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Abstract

Amylose and amylopectin, which are the two main constituents of starch, were characterized using
the pyrene excimer fluorescence (PEF) technique. First, an amylose sample was randomly labeled
with the dye pyrene to yield Py-Amylose. Its fluorescence was compared to that of pyrene-labeled
poly(methyl acrylate) (Py-PMA) as Py-PMA was expected to experience internal dynamics that
were much faster than those of Py-Amylose. Analysis of the PEF signal revealed that Py-Amylose
formed excimer as effectively as the more flexible Py-PMA. This result could only be rationalized
if Py-Amylose generated a compact environment for the pyrene labels by adopting a helical
conformation. Fluorescence blob model (FBM) analysis, where a blob is the subvolume inside a
macromolecule probed by an excited pyrene, yielded a blob size (Nbiob) 0f 11 anhydroglucose units
(AGUs) for Py-Amylose. The experimental Npiop Value matched the theoretical Npion™® value
obtained by molecular mechanism optimizations (MMOs) only if the pyrene labels were assumed
to be covalently attached onto a polysaccharide helix, thus confirming the helical conformation of
amylose in DMSO. Second, the FBM analysis was applied to a sample of amylopectin randomly
labeled with pyrene (Py-Amylopectin). Noiob Was found to increase from 11 for Py-Amylose to 20
for Py-Amylopectin in DMSO. MMOs were carried out to establish how Npiop™® varied with the
interhelical distance (dn-n) between single and double helices of oligosaccharides laid out in a
hexagonal array used as a mimic for the arrangement of the side chains of amylopectin. The dh-n
value needed for Npion™™® to match the experimental Npion 0f 20 equaled 25 or 29 A depending on
whether the side chain adopted a single or double helical conformation, respectively. This
interhelical spacing suggested a density of amylopectin in DMSO which was one order of
magnitude larger than the density of amylopectin determined by intrinsic viscosity ([#]). To
resolve this discrepancy, the Solution-Cluster (Sol-CL) model was proposed. In this model, the
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interior of amylopectin was depicted as being a network of dense clusters of oligosaccharide
helices connected by flexible and linear oligosaccharide segments. Third, nanosized amylopectin
fragments (NAFs) prepared from waxy corn starch by high temperature extrusion were
characterized by *H NMR, iodine binding test, viscometry, dynamic light scattering (DLS), and
PEF. 'H NMR indicated that the NAFs shared a same chemical composition with amylopectin.
The iodine binding test experiments confirmed that the NAFs were essentially amylose-free. [#]
measurements suggested that their density increased from 0.04 to 0.12 g/mL in DMSO as their
hydrodynamic diameter decreased from 57 nm to 8 nm. Matching the experimental Npiop Value of
Py-NAFs with the Npioo™°-vs-dn-n trends yielded dn-n values that led to densities close to that found
for amylopectin. In addition, the density of the NAFs, determined from [#] approached the density
values calculated from Npiob as their size decreased toward that of a cluster of helices. This result
suggested that the linear segments that bridged the clusters of helices and contributed to the
excluded volume of the NAFs were cleaved off as the NAFs became smaller. Poly(ethylene
glycol)s (PEGs) of different lengths were then added to dilute dispersions of Py-Amylopectin and
two Py-NAFs. 10K PEG was unable to penetrate the interior of the macromolecules, thus
generating the osmotic pressure that compressed the polysaccharides. Shrinkage of the
polysaccharides was monitored by measuring their PEF. Deformation of the polysaccharides was
found to only occur in Py-Amylopectin and the larger Py-NAF. The smaller Py-NAF could not be
compressed at the same 10K PEG concentration due to the absence of excluded volume. These
conclusions provided further supports to the Sol-CL model.

Together the results presented in this thesis suggest that PEF provides reliable structural
information on amylose and amylopectin in solution, an information that would be difficult to

extract from more traditional characterization methods.
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Chapter 1:
Literature Review



This thesis describes how fluorescence techniques can be applied to provide quantitative
information on the internal dynamics and structure of polysaccharides in solution. Therefore, the
first part of this introductory chapter reviews the current knowledge, as described in the scientific
literature, of the internal structure and dynamics of the polysaccharides studied in this thesis,
namely amylose, amylopectin, and starch nanoparticles (SNPs) produced from waxy corn starch.
The second part of this chapter presents the fundamentals of fluorescence with their implications
for pyrene, the dye that was mainly used in this thesis. It includes some of the interesting features
of the fluorescence spectra of pyrene-labeled macromolecules (PyLMs), a description of the
different physical concepts that result in specific analytical models used to characterize the Kinetics
of pyrene excimer formation encountered with PyLMs, and how these concepts are applied to
describe the behavior of macromolecules in solution. The third and final section of this chapter

introduces the objectives of this thesis and outlines its organization.

