be
observed close to the endothermic water peak dtleetprotein chain rearrangement into
a precursor state.

In our recombinant spider silk-water system, foadd BA, a sharp endotherm
was observed before the wide endotherm. The widimteermic water peak contains
contributions from bound water removal as well esmf exothermic heat flow from

formation of a more ordered precursor state. FoHBAj; HBA; HBA, HAB,, and
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HAB3, only one broad endotherm was observed becaug@emursor state is formed
during the heating process, and the wide endotleniy comes from the bound water
removal. The position of the endothermic peak determined by the minimum of the
total heat flow curve in the range from 50 to Z@0and summarize@iable 5.1column 2.

Interestingly, as the volume fraction of hydrophiB block increases from HBAto

HAB3 in His-tag containing spider silk-block copolymeitse peak position continuously
shifts to a higher temperature. This is as exjgedce when the more hydrophilic B
blocks were added into the block copolymer, dutheowater-protein affinities, higher
average activation energy is needed to partitiotermaolecules from the protein chains
which leads to a higher transition temperature. eréfore, we can confirm that this
endothermic peak relates to the vaporization ofoitxend water molecules from protein,
and the transition temperature is strongly reldtedhe hydrophobicity of the protein

amino acid sequence.
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Figure 5.1 TMDSC total heat flow of recombinant spider silkdiblock copolymers
films: (a) A, BA, B and (b) HBA, HBA; HBA, HAB,, and HAB;, during heating at
2 °C/min from -60 to 220C. The endothermic water removal peaks are manktd
dashed circles, the exotherms due to formation gfexursor state are marked with
arrows, and the exotherms due to crystallizatiooross-linking are marked with dashed

square.
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Table 5.1 Thermal Properties of Recombinant Spidesilk-like Block Copolymers

Sample Water Peall | T4(1)® | T¢(2)° | To(@)on® | AHC z:::ll/mol)
(°C) £1 ((CO)+2 | (O x1 |(C)x1 |+l | T

A 67 67 140 141 38 I

BA 65 63 128 133 41 I

B 72 36 131 138 36 3.8

HBA; |58 17 181 181 36 2.3

HBA, |64 18 176 178 39 2.3

HBA |66 25 176 176 33 3.3

HAB, |66 25 174 175 47 3.3

HAB; |67 27 171 174 47 3.4

& From TMDSC total heat flow (Figure 5.1) at 2.0r°(H.

P From TMDSC reversing heat flow (Figure 5.2) at Z0min.

“The glass transition temperature of dry proteieradinnealing at 12¢0C as reported in
our previous study [28].

4 Enthalpy calculated per gram of sample, from isotial holding (Figure 5.4) at 50 °C
for 10 min.

® Binding energy per mole of bound water, from igothal holding (Figure 5.4) at 50 °C

for 10 min.

" Cannot determined since precursor state is atsaifig.
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Exothermic peaks were also formed abdy@) in A, BA and B, and marked in
the total heat flow with a dashed square in Figui€a). The exothermic peaks in A and
BA are the non-isothermal crystallization peaksitaited to the random coil to beta
sheet conformational transition [4, 34, 36]. Aswh in Figure 5.1(a), BA has a slightly
higher and broader crystallization temperature tAarwhich indicates that BA needs
larger enthalpy to self-assemble into differenticl@nformation due to its longer chain
length and non-crystalline B-block [37]. Becauseld®s not crystallize during heating,
as shown by our previous studies [28, 38], its fesoh could be attributed only to the
protein chain aggregation and crosslinking [39, 40f not to crystallization of protein.
Since HBA had already crystallized during lyophilizationdadBA, HBA, HAB,, and
HAB; do not crystallize during heating, no exotherméalp was observed in His-tag
containing recombinant spider silk-like block copukrs, as shown in Figure 5.1(b).
When the temperature is above 280 all samples start to degrade.

The glass transitions of protein-water systemsg@aply the bound water induced
glass transitions of the protein—water system,banged in the large endothermic peak
related to the water loss in the total heat flowwes. Therefore, the reserving heat flow,
as shown irFigure 5.2 is analyzed to separate the glass transitioeyersing process,
from the water loss, a non-reversing process. TDhss transitions can be clearly
observed in Figure 5.2 for all of the samples: tbeer glass transitions of the
protein—water system which are markedTg€l), and the glass transitions of proteins
after water evaporation which are markedlg®). The positions of th&gy(1)s and the
Ty(2)s are marked by short lines at the midpoint of gless transition step with two

dotted lines that show the extrapolated baselirigbe glass transitions in Figure 5.2.
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The glass transition temperatures are summarizdalate 5.1 columns 3 and 4. For A
and BA, a precursor state (state 2) [36] for bétees crystallization is formed during
heating, and therefore a higher energy is needetthéoprotein chain to transform from a
non-crystalline state to the more ordered precustaie, which leads §y(1)s occurring

at about 65 °C. The formation of the precursotestacilitates the beta sheet
crystallization at high temperature, and they psssamilar characteristics. When the
protein chains form the precursor state, the psdssexothermal, and due to the
reduction of the molecular vibration induced by arenordered structure, the reversing
heat capacity decreases [41, 42], which leads tm@ease of the reversing heat flow.
After the precursor state, the water moleculesranmgoved quickly in A and BA, due to
the hydrophobic nature of the A-block, and thisdke#o a bound water removal peak at
65 °C, which is very close to thélig(1)s. On the other hand, for B, HBAHBA; HBA,
HAB,, and HAB, the protein chains, which are hydrogen bondewater molecules,
only transform from a glassy state to a rubbertestaut not into a precursor state (as A
and BA do). These samples havg(1)s at about 25 °C. When the protein chains reach
the rubbery state, the mobility of both the polyraad water molecules are considerably
enhanced [43], the water molecules are removed slovdy in B, HBAs, HBA, HBA,
HAB,, and HAB;, due to the hydrophilic nature of the B-block &fid-tag, and this leads

to a bound water removal peak at 65 °C, which ishmhugher than theify(1)s.
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Figure 5.2 TMDSC reversing heat flow of recombinant spidek-tike block copolymers
films: (a) A, BA, B and (b) HBA, HBA; HBA, HAB,, and HAB;,, during heating at
2 °C/min from -60 to 220C. The positions of th&y(1)s and theTy(2)s are marked by
short lines at the midpoint of the glass transitstep with two dotted lines that

extrapolate the baselines used to determine tiss glansitions.
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To further analyze the glass transitions of thee@mwater system, the reversing
heat capacity was calculated from TMDSC reversiegt flow measurements. To obtain
the mass-normalized specific reversing heat capacdf recombinant spider silk-like
block copolymers films, and account for water legsecific reversing heat capaciti€s,
were first calculated. Because the DSC sample vpas not completely sealed, the
sample mass was decreasing during heating due tevéporation and removal of water
molecules from the sample. Thus, the specificnsng heat capacitie€,, need to be
normalized byM(T), and the mass normalized specific reversing hapadties can be

expressed as:
Mass NormalizedC ) = C x M./ M(T) = C / wlb (5.3)

The heat capacity of polymer-small molecule systéass been studied in our previous
works [4, 5, 44]. To calculate the theoreticalthesgpacity baselines for the protein-water

system, we adopted a similar approach:

C,(Proteir® - watef*) = ¥, T G4 proteit ¥l T ¢°¥ watp  (5.43)

C, (proteid™ — watet™) = y_ .( T G ( protelt x,..( ¥ ¢"( watg (5.4b)

where Cy(proteirr® — wate®® and C,(proteif®® - watef'™) are the calculated

s°ldprotein)is the

solid and liquid specific heat capacity of the piotwater systemC,
calculated solid state protein specific heat capdmased on the vibrational heat capacity
of each amino acid in the protein sequences Bzgj*,”id(protein) is the calculated liquid

state specific heat capacity based on the numbisxeahobile units of each amino acid in

the protein sequences [28],9***{water)is the vibrational heat capacity of glassy water

192



[5, 13], C,'""“(water)is the liquid heat capacity of water [13], agteiT) andXuate( T)
are the weight fractions of protein and water, eetipely, at temperaturgin the system
determined by TGA with the relationshrotei(T) = 1- Xuated T).

Figure 5.3 shows the mass normalized apparent specific neneheat capacities
(heavy curves) of all the samples based on theeétun method” [28] along with the
theoretical baselines in the glass transition megitn our previous work [28], when the
temperature is below the protein glass transi@ngerature, the specific heat capacity of
dry protein is calculated based on the vibratianation of each amino acid residue in
the protein sequence. When the temperature is abave the protein glass transition
temperatureC, is based on the vibrational, rotational, and tigienal motion. In our
present study, we extended our calculation to @epravater system through equations
5.4a and 5.4b using the glassy and liquid heataitypaf water listed in Pyda’s work [5,
13], and employed these calculations to evaluagddtr baselines in Figure 5.3. As can
be observed in Figure 5.3, the mass normalZgedverlapsC,(proteir’® — wate®** at
low temperature, and when the temperature increatbed deviation between them
gradually increases due to the glass transitiomxadion processly(1), in the protein-
water system. After the glass transition of thetgin—water system was completed, the
reversing heat capacity decreases to the specdat lcapacity of a dry protein,
C,"protein), due to evaporation of water during the TMDSC imgascan. This
indicates the formation of the precursor state ghodecreases t@, of the protein-water
system, but has negligible effect on tg of the now dry proteins. Finally, as
temperature increases, the mass normalzethcreases again due to the second glass

transition relaxation procesg(2), in the now dry protein.
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By analyzing the reversing heat capacity with ther fbaselines derived from the
heat capacity model based on our previous papdrd@8 equation 5.4, quantitative
information was revealed from the glass transisteps. The heat capacity step changes
at the glass transition temperature are due todtational or translational motion of the
protein backbone [5, 28]. As shown in Figure 3t heat capacity steps ©f(1), are
much larger and more distinct in A and BA, tharBinHBA3;, HBA, HBA, HAB,, and
HAB3. This result indicates more rotational or tratisteal motion due to the formation
of the precursor state exist in A and BA. Moreoumrcause A-block is a hydrophobic
block while B-block and His-tag are hydrophilic bks, more hydrogen-bonds are
formed between the protein chains and water madsaul B, HBA, HBA,; HBA, HAB,,
and HAB; than in A and BA. Thus, in A and BA, water onlgta as plasticizer to
increase the free volume which reduces the “frictioetween protein chains during the
conformational change &iy(1). In B, HBAs, HBA; HBA, HAB,, and HAB, water
molecules not only act as plasticizers but alsbil&zad the protein chain conformation at
Ty¢(1) by inter-chain hydrogen-bonding, therefore in thgmeteins, theTy(l)s are
broadened. The second glass transition relaxation proces§g8)s, in the now dry
protein, are summarized in Table 5.1 column 4, @mdpared with the glass transitions
of the annealed dry proteiny(2)ory, reported in our previous study [28] and shown in
Table 5.1 column 5. Thegvalues in columns 4 and 5 are very close in mases,
which indicates the proteins are almost dried dufieating, andy(2) is just the glass
transition of the protein-only system. For somehaf hydrophilic proteins, such as B or
HAB3, Ty(2) is slightly lower than th&y(2)or, which indicates an incomplete removal of

non-freezing bound water which plasticizes the girotchains and reduces the glass
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transition temperature. The heat capacity step @&iZy(2) can also be used to determine
if the sample is amorphous or semicrystalline bebow little abovely(2) during heating.

As shown in Figure 5.3 (a) and (d), the heat capateps ail4(2) are smaller than the
predicted values for amorphous sample, thus A aBéd4Hare semicrystalline samples
with both amorphous phase and crystalline phasédewh Figure 5.3 (b), (c), (e) - (h),
the heat capacity steps B(2) are equal to the predicted values for amorphonsks
thus B, BA, HBA, HBA, HAB,, and HAB are amorphous samples in the temperature
region belowTy(2).

In addition to the quantitativenalysis of the protein-water system glass transiti
steps, this model can also be used to determingvadlber content inside the protein, by
fitting the apparent specific heat capacity belyfd) with equation 5.4a with a constant
Xwated T)- The value ofXyaeT) indicates the percent of water inside the probeatrix.
The bound water content determined by the heatcdgpaodel agrees with the value
that is determined from TGA measurement, and isaihples there was about 5 wt% of

bound water.
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Isothermal experiments were also performed to stigate the binding and
conformational transition in th&y(1) region. Figure 5.4 shows the endothermic total
heat flow as a function of time when holding isethally at 50°C, and the endothermic
behaviors ended at about 10 min for all samples.cdlculate the protein-water binding
energy and the conformational relaxation energy,tthal heat flow was integrated with
respect to time. The enthalpy, which is determined by the endothermic peak,dsea
summarized in Table 5.1 column 5. The water-prot@nding energyAE, which is
calculated as the heat absorbed to remove the watiercule from the protein chain per
mole of bound water during the isothermal holdirggalso summarized in Table 5.1
column 6. The calculateflE for our spider silk-like block copolymers is inetrange
from 2.3 to 3.8 kcal/mol, and the value is compkedb the prediction of ligand (water)
binding affinities of 3.5 kcal/mol [45]. The resuhdicates that the energy absorbed by
the evaporated water molecules is strongly depéndenthe volume fraction of the
hydrophilic block in the protein. As illustrateg biBA3;, HBA,, HBA, HAB,, and HAB;,
the water-protein binding energWE, increases with increased volume fraction of
hydrophilic B-block. For A and BA, as we suggested previously, the #retmic peaks
can be attributed to two phenomena: the waterdossg heating and the protein chain
rearrangement into a precursor state. Thus, thleaky that is determined by the
endothermic peak area is the summation of the hrytimeeded for these two phenomena
for A and BA at the fixed temperature, 30, and these enthalpy values cannot be used

to calculate the water-protein binding enerfy§, for A and BA.

200



€)
»‘-'.'\.
=
~
S’
E
=
=
~—
]
@ i
T :
AN 01Wig |
/ Endothermic Peak
Exo Up
0 2 4 6 8 10
Time (min)
(b) HBA
2
&8
'
-4
=
£
~—t
b
0 i
: ;'
Endothermic Peak
Exo Up
0 2 4 6 8 10

Time (min)

Figure 5.4 TMDSC total heat flow curves versus time of rebamant spider silk-like
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5.3.2 Secondary Structure Analysis

Though TMDSC provides us a detailed picture abbatmal transitions in the
protein-water system, it does not provide any imsigbout what type of structure is
formed or diminished during that transition. Thiusther investigation using a structure-
specific probe to monitor the structural changesinduheating is needed. Fourier
transform infrared spectroscopy (FTIR) has beerestablished tool for the secondary
structure characterization of polypeptide and pnstg¢29, 30, 46]. In this study, we
carried out FTIRanalysis to assess secondary structural changescambinant spider
silk-like block copolymer during heating in the amil region (1700-1600 cm-1), which
contains contributions from the C=0 stretching attom of the amide group (about 80%)
with a minor contribution from the C-N stretchinipration [30], and the amide Il region
(1575-1480 cm-1), which arises from N-H bending®%@nd C-N stretching (40%)
vibrations [29].

Figure 5.5shows the real-time FTIR spectra of recombinaittessilk-like block
copolymers during heating at°2/min from 30 to 220C. The spectra are collected
situ with the use of a hotstage. Compared to thetiomdil heat treatment method in
which the samples are heated to varying elevateghaeatures, and then measured at
room temperature, more accurate kinetic informatian be obtained using &m situ
method by avoiding additional structural changekiged by cooling after the actual heat
treatment. To separate the role of the temperatores on the IR absorbance intensity, a
Boltzmann calculation is performed for our spidiét-ke block copolymers. Following
the theoretical calculation by Snydsral. [47], the ratio of the absorbance of an infrared

band at two temperaturek, andT,, at wavenumbef, can be expressed as [47]
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A, _expthar/KT)+1
A, exphar/ KT )+1

gp.

whereh is the Planck’s constamtjs the speed of light, arldis the Boltzmann constant,
with the value ofhc/k = 1.439 cm K. By equation 5.5, we can concluds,tin the
Amide | and the Amide Il regions (1700-1480 tmthe ratio of the absorbances of an
infrared band at 220 °C and 30 °GyA 30, is about 0.99, which means only about 1% of
the decrease of IR absorbance at the highest tatmperin ouin situ measurement, 220
°C, is due to the thermal effect. Other factorsrelase the IR absorbance as well, such as
the reduction of the free volume of the water pig#=td sample film induced by
annealing. Polymer chain conformational change® ahfluence the IR absorbance
intensity. Hu et al. performed a similain situ FTIR measurement for the water
plasticized silk fibroin films [3, 4] with a methahtreated film as the reference. From
their result the thermal effect from the Boltzmarahculation along with the reduction of
free volume by annealing leads to no more than% #@crease of the IR absorbance
intensity in the Amide | and the Amide Il regior& B], and the major influence on the
IR absorbance comes from the conformational charsgeh as the formation of the beta
sheet secondary structure.

To investigate the structural changes during hgatinour spider silk-like block
copolymer, we correlate the IR wavenumber with sdeoy structures. The band
assignments are summarized Tiable 5.2 In general, we classify the components
between 1620-1630 ¢mand 1520-1530 crhto intermolecular beta sheets; 1630-1667
cmitand 1520-1551 crhto random coils and helices; and 1670-1695 chto turns [28,

48]. Because HBAHBA, HAB,, and HAB shows a similar structure to B at room
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temperature, and exhibit a similar structural cleadgring heating, in Figure 5.5, we only
show A, BA, B, HBA and HAB, as examples. As observed from the FTIR specéta, b
sheets dominated in A and HBAwhile random coils and alpha helices dominate8An

B, HBA; HBA, HAB,, and HAB; at 30°C. When temperature increases from°@0to
220 °C, we observed an increase of beta sheets structukeand BA, as well as an
increase of beta turns structures and a decreassmaddm coils and alpha helices in all
samples. Results indicate that A, consisting dy time hydrophobic alanine rich block,
is the most easily crystallized sample. It wastalized at room temperature during the
lyophilization process, and it can also by crystall by thermal treatment. BA and
HBA; have a relatively higher volume fraction of thellgphobic alanine rich block, and
they form beta sheets either by thermal treatmeittydyophilization, respectively. B,
HBA, HBA, HAB,, and HAB have a relatively low volume fraction of hydrophobi
alanine rich blocks, therefore they do not form d&®ya sheets in the protein matrix.
Hydrogen-bonding also influences the wavenumbeahefabsorption peaks. In general,
hydrogen-bonding lowers the frequency of stretchinlgrations, but increases the
frequency of bending vibrations [46]. By destrayithe hydrogen-bonding between
protein and water molecules during heating, the Gt®tching vibration of the amide
group should shift to a higher frequency in the Aeni region, and the N-H bending
vibration of the amide group should shift to a lofirequency in the Amide Il region. As
shown in Figure 5.5, the beta sheet peak, in thed@rh region, slightly shifted to a
higher frequency (from 1624 ¢fto 1629 crit* within the resolution), and in the Amide
Il region, it also slightly shifted to a lower freency (from 1526 cil to 1521 crit

within the resolution) in semicrystalline A and HBAamples. Results indicate that
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hydrogen-bonds in the protein-water system brokeinduheating in thein situ

measurements.
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Figure 5.5 Real-time FTIR spectra of recombinant spider BK&- block copolymers
films: a) A, (b) BA, (c) B, (d) HBA, and (e) HAB during heating at 2C/min. HBAy
HBA, HAB,, and HAB; show a similar trend as B. Keys: Blue curve -°Gfturquoise

curve — water peak; green curveg(d); and red curve - 220 °C.

207



Table 5.2 FTIR Vibrational Band Assignments of Recombinant Spder Silk-like

Block Copolymers in the Amide | and Amide Il Regiors

Amide | Amide I
Wavenumber : Wavenumber .
Range (cnt) Peak Assignmernit Range (cnt) Peak Assignmerit
1595-1605 Side chains
1605-1615 | >'de chains, aggregated | 1 4q0 151 (Tyr) side chains
strands
1618-1629 Beta sheet (strong) 1520-1530 Beta sheet
1630-1642 | Random coils, 1520-1545 Random coils
extended chain structures
1643-1657 Random coils 1526-1527 (Lys) side chains
1658-1667 Alpha helices 1545-1551 Alpha helices
1668-1678 Turns 1556-1560 (Glu) side chains
1679-1685 Turns 1574-1579 (Asp) side chains
1686-1696 Turns 1575, 1594 (His) side chains
High-frequency
1697-1703 antiparallel beta sheets
(weak)

& Reference [28, 30, 46]

b Reference [48, 49]

To further understand the conformational transitionng heating, the changes in
the absorption spectra are visualized and examisegd) difference spectra. The residual
absorbancegAbs(T) between the absorbance spectra at temperajukbs(T) and the

initial spectrum at 30 °CAbs(30) was calculated by:
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AAbs(T) = Abs(T) — Abs(30) (5.6)

In the difference spectra plots (Figure 5.6), i tlesidual absorbance is positive, the
bands are attributed to developing structures, edwerf the residual absorbance is
negative, the bands are attributed to diminishitigctures. A control sample whose
structure was not changing during the scans wasl useillustrate the effect of
temperature alone as well. To serve as a cordropke, BA was annealed to remove the
bound water and it was crystallized during the afing, so no thermal transitions occur
in the temperature range beldy(2). The residual absorbanetibsonio = Abs(Ty(2)) —
Abs(30) for the control sample is shown in Figure 5.6(range traces). Compared to
the conformational change of the silk-water systéne, thermal effect alone on the
sample is relatively small.

By observing the difference spectra, the conforomati change of the secondary
structure can be seen more clearly. As showrigure 5.6 when the temperature
increased from 30 to 220 °C, in amorphous sampled) as B, BA, HBAHBA, HAB,,
and HABs;, the IR absorbance centered around 1650° emd 1550 cr decreased
dramatically, corresponding to the vanishing randmits and alpha helices structures
[30, 46, 50]. In semicrystalline samples, suchAagsnd HBAg the IR absorbance
centered around 1617 €m1650 crit and 1533 ci decreased, corresponding to the
reduction of side chain vibrations [4, 49], thefwshg of the beta sheet band [46], and the
loss of random coils and alpha helices structu88s46, 50]. The bands centered around
1718 cm' and 1696 cm increased during heating from 30 to 220 °C irsathples, and
this indicates the development of new structuréhe peak at 1718 chincreases

dramatically when the temperature is abdy€2), and it is usually assigned to the
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oxidation peak of proteins [50]. The peak at 1686 increased during heating as well,
and it indicates the development of beta turn28,50]. Thus, in the heating process,
some mobile random coils and alpha helices transfdrinto more stable conformations,

such as beta turn structures, and at high temperdhe samples oxidized in air.
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HAB, (e)
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Figure 5.6 Real-time FTIR residual absorbance spectra ofméaoant spider silk-like
block copolymers films: (a) A, (b) BA, (c) B, (d)BA3, and (e) HAB during heating at
2°C/min. HBA, HBA, HAB,, and HAB; show a similar trend as B. Keys: Blue curve —
30 °C; turquoise curve — water peak; green cuilig2); red curve - 220 °C; and orange
curve in (b) — example of the thermal effect oncteebelow T(2). Residual absorbance

is calculated from equation 5.6.

To investigate the secondary structural conformmatbhange during the glass
transition, the kinetics of the formation of betants and the loss of random coils and
alpha helices were studied using the normalizéds vs. temperature plots. The
normalized4Absare calculated by theAbsvalues divided by the absolute value of the
maximum change oflAbsin that temperature range. The conformationalsiteons at
Tyg(1) and Ty(2) are investigated separately by using amorphouspleamand are

illustrated inFigure 5.7 andFigure 5.8 by BA and HBA, respectively. As shown in
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Figure 5.7 (a - b) and Figure 5.8 (a - b), with itherease of the temperature arodig(l)
region, the bands at 1640 ¢émdecreased, while the bands at 1696'cimcreased. The
decrease of the 1640 €nband is due to the vanishing of random coil streeeand the
removal of the bound water, and the increase o186 cni indicates the formation of
beta turns. As shown in Figure 5.7 (c - d) andufeédb.8 (c - d), with the increase of the
temperature aroundly(2) region, the bands at 1662 ¢mdecreased, while the bands at
1696 cni increased, which indicates a diminishing of thehalpelices and increase of

the beta turns.
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Figure 5.7 Normalized residual absorbance spectra of reccembispider silk-like block
copolymers films during heating a2/min, illustrated by BA. (a) Change of 1640tm
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The rate of change in the band is suggested bgltpe of the normalizedAbs
curve. In theTy(1) region, the bound water molecules initially expeshdhe accessible
conformational space and acted as a “mobility eocddrof the protein chains. When the
bound water is removed from the protein, the frekiwme in between the protein chain
was reduced, which caused a conformational tramsibf loosely packed random coil
structure to beta turns in all samples. As shawfigure 5.7 (a - b) and Figure 5.8 (a - b),
the rate of this conformation change increases intheasing temperature. Because the
Ty(1) region overlaps the bound water removal regioa,rtte is related to not only the
glass transition but also to how fast the boundewest removed from the protein chain.
During Ty(2), the now dry amorphous protein chains themselrkassformed from a
glassy state to a rubbery state. The rate of ehaignificantly increases at the glass
transition temperature, and during this thermaiditzon, alpha helices change to the beta

turn conformation.
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5.3.3 Morphology Analysis

The morphology of recombinant spider silk-like Koaopolymers was
exanimated by SEM. The protein chain configuraiaan be classified into three
different groups, as shown figure 5.9 (1) a hydrophobic head (A-block) with one
hydrophilic tail (HB-block), such as BA, HBAHBA,and HBA, (2) a hydrophobic head
(A-block) with two hydrophilic tails (His-tag and-Block), such as HAB and HAB;,

and (3) hydrophobic or hydrophilic block alone, lsas A and B.

(1) . ——~_~ BA,HBA,, HBA,, and HBA
(2) .~ —— HAB,, and HAB,
(3) A or —— B

Figure 5.9The protein chain configurations of spider silkeliBlock copolymers.

The hydropathy plot is calculated using the ExPA3gtScale protein analysis
tool [51], and illustrated by HBAand HAB; as shown irFigure5.1Q The calculation is
based on the value obtained by Wolfenagml. [52], from which a positive humber
corresponds to a hydrophobic amino acid sequernta aegative number corresponds to

a hydrophilic amino acid sequence.
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Figure 5.10Hydropathy plots for (a) HBAand (b) HAB calculated based on references
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Because the A-block is hydrophobic and the B-bleckydrophilic, the spider
silk-like block copolymers behave as amphiphilic lecoles, and self-assemble into
various structures in water solution. As shown Higure 5.11, several distinct
morphologies were observed: in A, layer-like stiwetwas formed; in BA, B, HBA,
HAB,, and HAB no ordered structure was observed; and in HBAd HBA, vesicle
structures and fibrillar structures were observdd.is known that to form spherical
micelles, cylindrical micelles, bilayer and vesidgguctures, the volume fraction of the
hydrophobic block is critical [53]. By increasinfge volume fraction of hydrophobic
block, fa, to HBA, (fa = 29%), the vesicle structures can be observdt semples films
were also heat treated to above ME), and the morphologies formed after the heat
treatment were check by SEM as well. As can ba se&igure 5.11, the morphologies
formed after heat treatment are quite similar wséhformed before the heat treatment.
This result indicates that relaxation occuring imoaphous region do not affect the film
morphology, and the self-assembly micro-structaresstable even above the dry protein

glass transition.
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(b)
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Figure 5.11 SEM morphology of recombinant spider silk-like ¢kacopolymers films: (a)
A, BA, B at 30°C and 140C, and (b) HBA, HBA; HBA, HAB,, and HAB;, at 30°C

and 18C0°C. The same scale bar on the right side applia#i frarts of the figure.
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5.4 Conclusions

A family of recombinant spider silk-like block cdgmers were characterized.
These proteins were inspired by the genetic segsefmund in the dragline silk of
Nephila clavipes comprising of an alanine-rich hydrophobic blogk, a glycine-rich
hydrophilic block, B, and a C-terminus or a Hisstdty Advanced thermal analysis
methods using temperature modulated differentiahsimg calorimetry (TMDSC) in
combination with thermogravimetric analysis (TGAene employed to capture the
thermal transitions in water cast protein films.ittthe help of the theoretical baselines
of the specific reversing heat capacity of the @retvater systenC,(T), along with the
TMDSC measurements show that two glass transitionmmed in all samples during
heating. The low temperature glass transitiy(l), is related to both the bound water
removal induced conformational change and the fpfbicity of the protein sequences,
while the high temperature glass transitidg(2), refers to the now dry protein. Real-
time Fourier transform infrared spectroscopy (FTIRbnfirmed that different
conformational changes occurred during the twosgleensitions. A random coils to beta
turns transition dominates duriny(1), and alpha helices to beta turns transition
dominates durindy(2). The thermal stability of the self-assembly marplyy formed
by the spider silk-like block copolymer were alswéastigated by SEM. Result indicates
the morphology is not changing duriiig(1) andTg(2).

This study provides a deeper understanding of tbeem-water relationships and
the conformational changes in protein-water sysieming heating with implications for

the thermal induced structural transitions of ofr@tein base materials.
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Chapter VI. Tunable Self-assembly, Crystallization and

Degradation of Spider Silk-like Block Copolymer

This chapter studied the thermodynamic propertssjctural changes and
morphological features of spider silk-like blockoodymer system with respect to protein

amino acid sequence under various treatments.