1.1 Starch

Starch is the second most abundant biopolymer in nature. It is typically synthesized in plant
amyloplasts as discrete granules to store the energy generated by photosynthesis. Besides its well-
known role in food, starch and its derivatives have been widely used in the paper coating,
pharmaceutical, and cosmetic industries as gelling, thickening, and stabilizing agents.! Starch is
found in plants as densely packed semi-crystalline granules, with a crystallinity level varying from
17 to 50%.2° The density of the starch granules is typically 1.5 g.cm=.% Though the size and
morphology of the granules is specific for each plant species, their structure under an optical
microscope shows a remarkably similar architecture including growth rings, blocklets, and

crystalline and amorphous lamellae as depicted in Figure 1.1.7
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Figure 1.1. Schematic representation of the different length scales found in the ultrastructure of

starch. A) Ultrathin section of a waxy maize starch granule after being subjected to H2SO4
hydrolysis for 7 days and staining with uranyl acetate and lead citrate. B) Alternation of semi-
crystalline and amorphous rings. C) The cluster model proposed for amylopectin. D) Single and
double helices generated by the side chains of amylopectin. (adapted from ref. [7] with copyright

permission)

The complex architecture of starch shown in Figure 1.1 is the result of the delicate balance
between the two chemical “building blocks” of starch, namely, amylose and amylopectin. Amylose
has been traditionally considered to be a linear chain of D-glucose residues linked by a-(1,4)-
glycosidic bonds (Figure 1.2). However, later studies have suggested that some amylose molecules
might be slightly branched.*>® In contrast, amylopectin is extensively branched with short side
chains which are interlinked by a-(1,6)-linkages (Figure 1.2). The method commonly used to
assess the apparent amylose content of starch is to determine the iodine affinity of an aqueous
solution of defatted starch obtained by treatment with aqueous methanol followed by dioxane.®*°
Upon formation of an inclusion complex with amylose, iodine in an aqueous starch solution yields
a blue colour, because the inclusion complex exhibits a broad absorption peak with its maximum

near 600 nm, and this absorption can be quantified to determine the amylose content of starch.!!
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These procedures were instrumental in establishing that for most plants, amylopectin constitutes
70-85% of the starch granules by weight.* One exception is waxy corn starch, which consists of
nearly 100% amylopectin.*®? At the other end of the spectrum, Carciofi and coworkers have
described a genetically modified variety of barley that produced amylose-only starch granules.*?
The difference in the branching content leads to significantly different physicochemical properties
for the two polysaccharides. For example, amylose has a high tendency to retrograde by re-
crystallizing after gelatinization, which results in the production of tough gels and strong films,

whilst amylopectin is more stable in water and produces soft gels and weak films.’
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Figure 1.2. Chemical structure of amylose and amylopectin.

1.1.1 Amylose

1.1.1.1 Chemical Structure of Amylose

Amylose is the minor, linear or slightly branched component of starch. Its content is one of the
most important factors affecting the cooking and eating quality of starch food products.t*
Generally, amylose-containing starches generate nanocrystals with imperfect symmetry,
suggesting that amylose molecules interfere with the crystallization of starch during the formation

of starch granules.® This observation is taken as evidence that amylose contributes mostly to the



amorphous phase in starch granules. Depending on the plant, amylose molecules may comprise
between 200 and 6000 anhydroglucose units (AGUs).*® The linear nature of amylose was proposed
in the early 1940s.8161" The oldest criterion for linearity consisted in the susceptibility of amylose
to be completely hydrolysed by g-amylase. This enzyme splits a-(1-4) bonds from the non-
reducing end of amylose and releases maltose, a disaccharide constituted of two glucose units
joined by an o-(1-4) bond, but it cannot cleave a-(1-6) glycosidic linkages.®® When degraded by
S-amylase, linear amylose is completely converted into maltose, whereas the degradation of a
branched polysaccharide like amylopectin yields g-limit dextrin which is the inner core of the
polysaccharide remaining after its outer chains have been depolymerized.® However, Peat and
coworkers reported that S-amylase can only convert 70% of amylose into maltose.*® This end point
of molecular weight reduction is defined as the “f-amylolysis limit” and reflects the branching
level of the polysaccharides. As a comparison, the g-amylolysis limit of amylopectin is reported
to range between 55% and 61%, indicating that f-amylase cannot degrade amylopectin to the same
extent as amylose due to the many branching points of amylopectin.® It was also confirmed that
the p-amylase resistance of amylose could not be attributed to retrogradation? or oxidation.
Support for the view that amylose contains some branches came from the observation that for a
given molecular weight, the hydrodynamic radius of amylose is smaller for the samples producing
B-limit dextrins than for the samples that can be completely hydrolyzed.?° In addition, a complete
hydrolysis of amylose to maltose can be achieved using a mixture of g-amylase and pullulanase,??
the latter enzyme being specifically able to cleave o-(1-6) glycosidic linkages.® Further
investigation demonstrated that amylose contained two to eight branching points per molecule on
average with side chains constituted of 4 to a few hundred AGUs.??* Using fractionated amyloses,