6.1 Introduction

Amphiphilic block copolymers (ABCs) have the alyilito self-assemble in
solution into multiple morphologies with featuresy dhe nanometer length scale.
Depending on the relative volume fractions of tlyedrophobic and hydrophilic blocks,
the self-assembled morphology can vary from sphknnuicelles, to rods, lamellae,
vesicles or large compound micelles [1-5]. In regeears, ABCs are of great interest in
drug and gene delivery systems [6, 7] as well agplating applications for the synthesis
of nanostructured materials [8]. Among the synthdtybrid peptidic-synthetic, and
protein-based ABCs, recombinant protein-based gomgdta block copolymers expressed
by using techniques of molecular biologgve gained increasing attention in current
material science studies [9-14]. Unlike synthgiaymers, recombinant proteins are
usually bio-tailored to possess specific hydropbitypatterns or secondary structures to
form ABCs through the appropriate selection anditjpesng of amino acid residues

mimicking the remarkable designs in Nature. Theesf recombinant protein-based
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ABCs have a number of advantages compared to adyipes of ABCs. First, they
possess precisely defined amino acid sequenceshwioald be extremely useful for
discovering the relationship between sequencectsiie, and protein bulk physical
properties. Second, they are monodisperse whigatlgrfacilitates the precise control of
self-assembled supramolecular architecture. Thaml most importantly, they are
biocompatible and biodegradable because of thdauraaorigin. Thus, recombinant
protein-based ABCs are superior to synthetic capehg in many respects for biomedical
research and applications.

Silks are some of the most interesting bio-block copolgnehich can serve as
the templates to inspire the design of recombipanitein-based ABCs. In general, silks
are modular in nature. For exampleBinmoricocoon silk fibroin, detailed study shows
that twelve repeating regions along the fibroinichare connected by eleven non-
repetitive, less ordered regions in the fibroinyyeehain component [15, 16]. The highly
repetitive GAGAGS hexa-amino acid sequence8.iimori silk fibroin are responsible
for the formation of the beta sheet crystallineigag, and the non-repeating amino acid
sequences are responsible for the formation ohtmecrystalline, less ordered regions.
In Nephila Clavipespider drag line silks, two different major motifith an N-terminus
and C-terminus exist in major ampullate dragliflk protein 1 (MaSp1) [17, 18]. The
GA/A,, motif forms beta sheets crystalline regions, ded@GX motif forms thea helical
less ordered regions. Using molecular biologyreheas been considerable progress in
mimicking the amino acid sequences in the natullakguctural motifs and recombining
these motifs into new functional ABCs [9, 10, 12].1 By investigating recombinant

protein block copolymers, details are revealed Wwhace useful to solve fundamental
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issues in polymer science, such as the mechanisnanostructure self-assembly [5], the
relationships of protein sequence to structure,[d8¢ microphase separation [20] of bio-
polymers, as well as to inspire new biomedical eagiing applications for gene transfer
therapy [13, 21] and drug delivery [6, 13].

In our research, we characterized a family of naeebmbinant protein-based
ABCs inspired by the genetic sequences foundephila Clavipesspider dragline silk.
The proteins are produced using recombinant DNArelogy. A di-block copolymer
model system based on MaSp1l motifs was choseredsuttding template with A-block
(hydrophobic) mimicking the GA/A poly-alanine region and B-block (hydrophilic)
mimicking the GX glycine rich region. The goals of our researchfasg, to study the
self-assembly morphology and mechanism of recomibiggider silk-like protein block
copolymers with different volume faction of hydraytic and hydrophilic blocks using
scanning electron microscopy (SEM). Our second goto investigate crystallization
kinetics, degradation profiles, and the relatiopsbf their physical properties with
specific amino acid motifs by temperature moduladéterential scanning calorimetry
(TMDSC) and Fourier transform infrared spectrosc¢pyIR). We demonstrate that
beta sheet crystalline structures play an impontalet in the protein self-assembly and
degradation processes. Aside from the fundameetapective, we also anticipate that
these results will provide a roadmap for the desigd control of biocompatible and
biodegradable recombinant protein-based ABCs faoig dielivery systems and smart

functional silk-based materials.
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6.2 Experimental Section

6.2.1 Materials

Two amino acid sequences frolephila Clavipesspider dragline silk were
selected as the building blocks of our recombirspider silk-like block copolymers. A-
block is a hydrophobic poly-alanine block whichrésponsible for the formation of beta
sheet crystalline regions. B-block is a hydroghdfiycine rich block which is responsible
for the formation of disordered, non-crystallingioms. The di-block copolymers also
contain a His-tag, H, for purification purpose$he synthesis method of these protein-
based ABCs was described in detail in our previmudications [10, 11].In brief, after
constructing the cloning vector, cloning silk moekilinto a modified pET30L vector,
expressing and purifying, recombinant spider shk-lblock copolymers, HBA HBA;,
HBA,, HBA, HAB, and HAB; were obtained in solid form after lyophilizatiofProtein
identification was confirmed by matrix assistedeladesorption ionization time of flight

(MALDI-TOF) mass spectrometry.

6.2.2 Real-time Fourier Transform Infrared Spectroscopy FTIR)

Real-time FTIR was carried out on a Jasco inframédroscope IRT-5000 in
transmission mode with a liquid nitrogen cooled &ley-Cadmium-Telluride (MCT)
detector. A Mettler optical microscopy hot sta§®90) was incorporated with FTIR to
control the sample temperature. Sample films eastalcium fluoride (Cafy discs were
inserted into the hot stage and heated at a rafe°@/min from 30 to 340 °C for real-
time FTIR measurements. The absorbance spectteifrequency range from 400 to

4000 cm®were obtained by averaging 32 scans with a resoluf 4.0 crit. The air
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background spectra were subtracted from the sasgales. Before the experiments, the

temperature of the hot stage was calibrated witleemocouple.

6.2.3 Temperature Modulated Differential Scanning @lorimetry

(TMDSC)

TMDSC studies were performed on a TA InstrumentQ@DSC with dry
nitrogen gas at a flow rate of 50 mL/min. Mategialvere solubilized in
hexafluoroisopropanol, HFIP, and cast into filmsdmjvent evaporation. Dried HFIP-
cast samples were sealed into aluminum pans aridchiwethe DSC cell at a heating rate
of 5 °C/min with oscillation amplitude of 0.318 dhd a modulation period of 60 s. The
empty aluminum pan with the same weight as the Eapgn was used as reference in all
the runs. The temperature and heat flow of the B@Dwere calibrated using indium

standard before experiments.

6.2.4 Scanning Electron Microscopy (SEM)

The surface morphologies of the solution-cast rdmpant spider silk-like block
copolymers films were imaged using a Zeiss Supr&5¥M and a Zeiss Ultra55 SEM
in the Center for Nanoscale Systems at Harvard éJsity. All samples were cast on
silicon surfaces and allowed to dry overnight ainnaemperature. After drying, samples
were sputter-coated with platinum- palladium. lesgvere taken using SE2 and InLens

detectors at 5.00 kV.
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6.3 Results and Discussion

6.3.2 Crystallization Kinetics

The secondary structure of silk films can be a#ddby certain solvents [16, 22,
23]. HFIP is a strong polar organic solvent, ardves as hydrogen-bond acceptor to
dissolve synthetic or natural polymers, especisillys [23]. After treatment with HFIP,
alpha helical structures are induced [23, 24], laetd sheets are dissolved in recombinant
silk films. Therefore, the secondary structureH®fiP-treated silk films and water-cast
silk films are different. Table 6.1 summarizes the alpha helix content in HFIP-treated
and water-cast spider silk-like block copolymersr@m temperature; the alpha helix

content of methanol (MeOH)-treated films is alstdd for reference.

Table 6.1 Alpha Helix Content of HFIP-treated, Wate cast and MeOH-treated

Spider Silk-like Block Copolymers at Room Temperatue

Qqo_HFIP Qo_water Pg_MeOH
Sample

+0.02 +0.02 +0.02
HBAs 0.25 0.12 0.11
HBA3 0.26 0.15 0.13
HBA; 0.30 0.16 0.13
HBA 0.30 0.16 0.14
HAB: 0.30 0.17 0.19
HAB3 0.30 0.17 0.19
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By treating spider silk-like block copolymers witHFIP, their crystallization
kinetics can be analyzed. The secondary structiiages in the Amide | and the Amide
Il regions of HFIP-treated recombinant spider $itle- block copolymers during heating
are exanimated by real-time FTIR absorbance studiése recombinant protein films
were obtained first by casting protein/HFIP solng§amn polydimethylsiloxane (PDMS)
substrates. After evaporating HFIP, the free staptiims were gently peeled off from
the PDMS substrates and transferred onto an IRpgeaent Cafsubstrate which served
as a support to prevent the film from breaking wigifheating. Figure 6.1 shows real-
time FTIR spectra of HFIP-treated recombinant spgil&-like block copolymers during
heating at 5 °C/min from 30 to 220 °C. As obserwveHBigure 6.1, alpha helical structure
dominated at room temperature. When the temperahareases, the spider silk-like
block copolymer behaves differently depending upbeir volume fractions of the
hydrophobic and hydrophilic blocks. During heafitige samples, HBA HBA3, and
HBA,, which have a higher volume fraction of the padig@ne) hydrophobic block (A-
block), crystallized, and HBAhad a highest final crystallinity upon non-isothef
heating. HBA, HAB and HAB;,, which have a lower volume fraction of the A-block
maintained a non-crystalline disordered structul#AB, and HAB; exhibited similar

heating profiles as HBA, thus only HBA is showrFigure 6.1.
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Figure 6. 1Real-time FTIR spectra in the Amide | and Il rewaf recombinant spider
silk-like block copolymers films treated with HFIR) HBAs, (b) HBAg, (c) HBA,, and

(d) HBA, during heating at 8C/min from 30 (blue) to 22€C (red).
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The changes of secondary structure can be exanmwed easily by using the
difference spectra. The residual absorbaréds(T) between the absorbance spectra at

temperaturd, Abs(T) and the initial spectrum at 30 °Abs(30) was calculated by:

AADS(T) = Abs(T) — Abs(30) (6.1)

As shown inFigure 6.2 a random coil to beta turns transition occurredrnd) the HFIP
evaporation process at around 60 °C. During thssgiransition process at about 150 °C,
an alpha helix to beta turns transition occurr@ove the glass transition, HBAHBA;,
and HBA crystallized upon heating, as seen by the alplia teebeta sheets transition

from above 160 °C to about 200 °C.
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Figure 6.2 Real-time FTIR residual absorbance spectra inAttméde | and Il regions of
recombinant spider silk-like block films: (a) HBA(b) HBAs, (c) HBA,, and (d) HBA,

during heating at 5 °C/min from 30 to 220 °C.

The crystallization kinetics of HB& HBA3; and HBA were studied in the
crystallization temperature region by using thenmalized4Absvs. temperature plots as
illustrated by HBA in Figure 6.3 The normalizediAbs were calculated by dividing
AAbsvalues by the absolute value of the maximum charigéAbsin that temperature
range. As shown iifrigure 6.3 during crystallization, the alpha helical strueti are
vanishing, and the beta sheet crystals are deveopiThe crystallinitiesp, during
heating were calculated by Fourier self-deconvolu(iFSD) over the amide | peaks, and

the results are summarized in Tabl2 HBAs developed the highest crystallinity by
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both the thermal treatment and MeOH treatment,eMdBA; has the lowest crystallinity

among the three samples, HBAIBA; and HBA.
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Figure 6.3 Crystallization kinetics of HBA During heating, the alpha helical structures

are vanishing and the beta sheet crystals are afs@agl
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Table 6.2 Crystallinity® of HFIP-treated Spider Silk-like Block CopolymersDuring

Heating

@p_HFIP_160C @p_HFIP_180C @p_HFIP_200C @p_HFIP_220C (Pﬁ_MeOHb
Sample

+0.02 +0.02 +0.02 +0.02 +0.02
HBA6 0.09 0.10 0.10 0.15 0.32
HBA; 0.00 0.03 0.10 0.14 0.28
HBA; 0.00 0.06 0.11 0.12 0.25
HBA 0.00 0.00 0.00 0.00 0.21
HAB: 0.00 0.00 0.00 0.00 0.08
HAB3 0.00 0.00 0.00 0.00 0.07

% From FTIR analysis of the Amide | region

P Determined at room temperature after MeOH exposure

To capture the thermal transitions, and furthelyareathe crystallization kinetics
of recombinant spider silk-like block copolymetse thermal properties of the HFIP-cast
films were examined by TMDSCFigure 6.4 shows the total heat flow vs. temperature
curves of recombinant spider silk-like block copuobrs: HBA, HBAz;, HBA,, HBA,
HAB, and HAB;, with heating rates of 5 °C/min from 30 to 340 °Solvent evaporation
peaks centered around 78 °C can be observed iof ale samples, which indicates
residual HFIP existed in the silk films. After tigéass transition temperature region of
dry film, around 150 °C, broadened non-isothernngstallization exothermal peaks were

also observed in HBA HBA3, and HBA. As known from the real-time FTIR results,
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HBA did not crystalize during heating, the exothalrheat flow in HBA is due to the
cross-linking or aggregation. No exotherm was olese in HAB or HAB:.
Degradation peaks, centered around 300 °C, werenadx$ in all samples. Thermal
Properties of recombinant spider silk-like blockpotymers are summarized ifable

6.3

Table 6.3 Thermal Propertie$ of Recombinant Spider Silk-like Block Copolymers

from TMDSC
HFIP Peak Position | Tq Degradation Peak Position
Sample
(°C)+1 (°C)+1 (°C)+1
HBAs 76 161 300
HBA3 75 165 300
HBA; 78 162 296
HBA 78 136 292
HAB 75 166 290
HAB3 78 175 290

& Determined from TMDSC heating at 5 °C/min.
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Figure 6.4 TMDSC total heat flow scans of recombinant spid@k-like block
copolymers: HBA, HBAs, HBA,, HBA, HAB, and HAB;, with heating rate of 5 °C/min

from 30 to 340 °C. Short lines mark the midpoihthe glass transition step.

6.3.2 Degradation Mechanism

Figure 6.5 shows the secondary structure change during theadation process
in air, illustrated by the semicrystalline sampiBA3;, and non-crystalline sample, HBA.
Alpha helices begin to degrade even below 250 °kilewbeta sheets degrade around
290 °C. When the temperature is above 300 °C, thetastructures begin to decompose.
By comparison with the TMDSC results shown in Feg6r4, the degradation peak from
TMDSC increases 10 °C from HABo HBAs. Results indicate that beta sheets act as a

physical cross-linker to stabilize the protein 8lm
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Figure 6.5 Real-time FTIR spectra in the Amide | and Il regicof recombinant spider
silk-like block films: (a) HBA, and (b) HBA, during heating at 5 °C/min from 2&0

340 °C.
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The degradation kinetics of spider silk-like blaabpolymers were studied in the
temperature range from 250 to 340 °C using the abredAAbsvs. temperature plots as
illustrated by HBA and HBA inFigure 6.6 As shown in Figure 6.6, during degradation,
the alpha helical structures are diminishing evelow 250 °C. The rate of change in the
1660 cnit band is suggested by the slope of the normaliz&ls curve. As can be
observed in Figure 6.6, the diminishing of the alpielical structure is much slower in
the semicrystalline silk film, HB4 than in the non-crystalline silk film, HBA, whehe
temperature is below 300 °C. This result alsociaidis that beta sheets act as a physical

cross-linker which stabilizes the protein filmshagh temperature.
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Figure 6.6 Degradation kinetics studied by the change of 1660 FTIR absorbance

band of recombinant spider silk-like block copolynfitms during heating at 2 °C/min,

Temperature (OC)

Temperature (OC)

illustrated (a) HBA (semicrystalline) and (b) HBA (non-crystalline).
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6.3.3 Self-assembly Morphology and Mechanism

Lyophilized spider silk block copolymers were tezh with different solvents
and/or thermal methods. FTIR absorbance spectidFdP-treated, thermally-treated
(heating at 5 °C/min to 220 °C), or MeOH-treatddndi are shown irFigure 6.6
Samples become non-crystalline upon HFIP treatmafhen samples are treated by
either thermal treatment or MeOH exposure, betatshiormed in A-block, and the
secondary structures of the A-block and B-blocktle block copolymers become

different.
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Figure 6.7 FTIR spectra of recombinant spider silk-like blampolymers films, HBA
HBA3;, HBA,, HBA, HAB, and HABR after different treatments: (a) HFIP-cast films
examined at room temperature, (b) HFIP-cast filestéd from 30 to 200 °C at 5 °C/min

and measured at 200 °C, and (c) MeOH-cast filmsnexad at room temperature.
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The morphologies of recombinant spider silk-likedx copolymers films, HBA
HBA3; HBA,, HBA, HAB, and HAB obtained by using different treatments were
imaged using SEM. As shown Higure 6.7, aggregated micelles are observed in heat-
treated HBA, HBA3; and HBA; large hollow vesicles in MeOH-treated HRAHBA3
and HBA, and fibrils were observed in were observed in Meated HBA, HBA;
and HBA. A magnified insert picture of the smadtiriis formed in HBA is also shown in
Figure 6.7. No obvious surface morphology is fainme HFIP-treated films or in HAB
and HAB; films. Figure 6.8 shows the cross section of the HByesicles formed in
MeOH (top) which was then cut open by focused iearb milling. The SEM picture
confirmed that a hollow centered vesicle structaremed in MeOH-treated HBA

It is known that to form spherical micelles, cylifcl micelles, bilayer and
vesicle structures, the volume fraction of the loythobic block is critical [25]. The

conditions for the formation of various shapes afettes are listed below:

Spherical micelles: Lsi
la, 3

Cylindrical micelles: }<Ls—1
3 la, 2

: . v _1
Bilayer and vesicles: —>=
la, 2

Whereayis the optimal head group areais the volume of a linear hydrocarbon chain,
andl. is the critical chain length (length of the hydadwon chain if it is fully extended).
By treating our silk ABCs with different solvents by thermal methods, the protein
chains adopt different secondary structures, aedviiga, value varies. Therefore, a

variety of morphologies was observed in Figure 6.7.
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Figure 6.8 SEM morphology of recombinant spider silk-like éocopolymer films,

HBAs, HBA3, HBA,, HBA, HAB, and HAB;, obtained by different treatments: first
column - HFIP-cast films, second column - HFIP-d#sts heated from 30 to 200 °C at a
heating rate of 5 °C/min, and third column - MeO&bcfilms. Images were taken at
room temperature. The scale bar applies to alj@saexcept for the magnified insert

plot of MeOH-cast HBA. The scale bar for the ingepresents 200nm.
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Figure 6.9 SEM morphology of vesicles in MeOH-treated HBBefore (top) and after

(bottom) cutting by using a focused ion beam.
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6.4 Conclusions

We studied a family of silk-based block copolymgatterned afteiNephila
Clavipesspider dragline silk. The block copolymers aré¢haf form HBA, (m=1, 2, 3, 6)
and HAB, (n=2, 3), where B is a hydrophilic block, A is ydnophobic block, and H is a
histidine-tag. Thin films were prepared eithemfrgolutions of hexafluoroisopropanol
(HFIP), or from methanol (MeOH) which served asoatml. Secondary structure and
crystallinity of the films were monitored by Fouriransform infrared spectroscopy
during heating from 30 - 348C. Thermal properties were determineddifferential
scanning calorimetry. Using scanning electron ascopy, micelles were observed in
thermally-treated HB4 HBAj; HBA, and HBA films. Hollow vesicles and fibrillar
networks were observed in methanol-cast §BABA3;, HBA, and HBA sample films,
while no micro-structures were formed in HFIP-céiBhs or in HAB, and HAB;,
indicating that morphology and crystallinity can tomed by not only the block length
and also the thermal/chemical treatments.

Results indicate when we increase the number @atépg units of A-block in the
protein, sample films crystallize more easily. \Whbe volume fraction of A —block is
increased, more beta sheets form upon thermahtesdf and because beta sheets acted
as a cross-link between protein chains, the safiiple became more thermally stable.
Moreover, when samples crystallize, the secondangtsire of the A-block and B-block
become different, thus favoring of formation ofdyér structures which could fold into

vesicles and tube structures during drying.
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Chapter VII. Conclusionsand Future Works

This chapter is the conclusion of this thesis amitires some possible future work in

silk studies.

7.1 Conclusons

Due to the potential biomedical and high-tech agpions [1-4], silks have been
investigated extensively in recent decades. Ig pinoject, we wanted to characterize a
new family of silk proteins made by recombinant DN&#chnology. The goal of this
thesis was to use this new family of silk-basedckl@opolymers as novel model
materials with specific motifs to understand anentlcontrol the thermal, structural, and
morphological features of recombinant proteins. e Tonclusions from this thesis are

summarized as follows:

a. Heat Capacity of Spider Silk-like Block Copolymers

Among the many different stimuli-sensitive delivesystems, temperature-
sensitive drug delivery systems offer great postntiue to their tunability of phase
transition temperatures, and non-toxic triggerifovivo drug release [5, 6]. Therefore,
thermal property studies of protein-based matesied very crucial because of the
potential use of these materials in biomedical igppbns in controlled drug delivery [5,
6]. The heat capacities below and aboy®fTour spider silk-like block copolymer were
studied from both theoretical and experimental pertves.

The reversindgC, of recombinant spider silk-like proteins were mede based on

summation of the contributions of the underlyinglecalar motions of the individual
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amino acids, and then experimentally measured b{p$®1. However, not all twenty of
the amino acids have their heat capacity data knio@m prior measurements of their
poly(amino acids). Therefore, to model the heatcdies of the unknown amino acids,
we developed an additive scheme using the chermidal group equivalence between
amino acids with known and unknown heat capacitiégcellent agreement was found
between the measured and calculated values of ¢ae dapacity, showing that this
method can serve as a standard by which to adse€ tor other biologically inspired
block copolymers.

The fraction of beta sheet crystallinity of spidék block copolymers was also
determined by using the predictéd@,, and was verified by WAXD and FTIR. These
biomaterials degrade at temperatures just abgverid display no endothermic heat of
fusion in the DSC scan. So the heat of fusion oektb determine degree of crystallinity,
which is used extensively in polymer science, cowdtl be used for our materials. Our
result indicates thelC, model can be used to accurately determine theadlipgy of
biomaterials, providing the first quantitative meesof this property in silk copolymers.

The glass transition temperatures of spider siticklcopolymer were fitted by
Kwei’'s equation, which indicates attractive intdiaic exists between A-block and B-

block, while intermolecular interactions exist beem A-block and the His-tag.

b. Determining the Effect of Water on Spider Silk-like Block Copolymer Glass
Transition
Since silk and other naturally occurring fibrousteins are often processed in

water, we embarked on a program of study to detexrtiie impact of residual water on

254



the structure and thermal properties of our silkdobblock copolymers. By studying the
effect of bound water acting as a plasticizer intersgast protein films, a fuller
understanding of the protein-water interactionshwitspect to the protein amino acid
sequence was obtained. By analogy with synthetiynpers, the plasticization (lowering
of the glass transition temperature) of silk copudys by water was investigated.

A theoretical model based on molecular motions @lovith the TMDSC
measurements show that two glass transitions wesereed in all silk samples during
heating. The lower temperature glass transifig(l), is related both to the bound water
removal induced conformational change, and to tldrdphobicity of the protein
sequences. The higher temperature glass transliy®), refers to the now-dry protein
glass transition.

The conformational changes occurring during the ghass transitions were also
monitored by real-time FTIR, which indicates a ramdcoils to beta turns transition

occurs durindly(1), and alpha helices to beta turns transition acduringTy(2).

c. Tunable Self-assembly, Crystallization and Degradation of Recombinant Spider
Silk-like Block Copolymer
Due to the hydrophobic and hydrophilic nature @f ittdividual blocks, the spider
silk block copolymers tend to self-assemble intdowgs microstructures from their water
solutions. It is not unusual for block-copolymédos exhibit different morphologies
depending upon volume fraction, and indeed thisasimonly observed in synthetic
block copolymers [7-9]. However, synthetic polysidack the secondary structures

present in protein-based copolymers. We expetdrdiice in the phase behavior in our
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silk copolymers, which would most likely departfiahe traditional copolymer phase
diagram. The morphological features formed by epsilk-like block copolymers under
various thermal and chemical treatments were stiudie

Using SEM, micelles were observed in thermallytedaHBAs, HBA3;, HBA,
and HBA films. Hollow vesicles and fibrillar netwks were observed in methanol-cast
HBAs, HBA3;, HBA, and HBA sample films, while no micro-structuresrgvéormed in
HFIP-cast films or in HAB and HAB. Result indicates the secondary structure of the
A-block and B-block become different when sampigstallize. Thus it will be easier to
form bilayer structures which could fold into vdeg and tube structures during drying.
Results also suggest that the morphology and diipgiiacan be tuned by not only by the
block length but also by using the thermal or cluaintreatments. Thermal annealing
and MeOH treatment induce beta sheet crystal knssiinples, while HFIP stabilizes the
alpha helical structures and breaks down the lietet structure in silks.

Using real-time FTIR, we conclude that when we éase the number of
repeating units of A-block in the protein, samglen$ crystallize more easily (i.e., the
sample has a higher final crystallinity upon thdrmachemical treatment). Real-time
FTIR result also indicates the beta sheets acteal @sss-link between protein chains,
and postpone the films degradation during heatigwever, unlike many synthetic

polymers, the beta sheet crystals are not thermersible.
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7.2 FutureWork

In this thesis, the thermal, structural and molpgical properties of spider silk-
like block copolymers were studied in detail. Heowe the mechanical properties were
not discussed in this thesis because of the extydm& mechanical strength of the films
formed by these block copolymers. During the filormation process by solution
casting method, we discovered that these filmsvarg brittle and can be easily broken
even during very gently handling. A possible erplion for the low mechanical
properties is that the molecular weight of the rebmant proteins (10 kDa on average) is
too low compared to the native silk proteins (220-%Da) [10]. It is known that the
entanglement density of a polymer chain scales withecular weight. The reduced
molecular weight of our materials reduces the egleanent density, and makes the
materials more brittle than native silks. Therefoa suggested future experiment is to
make recombinant proteins either with larger mdescweights, or with chemical cross-
linking sites, to produce tougher fibers with higlechanical strength and modulus.

In this thesis, the self-assembly morphologiespadey silk-like block copolymers
were observed by SEM. However, the locations ehdaock in those micro-structures
are left unknown. Neutron scattering has been tsedveal the molecular structure of
both crystalline and disordered materials. In méakecades, it was further applied to
study the order-disorder transition [11], self-asbby [12] and microphase separation [13]
of block copolymers and polymer blends. Therefoamother suggested future
investigation is to study morphological and struakufeatures of silk-based block

copolymers and silk-base polymer blends by smajleaneutron scattering.
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Appendix A. Nephila Clavipes Spidroin 1 (MaSp1l)

MRNA, Partial cds

LOCUS: NCU20329; 1726 bp; mRNA, linear; INV 17-OQ007
DEFINITION: Nephila clavipes spidroin 1 mRNA, paatticds.
ACCESSION: U20329

VERSION: U20329.1; GI: 2911273

SOURCE: Nephila clavipes

ORIGIN

1 gtggatatgg aggtcttggt ggacaaggtg ccggacagetggtgca gecgecgeag
61 cagcagctgg tggtgccgga caaggaggat atggaggaagecaa ggtgetggac
121 gaggtggaca aggtgcaggc gcagccgcag ccgopagytgctggt caaggaggat
181 acggaggtct tggaagccaa ggtgctggac gagyagmpiggacaa ggtgcaggtg
241 cagcagcagc agctggaggt gtcggacaag gaggaggacaaggt gctggacaag
301 gagctggagc agctgctgca gcagctggtg gtgcegaggaggatat ggaggtctcg
361 gaagccaagg tgcaggacga ggtggatcag gtgmpggeaggtgca gcagcagcag
421 cagctggagg tgccggacaa ggaggatatg gegmaagccaaggt gcaggacgag
481 gtggattagg tggacagggt gcaggtgcag caggeg@uragecgga ggtgctggac
541 aaggaggata cggtggtctt ggtggacaag gtgcag@gtggctat ggaggacttg
601 gaagccaagg tgctggacga ggaggattag gtggatgeaggtgca gcagcagceag
661 ctggaggtgc cggacaagga ggactaggtg gaqgagmgagcagcec getgcageag
721 ctggtggtgc cggacaagga ggatatggag gtettpgeaaggtgct ggacgaggtg
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781 gacaaggtgc aggcgcagcec gcagcagecag ccggaggacaagga ggatacggtg
841 gacaaggtgc cggacaagga ggctatggag gaattggaaggtgct ggacgaggag
901 gattaggtgg acaaggtgca ggtgcagcag caggaggaagctgga ggtgccggac
961 aaggaggatt aggtggacaa ggtgcaggtg caggaggaagctgga ggtgctggac
1021 aaggaggatt aggtggacaa ggtgctggac aaggaamtagccgcet gcagcagecg
1081 ctgcagcagc tggtggtgtt agacaaggag gaggggdggaagc caaggtgctg
1141 gacgaggtgg acaaggtgca ggcgcagcecg cagragggaggtgct ggacaaggag
1201 gatatggtgg tcttggtgga caaggtgttg gacgagataggtgga caaggtgcag
1261 gcgcagcggce agcetgttggt gctggacaag gaggetiagtottggt tctggggegt
1321 ctgctgecte tgcagcetgea teeegtitgt cttcmetgetagttca agagtttcat

1381 cagctgtttc caacttggtt gcaagtggtc ctactégtggccttg tcaagtacaa

1441 tcagtaatgt ggtttcacaa ataggcgcca gcggttuttctgga tgtgatgtcc

1501 tcattcaagc tcttctcgag gttgtttctg ctctatgatcttaggt tcticcagca

1561 tcggccaagt taactatggt tccgctggac aagcgetcgttggt caatcagttt

1621 atcaagccct aggttaaatg taaaatcaag agihgatitaatgaa tcgggcetgtt

1681 aaatttgtgt tagttttaaa atattttcaa taahigtatat

I

REFERENCE: 1 (sites)
AUTHORS: Xu,M. and Lewis,R.V.
TITLE: Structure of a protein superfiber: spideagline silk
JOURNAL: Proc. Natl. Acad. Sci. U.S.A. 87 (18),2D-7124 (1990)
PUBMED: 2402494

REFERENCE: 2 (bases 1346 to 1634)

AUTHORS: Arcidiacono,S., Mello,C., Kaplan,D., GégS. and Bayley,H.
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TITLE: Purification and characterization of redaimant spider silk expressed in
Escherichia coli

JOURNAL: Appl. Microbiol. Biotechnol. 49 (1), 338 (1998)

PUBMED: 9487707
REFERENCE: 3 (bases 1 to 1726)

AUTHORS: Beckwitt,R., Arcidiacono,S. and Stote,R.