the level of branching was shown to increase continuously with increasing molecular weight.?®



1.1.1.2 Conformation of amylose in dilute solution

The comformation of amylose in solution has been studied by agricultural and physical chemists
for decades. However, despite this sustained research, it remains a matter of controversy to this
day. Different models have been proposed to describe the conformation of amylose in solution,
but their predictions cover the whole conformational range from a helix to a random coil, including
a partially coiled chain with some helical segments as depicted in Figure 1.3,% which summarizes
the main conformations of amylose that have been proposed in the literature. The conclusions for
the different conformations proposed for amylose were drawn from the use of different

experimental techniques that are discussed in more details hereafter.

Helix Partially coiled chain Random Caoil

Figure 1.3. Possible conformations of amylose in solution.

Information about polymer conformation in solution can be inferred from the Mark-
Houwink-Sakurada exponent (a) used to relate the intrinsic viscosity ([7]) of a polymer to its
viscosity-average molecular weight (My) as shown in Equation 1.1. For a random coil in a 6—or a
good solvent, a is expected to equal 0.5 and 0.8, respectively, but it increases to 1.8 if the

macromolecule adopts a rod-like conformation.®

[7] = KMV* (1.1)



Several studies found that for amylose in a neutral aqueous solution of potassium chloride,
a took a value of 0.5 as expected for an unperturbed polymer chain in a 6—solvent.?6-28 Therefore,
Banks and Greenwood concluded that amylose in solution behaved like a random coil and, while
some helical segments might be present, the helices must be loosely connected.?® The helical
nature of amylose in solution is a consequence of the a-D-(1-4)-linkages rather than intramolecular
hydrogen bonding.?® The values for the a exponent found for amylose in dimethylsulfoxide
(DMSO) were more scattered since a was reported to equal 0.64 by Everett and Foster,?® 0.70 by
Banks and Greenwood,?® 0.82 by Burchard,®® 0.87 by Cowie,*! and 0.91 by Fuijii et al.®? The first
three values being larger than 0.5 but smaller than 0.8 suggested that DMSO is a good solvent for
amylose where it would adopt a random coil conformation, whilst the latter two which are larger
than 0.8 implied a semi-flexible and predominantly helical conformation for amylose. The
discrepancy between the a exponents for amylose in DMSO was attributed to experimental

difficulties in determining the molecular weight of amylose accurately.3334

Indeed, several investigations suggested that the conformation of amylose in solution
depended on its molecular weight. Burchard et al. enzymatically synthesized amylose and reported
that amylose of molecular weight ranging from 6,500 to 160,000 g/mol could not dissolve in
water.%® Later light scattering and sedimentation equilibrium experiments suggested that amylose
within this molecular weight range forms a rigid double helix which can readily retrograde.®®
Moreover, the intrinsic viscosity of amylose in DMSO was found to exhibit an unusually weak
dependence with molecular weight when its molecular weight was below 10* g/mol.*® This could
be quantitatively explained by the theory developed by Yoshizaki et al.® for unperturbed helical

wormlike chains when solvation of the polysaccharide chains by DMSO molecules was taken into



account. In this case, no excluded-volume effect needed to be considered, since the data analysis

was concerned with low molecular weight amylose samples.®

Nevertheless, the results obtained from intrinsic viscosity measurements indicated that
amylose, when fully dissolved in water, behaved as a random coil at the macromolecular level.
However, studies probing amylose in solution at the micromolecular level led to an opposite
conclusion. Theoretical calculations were conducted to build a conformational map of the (1-4)
glycosidic bond by computing the conformational energy of amylose as a function of the rotation
about the interunit glycosidic bonds. The conformational map showed that the rotations of the
glucopyranoyl units were highly restricted.3” Stronger evidence for the existence of helical
segments in amylose dissolved in water was found by Lewis and Johnson. They acquired circular
dichroism (CD) spectra of amylose, maltose, and the cyclodextrins.®® By examining
chromophorically equivalent but conformationally different glucans, they demonstrated that CD
responded to sugar ring conformation. A comparison of the CD spectra of amylose and
cyclodextrins suggested that amylose exhibited a substantial chirality bias. Moreover, the complex
formed from the inclusion of butanol with amylose, which was known to have a helical structure,
had a CD spectrum similar to that of free amylose in aqueous solution implying that amylose

adopted a helical conformation in water.

Along with the direct evidence implying that AGUs constituting the amylose backbone
experienced restriction in their orientation and adopted an ordered conformation, several authors
reported a possible helix-to-coil transition of amylose when the solution pH was increased to above
11. Erlander et al.® and Rao et al.*® showed that [7] of aqueous amylose solutions decreased by
approximately 40% at pH 12. Rao and Foster*! observed a significant decrease in specific rotation

for amylose in 1 N KOH solution compared to that in neutral solution. Nuclear magnetic resonance



(NMR) analysis suggested that this transition was due to an increase of rotational freedom about
the glycosidic linkages at higher pH. Since changes in [ 7] or specific rotation could be rationalized
by a helix-to-coil transition for amylose under alkaline conditions, these studies led to the
conclusion that in aqueous solution, amylose must contain some helical segments that were
disrupted at high pH .34

The contradictory conclusions, reached by studies probing the conformation of amylose in
solution at the macro- and micro-molecular level, have led to the proposal that amylose might
adopt an interrupted helix conformation resulting in an alternation of coil and helical segments
akin to the conformation of a random coil.3"#4942 However, this theory has not yet been fully
accepted by academia for the following reasons. First, for a chain to contain both coil and helical
portions, the free energy per coiled or helical residue would have to be nearly equal.>* As a result,
a change in environmental conditions should lead to considerable variations in helical content,
thereby causing a noticeable change in [7] or radius of gyration. However, although [7] shows a
sharp decrease for amylose at high pH,*>% it is insensitive to temperature and salt concentration
in aqueous solution.3* Second, it is interesting to note that key evidence supporting the random
coil model is mainly obtained from viscosity and light scattering measurements. Since these
methods measure the dimensions of entire macromolecules, it can be argued that both the
interrupted helix and random coil conformations would experience similar overall excluded
volumes even though their conformation would be very different when probed on a shorter length
scale. In addition, it was already mentioned that the slightly branched nature of amylose was not
well-understood until the 1980s. None of the early viscosity and light scattering studies included

discussions on the effect that branching might have on the Mark-Houwink-Sakurada (MHS)



exponent (o) whose value was used to infer the conformation of amylose, and which would be
certainly reduced by the presence of branches.

To better understand the behaviour of amylose in solution, Kitamura et al. conducted a
series of studies using fluorescence polarization.*>*¢ Comparison of the relaxation times of
fluorescein-labeled dextran and amylose constructs reflected stronger micro-Brownian motions
for dextran than amylose.*® This result was consistent with previous theoretical predictions*’*3
indicating that a polysaccharide constituted of AGUs linked by a-(1-6) glycosidic bonds was more
flexible than a polysaccharide constituted of a-(1-4) linked AGUs. By measuring the fluorescence
polarization of the fluorescently labeled polysaccharides as a function of temperature and pH in
DMSO,* Kitamura et al. observed a transition between pH 11 and 13, similar to that reported in
previous studies,®>*' which suggested a possible helix-to-coil transition. In addition, the
polarization study showed a significant upward curvature in the Perrin plots in which the reciprocal
of polarization was plotted against the ratio of absolute temperature to viscosity. This behavior
was attributed to the accelerated loosening of the structure of amylose with increasing temperature
and pH. Since the experimental rotational time of 11 ns found for the fluorescein-labeled amylose
was much lower than that of 43 ns expected for a rigid amylose helix, the author concluded that
amylose in water took a helical conformation that was not as tight as that of the VV-amylose helices
found in the solid state. It is worth noting that the intrinsic viscosity and optical rotation of amylose
in solution were unaffected by temperature changes.%4%° These results suggest that fluorescence
might be more sensitive to change in the local chain conformation compared to viscometry and
optical rotatory experiments. In addition, the micro-Brownian motion of the interior and terminal
segments of amylose were compared by attaching dyes either randomly along the chain or