TITLE: Evolution of repetitive proteins: spidetks from Nephila clavipes
(Tetragnathidae) and Araneus bicentenarius (Araegid

JOURNAL: Insect Biochem. Mol. Biol. 28 (3), 128 (1998)

PUBMED: 9654736
REFERENCE: 4 (bases 1 to 1726)

AUTHORS: Beckwitt,R.

TITLE: Direct Submission

JOURNAL: Submitted (26-JAN-1995) Richard Beckwiiology, Framingham State

College, 100 State Street, Framingham, MA 01701AUS

* Information from http://www.ncbi.nlm.nih.gov/nuoce/U37520.1
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Appendix B. Nephila Clavipes dragline silk fibroin

spidroin 2 (MaSp2) mRNA, 3' end

LOCUS: NEPFIBPR; 1981 bp; mRNA; linear; INV 26-APIR93
DEFINITION: Nephila clavipes dragline silk fibroigpidroin 2) mRNA, 3' end.
ACCESSION: U20329

VERSION: M92913.1; GI:159713

SOURCE: Nephila clavipes

ORIGIN

1 cctggaggat atggaccagg acaacaaggc ccaggaggatadtmpacaacaagga
61 ccatctggac ctggcagtgce cgetgcagea gcaggaggceagcagg acctggagga
121 tatggccctg gacaacaagg acccggagga tatgggacaacaagg acccggaaga
181 tatggaccag gacaacaagg accatctgga cctggaaggtgcage cgcagcagga
241 tctggacaac aaggcccagg aggatatgga ccacgtaggtccagg aggttatgga
301 caaggacaac aaggaccatc tggaccaggc agtgaaagecetcage cgeagectca
361 gcagaatctg gacaacaagg cccaggaggt tatyggtmaacaagg cccaggaggt
421 tatggaccag gtcaacaagg tcctggagga tatagaecaacaagg accatctgga
481 ccaggtagtg ccgctgcage agecgecgec geacagggacaaca aggaccagga
541 ggatatggac caggtcaaca aggtcctgga ggatatggigacaaca aggaccatct
601 ggaccaggta gtgccgetge ageccgecgee gecagaacctggaca acaaggaccea
661 ggaggatatg gaccaggtca acaaggtcca ggaggdiecaggaca acaaggacta

721 tctggaccag gcagtgcagc tgcagcagec gcagcafggacaaca aggacccgga
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I

781 ggatatggac caggacaaca aggaccatct ggéegtggcgcetge agcagcagcc
841 gccgcagcag gacctggagg atatggccct ggaapae@ccggagg atatggacca
901 ggacaacaag gaccatctgg agcaggcagt gcagreagccgcage aggacctgga
961 caacaaggat taggaggtta tggaccagga caac@aggaggata tggaccagga
1021 caacaaggtc caggaggata tggaccaggt agtpcagragcagc cgcagcagga
1081 cctggacaac aaggaccagg aggatatgga ccaggamggaccatc tggaccaggc
1141 agtgcatctg cagcagcagc cgcagccgca gcaaggaggatatgg accaggacaa
1201 caaggtccag gaggatatgc accaggacaa caaggamaccagg cagtgcatct
1261 gcagcagcag ccgcagccgce agcaggacca ggapgataaggaca acaaggtcca
1321 ggaggatatg caccaggaca acaaggacca tchgggcagtgcage agcagcagea
1381 gctgctgcag caggacctgg tggatatgga ccagcgmygaccatc tggtcctgga
1441 atcgcagctt cagctgcettc agcaggacct ggdggéecagcaca acaaggacca
1501 gctggatatg ggcctggaag cgcagtagca gecrgigcaggate tgcaggttat
1561 gggccaggtt ctcaagcttc cgctgcagct tctggtctictccaga ttcaggcegct

1621 agagttgcat cagctgtttc taacttggta tccagtggactagctc tgctgcctta

1681 tcaagtgtta tcagtaacgc tgtgtctcaa attggcgtaatcctgg tctctctggt

1741 tgcgatgtcc tcattcaagc tctcttggaa atdegtttitgtgtaac catcctttct

1801 tcatccagca ttggtcaagt taattatgga gcdgetgttcgecca agttgtcgge

1861 caatctgttt tgagtgcatt ttaattgaaa aatttaatatgcatg gattttctag

1921 cctgggcaac taattgctcg tactatgtaa tiétttataaattct ttgcaacttc

1981t

REFERENCE: 1 (bases 1 to 1981)

AUTHORS: Hinman,M.B. and Lewis,R.V.
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TITLE: Isolation of a clone encoding a secondgtiree silk fibroin. Nephila clavipes
dragline silk is a two-protein fiber.
JOURNAL: J. Biol. Chem. 267 (27), 19320-1932492p

PUBMED: 1527052

* Information from http://www.ncbi.nlm.nih.gov/nuoce/M92913.1
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Appendix C. Matlab Program of Reversing Heat

Capacity Calculation

This matlab program is to evaluate the specifict lespacity from TMDSC
measurements using a “three run method”. Thisrprags developed by Dr. Hui Xu,
and recorded in his Ph.D thesis. It was updateDmhyian Ma and Wenwen Huang for

the calculation o€, of various polymers and biopolymers.

kkkkkkkkkkkkkkkkkkkkkkkhkkkkkkhkkkhkkkhkkkhkkkkkkkkkkkk kkkkkkkkkkkkkkkkkkkkk

function result=Cpcomputation()

fnameAl=input('please input Al pans file name),,'s’
fnameSapp=input('please input sapphire file naisig:',
fnameSample=input('please input sample file nasig:’,
load([fnameAl ".txt");

load([fnrameSapp ".txt');

load([fnrameSample ".txt7);

load SapphireLiter.txt;

m=input('please input the mass of Sapphire for Bappun(mg):','s");
massSapp=str2num(m);

m=input('please input the mass of Sample for Sampliéng):','s");
massSample=str2num(m);

Al=eval(fnameAl);

Sapp=eval(fnameSapp);
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Sample=eval(fnameSample);

[a,b]=size(Al);

CpSapp(:,1)=Sapp(:,2);

CpSapp(:,2)=spline(SapphireLiter(:,1),Sapphirel(iiay,Sapp(:,2));

for j=1:a
Kprime(j,1)=(1/30)*(massSapp*CpSapp(j,2))/abs(pp(j,3)-Al(,3)));

end

for k=1:a
CpSample(k,1)=Sample(k,2);
CpSample(k,2)=abs((Sample(k,3)-Al(k,3)))*Kprifkel)/((1/30)*massSample);

end

plot(CpSample(:;,1),CpSample(:,2),'k"),hold on;

result=CpSample;

end
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Appendix D. Heat Capacity of Sapphire Standard

Temperature | Specificc, | Temperature | Specificc, | Temperature | Specificc
(°C) (J/gec) | (°C) (J/g°C) | (°C) (J/g °C)

-183.15 0.0949 6.85 0.7343 206.85 1.0247
-173.15 0.1261 16.85 0.7572 216.85 1.0330
-163.15 0.1603 26.85 0.7788 226.85 1.0409
-153.15 0.1968 36.85 0.7994 236.85 1.0484
-143.15 0.2349 46.85 0.8188 246.85 1.0557
-133.15 0.2739 56.85 0.8373 256.85 1.0627
-123.15 0.3134 66.85 0.8548 266.85 1.0692
-113.15 0.3526 76.85 0.8713 276.85 1.0756
-103.15 0.3913 86.85 0.8871 286.85 1.0817
-03.15 0.4291 96.85 0.902 296.85 1.0876
-83.15 0.4659 106.85 0.9161 306.85 1.0932
-73.15 0.5014 116.85 0.9296 316.85 1.0987
-63.15 0.5356 126.85 0.9423 326.85 1.1038
-53.15 0.5684 136.85 0.9545 336.85 1.1089
-43.15 0.5996 146.85 0.966 346.85 1.1137
-33.15 0.6294 156.85 0.977 356.85 1.1183
-23.15 0.6579 166.85 0.9875 366.15 1.1228
-13.15 0.6848 176.85 0.9975 376.15 1.1271
-3.15 0.7103 186.85 1.007 386.15 1.1313
0.00 0.718 196.85 1.0161 396.15 1.1353

* Data from D. A. Ditmars, et. alJ, Res. Nat. Bur. Sand. 1982; 87 (2): 159-163.
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Appendix E. Heat Capacity of Glassy Water

Temperature | Specificc, | Temperature | Specificc, | Temperature | Specificc
(°C) (J/gec) | (°C) (J/g°C) | (°C) (J/g °C)
-173.15 0.8471 -83.15 1.5914 6.85 2.1582
-163.15 0.9342 -73.15 1.6641 16.85 2.2104
-153.15 1.0214 -63.15 1.7341 26.85 2.2614
-143.15 1.1074 -53.15 1.8018 76.85 2.4946
-133.15 1.1929 -43.15 1.8668 126.85 2.7038
-123.15 1.2767 -33.15 1.9295 176.85 2.8992
-113.15 1.3489 -23.15 1.9900 226.85 3.0885
-103.15 1.4488 -13.15 2.0477 326.85 3.4771
-93.15 1.5165 -3.15 2.1038

* Data from Pyda M.Journal of Polymer Science Part B-Polymer Physics 2001; 39(23):

3038-3054.
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Appendix F. Supplement for Chapter IV

The degree of crystallinity of A, B and BA was detened from the TMDSC
measurements and the heat capacity model by
$c=1-¢, =1-(AC, /AC,) |,
where theAGC, is the heat capacity step measuredggdtdm TMDSC (shown as line ON
in Figure F.1and line ON overlap line MN in Figure F.1 (b) &gl), and theACy is the
calculated heat capacity step aj Gased on the number of mobile units for 100%

amorphous sample (shown as line MN in Figure F.1).

(a) Dry A-block film

2.5 c’; (liquid)

C/; (experimental)

Rev. Heat Capacity/Jg- °c™*
; N ¢

[
T

c’; (vibration)

0 50 100 150 200 250
Temperature/°C
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| (b) Dry B-block film |
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Figure F.1 The measured and calculated apparent reversing ¢tegzacity vs.
temperature, after annealing at 1°Z0) for dry films of: (a) A-block, (b) B-block, an@)
BA. Heavy curve -gy(experimental); thin solid curve -cy(vibrational); filled circles --
cy(liquid) calculated affy taken at half height of the heat capacity stepsted lines are
extrapolated best fit lines to experimental curkeveT,. Line ON is the measured heat
capacity stepdC,, atTg from TMDSC and lineMN is the calculated heat capacity ste,p

ACy, atTy based on the number of mobile units for 100% ammmup sample.
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To verify the heat capacity model, WAXD was alsopéoged to determine the
crystallinity index of A-block, B-block and BA. Ehinset plots ofFigure F.2 (a), (b)
and (c) show the 2-D WAXD pattern of A-block, B-bloand BA, respectively. The 2-D
WAXD patterns were then radially integrated int® MWAXD intensity. In Figure F.2
(a), three major crystalline peaks were observedblock film atq = 12.09 nrif, 14.51

nm*, and 17.06 nih corresponding to lattice distancesBogheet gy = 0.520 nm, gho =

0.433 nm and @, = 0.371 nm, respectively.

(a) A-block film

I(q)qzla.u.

Scattering Vector, q/nm’l
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(b) B-block film

//////// oA~ ~ RSP PN N
N

I(q)qzla.u.

(c) BA film

— N/ ~~ ~ ~ N N Trat
- NN e - Y R TN O N N A TN

I(q)q2/a.u.

Scattering Vector, q/nm’l

Figure F. 2 Deconvolution of the Lorentz-corrected WAXD intéwpsl(q)g2 vs. g, using
Gaussian wave functions for (a) A-block, (b) B-Hoand (c) BA (Open circles -
measured data; heavy curves - summation of Gaugsaks; thin solid curves -
individual crystalline Gaussian peaks; dashed airamorphous Gaussian peaks; dotted
lines at the top - the residual between the fittedve and measured curve). The inserts

shows the 2-D WAXD patterns.
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Appendix G. Supplement for Chapter V
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Figure G.1 Real-time FTIR spectra of recombinant spider skk-lblock copolymers
films: (a) HBA, (b) HBA, and (c) HAB, during heating at 2C/min from 30 to 220 °C.

Keys: Blue curve - 30 °C, Red curve - 220 °C.
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Degradation
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Figure G. 2 Real-time FTIR residue spectra of recombinant spslik-like block
copolymers films: (a) HBA (b) HBA, and (c) HARB, during heating at 2C/min from 30

to 220 °C. Keys: Blue curve - 30 °C, Red curv@0 2C.
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Appendix H. Supplement for Chapter VI

(2) HAB X

Alpha helices

30 °C

220 °C

Absorbance (a.u.)

Beta turns

1 1 1 1 1
1650 1600 1550 1500 1450

Wavenumber (cm'l)

1 1 1
1800 1750 1700

(b) HAB,

Alphz; helices
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Wavenumber (cmfl)
Figure H.1 Real-time FTIR spectra of recombinant spider BK&-block copolymers

films treated with HFIP: (a) HAB and (b) HAB, during heating at 3C/min from 30 to

220°C.

278



Degradation

l' Beta turns

A Absorbance (a.u.)

Random coils

| | , Alphahelices | | |
1800 1750 1700 1650 1600 1550 1500 1450
Wavenumber (cm'l)

A Absorbance (a.u.)

Random coils

Alpha helices
1 1 1 1 1 1 1 1
1800 1750 1700 1650 1600 1550 1500 1450

Wavenumber (cm'l)

Figure H. 2 Real-time FTIR residual spectra of recombinandaepisilk-like block
copolymers films treated with HFIP: (a) HABand (b) HAB, during heating at 3C/min

from 30 to 220°C.
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Figure H. 3 Real-time FTIR spectra of recombinant spider skie-block films treated

with HFIP: (a) HAB, and (b) HAB, during heating at 5 °C/min from 250 to 340 °C.
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Appendix I. Nanocomposites of Poly(vinylidene fluoride)

with Multi-walled Carbon Nanotubes

1. Introduction:

Poly(vinylidene fluoride) (PVDF) is one of the mastportant thermoplastics
used in a variety of modern engineering applicasaoh as in sensors, actuators, and
energy transducers [1]. A wide range of studie®¥DF have been reported due to its
good mechanical properties, and attractive piertredeand pyroelectric properties [1-9].
PVDF crystallizes into five crystallographic formBhe two major forms of interest of
our present work are: the poltitt beta phase (form I) and the non-palgitg” alpha
phase (form II) [2, 3].

In 1969, Kawai first discovered the piezoelectriogerty in PVDF [4]. Shortly
after that, in 1971, pyoelectric property was disged in PVDF by Bergmart al.[5].
Their studies show when stressed or under chamgesmiperature, PVDF undergoes a
change in electric polarization. The beta PVDF talyss polarized and transduces
electric energy into motion (or vice versa) thugashnologically preferred, while the
alpha PVDF crystal does not. Normally alpha PVD¥stal is more easily obtained. To
obtain the beta PVDF crystal, special treatments @mmonly used: 1.) uniaxial
mechanical drawing alpha PVDF film at temperatueéMeen 80°C and 140°C [6], 2.)
crystallizing from N,N-dimethylformamide (DMF) or,N- dimethylacetamide (DMACc)
solutions below 70 °C [7], and 3.) modifying thaymer with nanoparticle addition [8,

9]. Using method 1, one can seldom get complgtieaabeta conversion. Approximately
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20% of alpha PVDF will remain, depending on thendrg temperature. Method 2 can
form almost exclusively beta PVDF film, but thenfilis brittle and with high degree of
porosity. Method 3 was the most intensively stddi@e, not only because it can form
almost exclusively beta phase PVDF film, but alsaan improve the thermal and
mechanical properties of the polymer. For PVDFatamposite with more than 0.5
wt% organically modifies silicate clay, the betaapl dominates, and the glass transition
temperature and storage modulus are also higheiinithe homopolymer [9].

Ever since the discovery of carbon nanotubes (CMyd)jima in 1991 [10], the
use of CNTs as a nano-filler for polymers, suclpagstyrene, poly(vinylidene fluoride),
poly(methyl methacrylate), polycaprolactam (nylgna@d isotactic poly(propylene), has
been receiving increasing attention [11-15]. Twonfs of CNTs exist: single-walled
carbon nanotubes (SWCNTSs) and multi-walled carbemmotubes (MWCNTS). SWCNTs
comprise a single sheet of graphite rolled intg/lender; multiwalled carbon nanotubes
(MWCNT) consist of concentric cylinders around dldw center with constant wall to
wall separation of 0.34nm [16]. The Young’'s modubd MWCNT is about 1.8 TPa [17],
and appears to be a function of the number of walisreported by both theoretical and
experimental works [16, 18]. The thermal conduttiof MWCNT can be more than
3000 W/m-K [19]. By dispersing MWCNT into polymeratnix, it is expected that
polymer properties can be enhanced with a highemntal conductivity, higher electrical
conductivity, and large Young’s modulus. Anothelvantage for MWCNT use as a
nano-filler is its large surface area and high espa&tio, which induce a better adhesion
of polymer. However, despite the attractive pripsrmentioned above, using CNTs as

nanofillers has its own draw back in producing pody nanotube composites: dispersing
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the nanotubes uniformly into the polymer matrixdifficult due to the Van de Waal'’s

force existing in between the carbon nanotubes, caredto their small size. Several
methods have been studied to overcome this probtetading chemical modification of

the surface of CNTs, grafting polymer on to CNTIguson method, and direct mixing in

melt processing [20].

In our present work, we report a characterizastudy of PVDF/MWCNT films
prepared from solution over a wide composition earfgpm 0.1% to 5.0% MWCNT by
weight. The MWCNT was purified by acid treatmetiffect of uniaxial orientation by
zone drawing on these nanocomposites is also disdusnd compared with unoriented
compression molded films. The purpose of thisgigdo determine separate effects of
uniaxial drawing and the MWCNT modification of PVOiA the phase transition from
alpha phase to beta phase in PVDF, and their effiacthe thermal and mechanical
properties of the PVDF/MWCNT films. The projecesulted in publication in Journal of

Applied Polymer Science [21].

2. Experimental section:
2.1 Sample preparation

PVDF used in our present study was a KYNApoly(vinylidene fluoride) resin
grade 740 commercially obtained from ATOFINA Cheafs¢ Inc. in pellet form.
MWCNTs were purchased from MER Corporation withcammal diameter about 140
nm and length ranging fromu to um. To purify the MWCNTS, they were suspended
in a mixture of concentrated sulfuric acid and iaitacid (3:1 vol. ratio) and ultra-

sonicated in a water bath for several hours, thashed with deionized water and filtered
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through a 400 nm pore PTFE membrane until the wadsesing through the filter had a
pH between 6 and 7. After this treatment, the MWGNad been functionalized and
reach a purity of 95% [22].

To achieve uniformly mixed PVDF/MWCNT solutions tvi desired weight
percentages of MWCNT, a two step method was ugedst, two stock solutions were
prepared: PVDF was dissolved and MWCNTs were seggradispersed in
dimethylacetamide (DMAC) solution with stirring fabout 3 days at 30 - 40 °C. Then,
two stock solutions were mixed to achieve the @esweight percentages of MWCNTs
from 0.1% to 5%. The PVDF/MWCNT solutions werarstil for 2 days at 30 - 40°C
and then ultra-sonicated in water bath for 10 n@sut To remove the DMAc solvent,
PVDF/MWCNT solutions were poured into uncoveredheeaded glass Petri dishes and
uniformly heated at 60°C for 1 day. Curly filmgrwed after evaporation of DMAc, and
could be easily lifted from the glass Petri dish&ecause MWCNTSs are black in color,
the films containing more MWCNTs look darker: filoolors varied from tan (0%
MWCNT) to light grey (1% MWCNT) to dark black (5% WCNT). Uniform color was
observed, an indication of good distribution (ilgtle or no large scale aggregation) of
MWCNTSs in the polymer matrix. To achieve flat buikns, about 100 micrometers
thick, all compositions were compression moldeahgisi Carver hydraulic hot press at a
pressure of 12MPa, at 200°C for 3 min, well abdwe rnelting point of PVDF (178°C)
and then were air cooledFigure 1.1 shows a scanning electron microscope (SEM)
image of MWCNTSs after purification and evaporatioh DMAc, which showed that

those treatments did not change the morphology WiQWTs compared to the untreated
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MWCNTSs (not shown for the sake of brevity).

Figure I. 1 Scanning Electron Microscope (SEM) image of MWCplwder after acid

treatment and evaporation of DMAC.

Zone drawing experiments [23, 24] were performied fixed temperature, 105 +
5°C, with an almost constant applied stress, 2/fhkg During this process, the samples
became oriented so that the crystallographic c-axid molecular chain axes were
partially aligned along the zone drawing directiofhe a-axis and b-axis were randomly
oriented in the plane perpendicular to the dravediion. The draw ratio), was
calculated from:

A = LelL; (1.1)
where Lis the final length of the film after drawing andd the initial length of the film.
Though there was a large standard error (+ 12.5%)eodraw ratio for each composition,
which may due to non-uniformity of the film thickes® the draw ratio for all the samples

we investigated was in the range of 4.7 + 0.3.
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2.2 Analysis methods

Room temperature two-dimensional (2-D) wide angteaX scattering (WAXS)
was performed on a Bruker GADDS D8 X-ray diffracttsr, with wavelength = 0.154
nm, operated at 40 kV and 20 mA. Scattering ar#jlewas calibrated by using silicon
powder reference standard with silicon (111) peaR8444°, for all the undrawn and
drawn films. The scan time used was 600s per samnmiphe scattering angle§,2anged
from 5° to 30°. The air background was subtradtedh the original scan for each
sample. To compare the peak position and idenki& crystalline content, the 2-D
WAXS patterns were converted to a one-dimensioatiem by integrating over a sector.
The crystallinity index; the fraction of alphap,pha and the fraction of beta phaggeta
were calculated using the area of crystal peaksaaea of amorphous halo by fitting the
Lorentz-corrected WAXS peak intensity using Gaussmavefunctions as described
previously [9].

Room temperature Fourier transform infrared spsctipy (FTIR) studies were
performed using a Jasco FT/IR-6200 with a TGS deten attenuated total reflection
(ATR) mode. The absorbance spectra were obtaiyedvieraging 64 scans with a
resolution of 4.0 c. The background spectra were collected underaheesconditions
and subtracted from the scan for each sample. widvenumbers investigated ranged
from 600 to 4000 cih

Differential scanning calorimetry (DSC) was penfi@d on a TA Instruments
2920 temperature modulated differential scanninigricaeter (TMDSC) in standard
mode. The same heating/cooling method was useallfeamples: they were heated at a

rate of 10°C/min from 50 to 200°C and then coole@ aate of 10°C/min from 200 to
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50°C. Aluminum sample pans were used to encapstiiatsample. A nitrogen purge
gas was used at a flow rate of 50 ml/min. The $ampights were in the range between
7.5 mg and 12.0 mg.

Thermogravimetric analysis (TGA) was performed oA Instruments Q500
thermogravimetric analyzer at a heating rate ofCI@fin from room temperature to
1000°C in a nitrogen gas flow (60.0 ml/min). Théial sample weight was in the range
between 7.0 mg and 11.0 mg.

Polarizing optical microscopy (POM) studies weref@aned on a Nikon eclipse
E600 polarized optical microscope with a Linkam TBB00 hotstage. The
heating/cooling method used was the same as theothased for DSC studies.

Dynamic mechanical analysis (DMA) studies were q@aned on a TA
Instruments RSA3 dynamic mechanical analyzer usegmuency/temperature sweep test
at a strain of 0.1%, with four different frequers;id.1, 1.0, 10 and 50 Hz. The
temperature ranged from -100 to 30 °C with an iaseeof 3°C per step and a soak time
of 45 s per step.

Tensile tests were performed at room temperaturanamiented samples, using
an Instron 3366 with a 100N capacity load cell.osshead displacement rates of 2 and
10 mm/min were used. Sample specimens were cutdiog bone shapes with a sharp-
edged die ASTM-D-638-5-1MP from ODC Tooling & Mold&ach sample type was run

at least three times, and average values are egport
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3. Result and Discussion
3.1 Phase Identification

The crystal structure of our films was evaluatgdstatic 2-D WAXS as shown in
Figure I. 2 (a) and (b) for the unoriented film and orientede drawn film, respectively,
exemplified by 1.0 wt% MWCNT. As can be seen, (tn@0), (Ok0) and (hkO0) reflections
lie on the equator, while the (Okl) reflection isaglrantal for the oriented sample. By the
Laue formula, we can conclude that the ab plarmgerpendicular to the sample surface
and the drawing direction. The crystallographiexts is along the drawing direction.
The zone drawing process orientated the crystdls palymer molecular chain along the

fiber axis (draw direction).

— (200)
—(130)

— (2D} 200)/(110) 110)

B Phase (020)

———(100)

ﬁ = (021)

o Phase

Zone Drawing Direction

Figure I. 2 2-D WAXS patterns of nanocomposites of PVDF witiMaNT, exemplified
by 1.0 wt% MWCNT. (a) Unoriented sample, formed hoyt pressing, (b) Oriented
sample, formed by hot pressing and then zone drawirhe white arrow at the bottom

represents the drawing direction. Miller indicesdlpha and beta PVDF are marked.
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To compare the peak positions of each samplantbasity was integrated from
= 90° to 270° (the upper half sector) and normdlitce 1 by dividing by the greatest
intensity for each compositionFigure 1.3 (a) and (b) compare the 1-D WAXS pattern
for all unoriented and oriented samples with défearMWCNT compositions. For the
unoriented PVDF /MWCNT films, Figure 1.3 (a), theajor peaks for all compositions
were observed ato2= 17.8°, 18.5°, 20.1°, 26.8°, 28.1°, fegdd)= 0.497 nm, gho(0)=
0.480 nm, ¢ho(a)= 0.443 nm, ghy(0a)= 0.334 nm, and@(a)= 0.318 nm, respectively.[9]
These reflections belong to orthorhombic alpha PWiblich has lattice constants of a =
0.496 nm, b = 0.964 nm, ¢ = 0.462 nm [25]. Fomé&lwith 0.1 wt% to 5.0 wt%
MWCNT, a small shoulder can also be observedat 20.8° for dyo;11d) = 0.427 nm
corresponding to pseudo-hexagonal polar beta PU$tat which has lattice constants
of a=0.858 nm, b =0.491 nm, ¢ = 0.256 nm [3, Z&Jr oriented PVDF/MWCNT films,
Figure 1.3 (b), the peak intensity & 2 20.8° increases remarkably while all other peak
intensities decrease significantly compared to iembed samples. This result shows the
increase of MWCNTSs has no strong effect on formetp phase crystal for unoriented
samples. However, the uniaxial zone drawing podess the very clear effect of
transforming alpha phase crystals to beta phasehwias been reported previously [26].
MWCNT did not hinder the alpha to beta crystal $fanmation in PVDF during zone

drawing either.
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Figure 1. 3 Normalized WAXS Intensity vs. scattering angl@, for nanocomposites of

PVDF with MWCNT with composition as indicated. (a)JJnoriented samples, (b)

Oriented zone drawn samples. Miller indices f@hal and beta PVDF are marked [9].

To estimate the crystallinity indes;; the fraction of alphapypna and the fraction

of beta phasegea Of PVDF/MWCNT films, the Lorentz-corrected WAXSeak

intensities were fitted with Gaussian peaks anduadcptic baseline [9].Figure I. 4

illustrates the fitting for 1.0 wt% PVDF/MWCNT film
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Figure I. 4 Peak deconvolution of Lorentz-corrected WAXS peaknsity, 1(q)d vs q,

using Gaussian wavefunction and quadratic basdiimajanocomposites of PVDF with
MWCNT exemplified by 1.0 wt%. (a) Unoriented samp(b) Oriented zone drawn
sample. The heavy curve represents the measuregl tihat grey lines represent the

amorphous halos; the solid lines represent theagh@aks; the dotted lines represent the

beta peak; and the dash lines represent the cedrdidseline. The insert shows the

residual between the fitted curve and measuredecUitve dotted line in each insert plot

represents the zero position.
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The crystallinity indexg; was estimated by dividing the area of crystal pdak
the total area of the coherent scattering, whidhéssum of the areas of amorphous halo
and crystal peaks. This approach has been apphiecrystallinity determination in
unoriented [9] and oriented samples [27, 28]. Trhetion of alpha (or betajppnha (Or
(hety, Was estimated by dividing the sum of the alpbrabgta) crystal peaks by the total
area. The dependence of alpha fraction, betaidrgcnd crystallinity index, on
MWCNT concentration is shown iRigure 1. 5 (a), (b) and (c), respectively, for all
unoriented samples (filled triangles) and oriergachples (open squares). The scattering
peak for MWCNT, occurring at2= 26.29° and corresponding tgogl= 0.34 nmjs
neglected due to the small peak intensity [29, 30We observed from Figure 1.5 that
the beta fraction and crystallinity index increadightly, and the alpha fraction varies
around a constant, with MWCNT addition. This résulggests that MWCNT addition
increases crystallinity slightly through enhancedcleation (POM results show
spherulites become smaller with MWCNT addition)n the other hand, MWCNT may
also reduce the chain mobility which would hindke tcrystallization process. The
competition between those two effects of MWCNT nwakiee trend for crystallinity
index hard to predict. From our data, the formee @revails. The maximum beta to
alpha ratio @eta/ @upha OCcurred at 1.0 wt% for unoriented films whichrisagreement
with previous work by Carroll [12], while the maximtm beta to alpha ratio occurred at
2.0 wt% for oriented samples. The decrease ob#te to alpha ratio at higher MWCNT
concentration is possibly due to reaggregationiwithe polymer matrix as the MWCNT
concentration increases [12]. We also observedthigaalpha fraction and crystallinity

index are lower, and beta fraction is higher, foe briented sample compared to the
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unoriented sample. This result suggests that tp&tatline structure of alpha phase is
partially destroyed by the zone drawing processl alh original alpha phase is not

completely transformed to beta phase; some wasectaa/to the amorphous phase.

2 | '
50 (‘1) [ v v = v v
= I
230 [
= { o ] - o
10 ! o
O\Q 1 1
. -1 0 1
E I T LR |
¥ 20f® :
-
- : r 05
S Et | = o
=
g { v v ¥ v v
E i 1 1
E -1 0 1
17
>,
e s 1 ‘ : ]
& 50T (c) I v v = v v
s |
-3 &) o o o
- |
L o
o . : :
-1 0 1

Log b (Concentration)

Figure 1. 5 Crystalline content vs. MWCNT concentration fonnaomposites of PVDF
with MWCNT calculated from Lorentz-corrected WAX®3gK intensity fitting analysis,
for unoriented samples (black triangles) and oedrgamples (white squares). (a) alpha
PVDF contentapna(b) beta PVDF contentpeta (C) crystalline indexgi = @aphat @oeta
The crystalline content for homopolymer PVDF is keak on the y axis for comparison.

The error bar is within each data point.

The crystal structure was also investigated bticstourier transform infrared
spectroscopy (FTIR).Figure I. 6 (a) and (b) shows the FTIR absorbance spectra for

unoriented samples and oriented samples, resplgctivéVe observe that the alpha
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absorption bands at 1383, 976, 764, and 613 @xist in all compositions. Those peaks
correspond to bending and wagging motion of, (883 cn'), twisting motion of CH
(976 cmb), bending motion of Cfand skeletal bending of CF-CH-CF (764 Bmand
bending motion of CFand skeletal bending of CH-CF-CH (613 tnfi31]. Peaks at 764
cm™ and 613 cii were decreased as a function of wt% of MWCNT, Wwhsaggest the
vibration modes for CFwere weakened. This is because hydrogen bonds leetiween
the carboxyl group on acid treated MWCNT walls &nel fluorine atoms in PVDF. A
rough estimate of the energy of the O-H- - - F hydrdmend is 3 kcal mdi[32]. Fluorine
atoms in PVDF tend to be attracted to MWCNT extemalls due to this strong
hydrogen bond, and the vibrations of ;C&re thus hindered, which effect was also
demonstrated in PVDF nanocomposites with silicd8. Whereas in the case of
PVDF/silicate nanocomposites there was completerarsion of alpha phase gauche
bonds to beta phase all trans [33], in our cask MNVCNTS, the effect is less, and the
beta fraction only increases slightly.

The alpha fraction estimated by FTIR is almoststant. The beta absorption
peaks at 1274 and 840 ¢nincreased slightly with MWCNT addition and reached
maximum beta fraction at above 1 % MWCNT in bothesa These peaks correspond to
symmetric stretching motion of Gand CC, and skeletal bending motion of CF-CH-CF
(1274 cm'), and rocking motion of CHand antisymmetric stretching motion of {840
cm™) [31]. This result suggests that the MWCNT serasda nucleation agent for beta
phase, which cause beta phase to increase slightbpth cases. The zone drawing
studies show the beta phase grew at the expensedoting the alpha phase. This

conclusion is consistent with that from 2-D WAXSIIR absorption peaks for purified
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MWCNTSs are located at 3409, 1708 and 1200" @mrresponding, respectively, to OH

(3409 cm), C=0 (1708 cnl) and C-O (1200 ci stretching in the carboxylic group

[29]. These peaks do not overlap with any charestie peaks for PVDF alpha and beta

phase.
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Figure 1.6 Normalized infrared absorption vs. wavenumbemfamocomposites of PVDF

with MWCNT. (a) Unoriented samples, (b) Orientechearawn samples. Absorption

bands for alpha and beta PVDF are marked.
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3.2 Thermal properties

DSC scans of unoriented samples during coolinftDatC/min from 200 to 50°C
are shown irFigure I. 7. As MWCNT content increases, the crystallizaticwthermal
extrapolated onset and peak position systematicdlift to a higher temperature. The
extrapolated onset shifted upward 8°C and the altsdtion peak shifted 16°C. This
means the sample film with the highest concentnatb MWCNTSs crystallized first
during cooling. DSC scans confirm that the MWCN3saas nucleation agent. This

behavior was also observed by POM studies andmsrguized inTable 1.1, column 4.

CNT, % EXO UP

5.0

2.0

1.0

0.5

0.1
10 mW I
0.0

110 120 130 140 150 160
Temperature (Celsius)

Heat Flow (a.u.)

Figure 1.7 Normalized heat flow vs. temperature for nanocasitpe of PVDF with
MWCNT during DSC cooling from 200 °C at 10°C/mirhelTexothermal peaks represent

the crystallization peaks, at temperatuge T

The degree of crystallinity of PVDF/MWCNT filmy., summarized in Table I.1

column 6, was determined from the area of endothezak using:
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Xc = AH¢ / AHt (100%)

(1.2)

where AH; is the measured heat fusion of the PVDF/MWCNT $ilmndAH¢a000) =

104.6 J/g [9] is the heat fusion of 100% crystallPVDF. This result is consistent with

crystallinity index, @, from 2-D WAXS, showing the crystal portion of thangple will

increase with the concentration of MWCNT.

Table 1.1 Thermal Parameters for Nanocomposites d?VDF with MWCNT.

Samplé TP T.C T AH; ° re' @i
(MWCNT wt %) | (#0.5°C) | (0.5°C)| (#2°C) | (#1.5/g) | (1) | (x1)

0.0 131.0 140.7 144 46.2 44 44

0.1 133.4 143.9 147 48.5 46 47

0.5 135.6 144.9 145 47.0 45 46

1.0 136.7 146.2 146 48.1 46 44

2.0 138.6 147.5 152 51.0 49 47

5.0 142.5 148.3 153 50.1 48 48

& PVDF/MWCNT unoriented film

b Crystallization peak temperature from DSC at eapliate of 10 °C/min

¢ Crystallization onset temperature from DSC at itmptate of 10 °C/min

d Crystallization onset temperature from POM at iraptate of 10 °C/min

® Heat of fusion from DSC at heating rate of 10 °{®/m

" Degree of crystallinity calculated by Equation 1

9 Crystallinity index from 2-D WAXS
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Thermogravimetic analysis of unoriented sampladiis shown irFigure 1. 8. A
major weight loss occurred in the region betweeb &td 470 °C for all samples. This is
related to the degradation of PVDF and also toiaattbn of MWCNT at around 450 °C
[34]. As can be seen, when the wt % of MWCNT iasks, to obtain the same weight
loss, higher temperature is needed for PVDF/MWCNMS in this region, which is
shown in the insert plot of Figure I. 8 as a systgershift of the thermogravimetic curve.
The thermal stability of PVDF/MWCNT films was impred with MWCNT loading, a
trend similar to what was observed by Liu’s gro@p][ A small weight loss, about 1 %

from 100°C to 170°C was also observed. This camtbéduted to the evaporation of

absorbed moisture and DMACc residue.

100

1001

80+

Weight Loss (%)

40

400 600 800 1000
Temperature (Celsius)

200

Figure 1. 8. Thermogravimetic curve of weight loss vs. tempaeafor nanocomposites
of PVDF with MWCNT. The insert plot of weight logs. temperature is a magnification

of the region between 400 and 500 °C.
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Residual weight percent remaining at different terapures for PVDF/MWCNT
is summarized iMable 1.2. In Table 1.2 column 6, the weight percent renmgrafter
major degradation at 500 to 1000°C was higher ¥DP than for PVDF/MWCNT films.
This indicates MWCNT accelerates the degradatioR\@DF at high temperature, above
500°C. One reason for this acceleration is thatHkF monomer and a small amount of
C4H3F; formed as a degradation product of PVDF [36] agtéd MWCNT or its residue

and caused a further degradation of the residugibpoof the nanocomposites.

Table 1.2 Thermogravimetric Results for Residual Wegght Percent Remaining at

Different Temperatures for PYDF/MWCNT Nanocomposites.

Sample | Weight Remaining (%), + 0.5 %

(wt %) | 400°C 450C 500C 600°C 1000C
0.0 99.3 65.8 38.0 33.0 27.7
0.1 99.7 81.3 34.1 29.9 26.4
0.5 99.9 84.5 34.0 30.0 26.1
1.0 99.6 87.7 30.5 27.0 22.9
2.0 99.4 89.5 32.2 28.1 22.5
5.0 99.4 94.6 30.0 26.4 20.8

3.3 Mechanical properties

For unoriented films, the storage modulus increagdsan increase in MWCNT
concentration, and the glass transition is unaétk&ty adding MWCNT into the polymer
matrix. This was observed by Liu's group as wellen though they used a different
sample preparation method [35Figure I. 9 (a) shows the storage modulus, E’, vs.

temperature for all unoriented samples. Because MW&Chave a higher Young's
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modulus, by bonding to MWCNT, PVDF becomes stiffeigher E’). This is further

evidence that hydrogen bonds exist between MWCNITRYDF [13, 37].

X 1['9
(2)

8 CNT, %
5.0

2.0
1.0
0.5
0.1

i .
& 0.0
:-/
=

-100 -80 -60 -40 -20 0 20
Temperature (Celsius)

12 T T T T T T T

101

-100 -80 -60 -40 -20 0 20
Temperature (Celsius)

Figure I. 9 Storage modulus, E’, vs. temperature for nanocaitg® of PVDF with
MWCNT. (a) Unoriented sample, (b) Unoriented samplelack) and oriented zone
drawn samples (white) at different frequencies, Bzl (circle), 1.0 Hz (triangle), 10Hz

(diamond) and 50 Hz (square), exemplified by 0.%wt
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For oriented films, E’ measured along the drawingealion is larger, as
compared to unoriented films. Figure 1. 9 (b) shawcomparison of E’s for unoriented
and oriented samples at different frequencies, gkéed by 0.5 wt%. The mechanical
response of PVDF nanocomposite to the oscillatirjrsalong the drawing direction is
smaller for oriented samples and causes a higherTHhis result shows that the zone
drawing process rotates the gauche bond to trand Wwhose energy is relatively lower,
causing a permanent change of dipole in PVYDF/MWGQGidhocomposites, and aligning
the polymer chain in the drawing direction.

The dielectric relaxation that occurred in PVDF/MWTC [38] has also been
studied by dynamic mechanical analysis. The los®fatand, can be obtained by:

tand = E"/E’ (1.3)
where E’ is the storage modulus related to thetielagformation, and E” is the loss
modulus related to the viscous deformation andggnabsorption [39].

The peak position of tahis assigned to glass transition, the segmentabmobf
polymer chain in the amorphous regions, and usuabgled as th@-transition [40].
Glass transition is a quasi-second order phassiti@m involving no latent heat. Above
the glass transition temperaturg, there is sufficient mobility inside the polymeatrix,
so that large scale reorganization of polymer chaen occur in response to an applied
mechanical force. Below4Tthe chains are frozen in position, and only snsahle
vibrational motion is possibleFigure I. 10 (a) compares the tahpeak position for all
compositions for unoriented samples, and FigurHI(b) compares the tahpeak for
unoriented samples and oriented samples at ditfdrequencies, exemplified by 0.5

wt%. A major relaxation was observed between 460 d40°C. The peak position of
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tams, referring to T, is independent of the concentration of MWCNT otibcases we
studied, as shown in Figure I. 10 (a). A slighiftsbf T4 about 3 °C, to a higher
temperature from unoriented sample to oriented Bamspobserved, as shown Trable

I.3. For oriented sample, the volume of amorphousoregs larger, but it is more
confined by aligned polymer chaink £ 5) and MWCNT, thus a higher temperature is
needed for the relaxation. We also observe thahdreases with the frequency, which

shows a phase delay in mechanical response of &trasigher frequency.

Table 1.3 Tan & peak position at different frequencies for PVDF/MWCNT

nanocomposites.

Sample | Unoriented (x1°C) Oriented (£1°C)

(wt%) | 1.0 Hz 10Hz | 50Hz| 0.1 Hz| 1.0Hz 10 Hz 50 Hz
0.0 -39.9 -36.1 -32.6| -40.5 -37.0 -33.6 -31.3
0.1 -40.5 -37.1 -34.5| -40.5 -37.1 -34.3 -31.1
0.5 -39.9 -37.1 -34.3| -40.7 -37.7 -34.3 -31.4
1.0 -40.5 -37.5 -34.1| -419 -37.5 -34.3 -31.5
2.0 -40.3 -37.1 -34.3| -40.3 -36.9 -31.2 -29.6
5.0 -40.3 -37.3 -34.3| -435 -37.5 -34.5 -31.3
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Figure 1. 10. Loss factor, tard, vs. temperature for nanocomposites of PVDF with
MWCNT. (a) Unoriented sample, (b) Unoriented samp(elack) and oriented zone
drawn samples (white) at different frequencies,Hz(triangle), 10Hz (diamond) and 50

Hz (square), exemplified by 0.5 wt%.

The relaxation time for th@-transition follows Vogel-Fulcher-Tamman-Hesse
(VFTH) equation [41, 42].

t=10exp [B/ k(T- To)] (1.4)
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wheret is the relaxation time fop-transition, k = 1.38 x I JK' is Boltzmann's
constant, §is the Vogel temperature { E 170 K for PVDF [41]), which is usually 30-
70 K below Ty, and B is a constant activation energy. Molecuhest acquire an extra
amount of energy in order to pass the energy bidrae state a to state b.

The activation energy for unoriented PVDF and dednPVDF has been
estimated using both DSC and DMA data. DSC heatatg was transformed to an
equivalent frequency [43, 44]. By fitting loganthfrequency from DSC and DMA with
reciprocal glass transition temperature (determimgdiand peak position in DMA), we
obtained best fit lines in an Arrhenius plot (nbbwn in the interest of brevity). The
slope of the best fit lines is the activation egerdrigure I. 11 depicts the estimated
activation energy from Arrhenius plots versus MWCBGdncentration. The activation

energy is in the range of 0.08-0.17 eV.
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Figure 1. 11 Activation energy vs. concentration for unorientsalid triangle) and

oriented (empty square) nanocomposites of PVDF WIWCNT. Pure PVDF was

marked in grey for reference.
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Mechanical properties were also evaluated by letesting at room temperature.
The modulus of elasticity (Young’s modulus) wascoédted using least squares fitting
within the low strain (linear) portion of stressash curve, which follows Hooke’s law:

e = Ege (1.5)
whereac, is the stress applied, is the strain, and E is Young’s modulus of the glam
The proportional limit was determined by offsetteagine parallel to the tangency line by
0.02% strain. The intersection of the offset lame the stress-strain curve is used to
estimate the proportional limit [45]. The ultimaénsile strength (UTS) was determined
by the highest stress value over the entire ssagi curve from elongation until failure.
In Table 1.4, as expected, the nanocomposites with the greaseght percent of
MWCNT have greater Young’'s moduli and greater propoal limits. The
nanocomposite with highest weight percent of MWCEW1%, has the highest average
Young's modulus and UTS of 1.82+0.05GPa and 445M@a, respectively, at a
crosshead speed of 2mm/min. The average Young'silme@nd UTS of pure PVDF are
1.46£0.05GPa and 42.0+0.5MPa, respectively. Thansat UTS decreases as weight
percentage of MWCNT increases. Typical stressestcairves at 2mm/min for all
nanocomposites in the low strain region are showigure 1. 12. The tests with
crosshead speed of 10mm/min (not shown for the sék®evity) presented a similar
graph. This result shows that the high weight @ercmanocomposite is stiffer than pure
PVDF. By adding nanofiller with large Young's madds, the mechanical properties of

the polymer nanocomposite were also improved.
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Figure 1.12 Stress—strain curves at room temperature in thestoain region at a cross

head speed of 2 mm/min for nanocomposites of PViRiF MWCNT.

Table 1.4 Mechanical Properties from Tensile Testig at Room Temperature for

PVDF/MWCNT Nanocomposites, at Various Crosshead Spds'

UTS (Ultimate

Sample| Young’s Modulus, | Proportional limit, Tensile Stress ), Strain at UTS,
(wt %) | GPa, (x0.05) MPa, (+0.5) MPa (£0.5) % (£1.0)
2 10 2 10 2 10 2 10

0.0 1.46 1.25 7.0 9.1 4.2 4.3 8.5 9.6
0.1 1.46 1.47 8.5 11.4 4.4 4.7 8.1 8.0
0.5 1.52 1.48 9.7 13.0 4.5 4.6 7.3 7.6
1.0 1.61 1.58 10.2 12.1 4.5 4.7 7.3 7.6
2.0 1.70 1.52 11.7 12.2 4.4 4.7 6.7 6.7
5.0 1.82 1.76 11.9 11.0 4.5 4.6 5.5 6.4

@ Crosshead speeds of 2 or 10 mm/min

306




4. Conclusions
Nanocomposites of poly (vinylidene fluoride) (PVDWjth mutiwalled carbon

nanotubes (MWCNTSs) have been investigated overda womposition range, from 0.1%

to 5.0% MWCNT by weight. The effect of zone dragvian these nanocomposites is

also studied by comparing the oriented samples witloriented samples. The
conclusions are summarized as follows:

1. MWCNTs have negligible effect on forming beta caysh PVDF (inducing only a
tiny portion of beta phase crystal (1-2 %) in théDFE/MWCNT films). Zone
drawing causes a significant alpha to beta tramwsiti PVDF/MWCNT strips. In this
process the beta phase grew at the expense of phas®, but the total degree of
crystallinity decreased.

2. MWCNT acts as nucleation agent during crystallaatand slightly increases the
degree of crystallinity of both unoriented and oteel PVDF/MWCNT films.
Crystallization temperature,. Tfor PVDF/MWCNT films increases with MWCNT
concentration.

3. The lower temperature thermal stability for PVDF/MWT is also improved
(nanocomposites show a higher degradation temperdtelow 500°C) when
MWCNT concentration increases.

4. The glass transition temperaturg, measured by the peak position of tadoes not
change with MWCNT concentration, but a highgcdn be obtain by zone drawing.

5. Dynamic storage modulus, E’, was improved when MWGidncentration increases

in unoriented PVDF/MWCNT film. Zone drawing alserggrally increases E’.
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6. Young's modulus and the proportional limit fromests-strain curves increase, while
strain at the point of ultimate tensile stress eases, as MWCNT concentration

increases.
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Appendix J. PVDF-based Polymer Blend Films for Fuel

Cell Membranes

1. Introduction:

Polymer Electrolyte membrane (PEM) fuel cells (F@gve attracted much
attention as the power sources of electric vehiclésee most commonly used membranes
in PEM fuel cell is Nafion by the DuPont Company. [Most PEMs function below 80 -
90 °C, which is the dehydration temperature of dtafi In this work, we fabricated
conduction membranes of binary blend films of pailyylidene fluoride) (PVDF) and
poly(1-ethyl-3-vinylimidazolium) doped with trifltomethylsulfonylimide salt
(PVIM'TFSI). The potential utility of such materials is iapacitive electronic devices,
especially in proton exchange membrane fuel cells.

Poly(vinylidene fluoride) (PVDF) is a technologilyaimportant semicrystalline
polymer widely used in modern engineering applaat] such as in piezoelectric
sensors, energy transducers, electrical wires, fégtnation membranes, because of its
light weight, high chemical resistance, good thérstability, and excellent mechanical
properties. PVDF crystallizes into five crystgjtaphic forms [2]. The two major forms
of interest to our present research are the padsa phase (with chain conformation
TTTT) and the non-polar alpha phase (TGTG’). Beltase PVDF presents a porous
structure formed by spherulites with a diametetsvben 3 and gum, while alpha phase
PVDF forms banded spherulites with diameters betvw&eand 4Qm [3]. In the binary

blend PVDF/PVIMTFSTI films, the amorphous PVIMFSI is thought to occupy the
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boundary regions of the PVDF spherulites, and fartortuous, but continuous, electrical
conducting pathway. When working in capacitivecgtanic devices, such as in PEMFC,
the alpha phase is relatively stable. The alphBP¥rystal will maintain after cooling
from the melt, but the beta PVDF crystal will miglthe temperature goes above about
160 °C and alpha PVDF will form after cooling. Bhuhe alpha phase is the preferred
crystallographic phase of PVDF in polymer blendhélfor PEMFCs. In this study, we
cast PVDF/PVIMTFSI films from dimethly formamide (DMF) solution. Tipwlar beta
phase of PVDF crystals dominates in as-cast filxiter heat treatment at 200 °C in an
inert atmosphere, only the non-polar alpha phaséserved after cooling from the melt.
PVDF imparts mechanical strength and chemical l#talo the blends, and because of
its high crystal melting point (> 160 °C), serves to improve the high temperature

stability of resulting films. This work has puliied in MRS Proceedings [4].

2. Experimental Section

Sample preparation PVDF used in our present study was a KYNABO1F
poly(vinylidene fluoride) resin obtained in fine wder form. Poly(1-ethyl-3-
vinylimidazolium trifluoromethylsulfonylimide) (P\Wh'TFSI) was derived from ionic

liquid imidazolium monomers [5]. The chemical stures are shown iRigure J. 1

@) (b)

- N g
\V ﬁ\ g =N
n TFSI /- ~ PVIm*

S
PVDF o% | Yo N /
C
Figure J. 1 The chemical structures of (a) PVDF and (b) PVIFSI.
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PVDF and PVIMTFSI were separately dissolved in dimethly formamide M
solution at room temperature and stirred overnighimake a 15 wt.% PVDF stock
solution and a 5 wt.% PVIMFSI stock solution. Then, the two stock solutions aver
mixed to achieve polymer blends with 4:1 or 3:1gh¢iratio of PVDF: PVIMTFSI. To
obtain a thin film with thickness of 30 ~ 4@n, the mixed solutions were doctor bladed
at 50 °C on a pre-cleaned glass substrate and alrit@0 °C.

Fourier transform infrared spectroscopy (FTIR) studies were performed using
a Jasco FT/IR-6200 with a TGS detector. The alasmd spectra were obtained by
averaging 32 scans with a resolution of 4.0%cnThe background spectra were collected
under the same conditions and subtracted fromdie for each sample.

Wide angle X-ray diffraction (WAXD) was performed with a Phillips PW1830
X-ray generator, operated at 40 kV and 45 nfAee standing films were examined in
reflection mode, using a step scan interval of 0diid a scan time of 2.4 s/step.

Differential scanning calorimetry (DSC) was performed on a TA Instruments
Q100 temperature modulated DSGamples with mass in the range of 2 to 3 mg were
encapsulated into aluminum pans and heated fromtd. @00 °C, then cooled from 200
to 100 °C and then reheated to 200 °C at a ratd@FC/min. A nitrogen purge gas was
used at a flow rate of 50 mL/min.

Thermogravimetric analysis (TGA) was performed on a TA Instruments Q500
thermogravimetric analyzer at a heating rate of@0@nin from room temperature to 800
°C in a nitrogen gas flow of 50 mL/min.

Dynamic mechanical analysis (DMA)was performed on a TA Instruments

RSAIIl dynamic mechanical analyzer using frequetesyperature sweep test at a strain
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of 0.1%, with four different frequencies, 0.1, 110, and 50 Hz. The temperature ranged

from —100 °C to 30 °C with an increase of 3 °C step and a soak time of 45 s per step.

3. Discussion

Phase identification

Figure J. 2shows the phase structure of PVDF identified u§imtiR. According
to Gregorio [3], solution cast films result in bgtaase PVDF spherulites with diameters
between 3 and im, and forming an incompletely filled, or poroususture with large
gaps between adjacent spherulites. On the othet, lvehen films are heat treated from
the melt, the alpha phase PVDF forms banded sptesrwith diameters between 20 and
40 um which are more completely space filling [3]. 8gthase crystals, which are
formed after solution evaporation at relatively lowying temperatures, are metastable,
and will tend to reorganize during any subsequ&ntiesion to higher temperature. The
alpha phase spherulites, grown by cooling from mhelt, will be stable to higher
temperatures during use. In our binary blend P\VYRN TFSI films, the PVIM+TFSI-
component will be rejected to the boundaries ofdlpha phase PVDF spherulites and
will facilitate formation of conduction channels the spherulite boundaries. Thus, on
the basis of thermal stability, the melt crysta@tizalpha phase is preferred to the solution
cast beta phase in capacitive electronic devicpbcapions.

As can be seen form Figure2].the beta absorption peaks at 1273 and 1175 cm
[2, 6-8] were observed in doctor bladed as-castsfiin all compositions. After heat
treatment at 200 °C in the inert atmosphere glowe filled with argon gas, the beta

phase melted and alpha phase formed after coalamy fhe melt. The alpha absorption
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bands at 976 and 764 cthm[2, 6-8] were observed in heat treated films fdr a
compositions. WAXD confirmed the phase structuetednined from FTIR. This result
suggests that PVIFST will not change the crystallographic phase of PVOme beta
PVDF can be obtained by crystallization from DMHusion at 100 °C, and the alpha
PVDF can be obtained by melting and subsequentrgpat room temperature [3]. The
PVIM'TFSI blend component was completely amorphous which easirmed by

WAXD.
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Figure J. 2 Normalized infrared absorption versus wavenumbeP\6DF/PVIM TFSI

films.

Thermal properties

Figure J. 3 shows the DSC scans of PVDF homopolymer and bldnt
PVDF/PVIMTFSI with ratio 4:1 and 3:1 PVDF to PVIWFSI. Upper three curves are

as cast, while the lower three curves are filmg treated at 200 °C and cooled quickly.
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(a) First Heating (b) Second Heating
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Figure J. 3DSCHeat flow versus temperature scans for PVDF/PVIRSI films during
(a) the first heating ramp and (b) the second hgaamp with a heating/cooling rate of

10 °C/min.

In the first heating ramp, shown in Figure J. 3e toctor bladed as-cast films
have only a single melting peak at about 164 °G¢lvban be attributed to the melting of
beta crystals of PVDF. The heat treated filmsehaoublet melting peaks in the
temperature range of 150 to 170 °C, which can kibated to the melting of alpha
PVDF. In the second heating ramp shown in Figu@&b,)Jthe melting temperaturey,T
of homopolymer PVDF is about 160 °C, and thg of PVDF/PVIMTFSI blend films
are about 158 °C with a small shoulder at about XG0 The first heat of beta phase
shows a long period of endothermic heat flow, doeah unstable baseline, which
confirms that the beta is reorganizing, while teead heat showing that alpha is more
stable, giving a better, flatter baseline. Resuatticates that as the PVDF content

decreases, melting endotherm peak positions systaihashift to a lower temperature,
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and PVDF serves to improve the high temperaturbilgyaof resulting blend films

because of its high crystal melting point,(¥ 160 °C).

Figure J. 4shows the TGA scans of percent weight remainingeraperature for
PVDF homopolymer and blend films of PVDF/PVIRFSI. In the blend films, weight
loss begins at 315 °C due to the degradation ofPVFSI, and major weight loss
occurred in the region between 400 and 500 °C losanples. Results indicate the

degradation temperature of the films is well abthesworking temperature for PEMFC.
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Figure J. 4 Thermogravimetric curve of weight remaining verdesnperature for

PVDF/PVIMTFSI films with a heating rate of 20 °C/min.
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Mechanical properties

Figure J. 5 shows the storage modulus, E', and the loss fatdars, versus
temperature for PVDF/PVIMFSI films. The storage modulus increases with an
increase in PVDF content. This indicates thatilead films becomes stiffer (high&f)
when PVDF content increases relative to the PRSI component.  The glass
transition, determined by the peak position ofdais slightly increased, about 2 °C, and
the amplitude of the relaxation peak increases @} as the PVDF fraction increased.
By increasing the PVDF content, the blend film viidlve a higher damping capacity for
viscoelastic vibration. Results indicate that acréase of PVDF serves to improve the

mechanical properties of resulting blend films.
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Figure J. 5 (a) Storage modulus, E', and (b) loss factor,dawersus temperature for

PVDF/PVIM TFSI films (exemplified by as cast films at oscillatiequency of 10 Hz).
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4. Conclusions

We report the preparation and characterization wfary blend films of
PVDF/PVIMTFESI.  Thin PVDF/ PVIMTFSI films were fabricated from DMF
solutions by doctor blading. The polar beta pr&Ed@VDF crystals dominates in as-cast
films, while the non-polar alpha phase is obseratdr cooling from the melt. PVDF
imparts mechanical strength and chemical stalitithhe composite films, and because of
its high crystal melting point (I'> 160 °C), serves to improve the high temperature

stability of resulting films.
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