specifically at the chain ends, respectively.*® The results suggested that the chain ends were more
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flexible than the main chain so that the loosening of the helical structure upon heating had to occur
first in the terminal segments. Further study of the relationship between the average relaxation
time <¢> and DP for amylose confirmed that fluorescence polarization reflected only the local
segmental motions of the polysaccharides rather than providing information on their overall
comformation.*® Interactions of 6-(p-toluidino)-2-naphthalenesulfonic acid (TNS) with amylose
in aqueous solution were explored by steady-state fluorescence along with fluorescence
polarization.** An enhancement in fluorescence intensity upon addition of 0.1 wt% of amylose in
a TNS aqueous solution confirmed the formation of amylose-TNS complexes. However, a similar
<¢> value was found for the amylose-TNS complex as for fluorescein-labeled amylose implying
that both dyes probed a helical segment of amylose. The result was consistent with a previous CD
study of amylose suggesting that amylose underwent a minor conformational change after forming
an inclusion complex.® Since small linear molecules like TNS are known to induce the section of
amylose involved in their complexation to adopt a helical conformation in solution, the lack of
variation of the fluorescence signal before and after amylose formed inclusion complexes with
TNS implied that amylose must already contain some helical segments prior to the addition of

TNS.

As the above discussion made clear, the conformation of amylose in solution, whether it
be a random coil or an interrupted or continuous helix remains a matter of debate. Novel techniques,
such as fluorescence, can provide new insights to resolve this controversy. Since these
conformations would result in very different internal dynamics and local density for amylose in
solution, pyrene excimer fluorescence (PEF) which is sensitive to polymer chain dynamics and
local density would be ideal to investigate the conformation of amylose in solution.®?®" To this

end, an amylose sample was randomly labeled with different amounts of 1-pyrenebutyric acid and
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its fluorescence was analyzed using steady-state and time-resolved fluorescence. It was found that
the PEF efficiency was similar for rigid amylose and flexible poly(methyl acrylate) (PMA), an
unexpected conclusion considering the rigid polysaccharide backbone. This result could only be
rationalized by postulating that amylose adopted a compact helical conformation in DMSO whose
large local density was offsetting its slow dynamics for PEF. This study is described in Chapter 2

of this thesis.

1.1.2 Amylopectin

1.1.2.1 Chemical structure of amylopectin

Amylopectin is the highly branched component of starch. It is constituted of short chains, made of
AGUEs linked together by a-(1-4) bonds, which are connected to each other by a-(1-6) linkages. In
amylopectin, 5-6 mol% of AGUs have an a-(1-6) glycosidic bond that acts as a branch point.>’
These branch points make the macromolecular structure of amylopectin more complex than that
of amylose. It is also a much larger macromolecule with reported My, values ranging between 2
and 700 x 108 g/mol.”®® The fine structure of amylopectin has been of particular interest because
of its implications for the physicochemical properties of starch, such as crystallinity and
viscoelasticity.>*® It is also an important parameter for biochemists studying the biosynthetic

pathway of amylopectin and its organization inside starch granules.”>%6!

Figure 1.4 introduces the different structural elements that have been proposed to describe
amylopectin. The exterior chains (ECs) are located between the non-reducing end and the
outermost branch points. The interior chains (ICs) represent the parts of a chain spanning two
branch points in the interior of the macromolecule. To distinguish the unit chain composition of
amylopectin more specifically, Peat and coworkers divided the various chains into three groups

according to their substitution level.? A-chains are defined as unsubstituted chains that are
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connected to the rest of the macromolecule through a-(1-6) linkages. In contrast, B-chains are
substituted by one or several A- or B-chains. In addition, each macromolecule contains one single
C-chain, which carries the sole reducing terminal end of the macromolecule. The molar ratio of

A-chains to B-chains, or the A:B ratio, is also referred to as the degree of multiple branching.

A-Chains BL2 or B3-Chains B1-Chains
(Long) (Short)
Reducing end
W 0-0-0-0-0-0-0-0-
0000 o—-0-0-0-0->
\/ Z‘ C-Chains
Interior chains Exterior chains

Figure 1.4. Definition of the different types of chains in amylopectin. AGUs are represented by
circles. a-(1-4) and a-(1-6) linkages are represented by horizontal lines and bent arrows,
respectively. The reducing-end residue is shown at the far right of the figure. (Adapted from ref

[7] with copyright permission).

Several models have been proposed based on the side chain distribution of amylopectin to
rationalize its physicochemical properties. Early models included the laminated structure
suggested by Haworth et al.,%® the “heringbone” model suggested by Staudinger et al.,** and the
randomly branched model proposed by Meyer et al.%°> As shown in Figure 1.5, when the molecular
weight is large enough, the randomly branched model would give a characteristic A:B ratio equal
to 1, while the laminated and herringbone models would have an A:B ratio of 0 and infinity,

respectively. Several studies used debranching enzymes to determine the A:B ratio of amylopectin
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Figure 1.5. Different structural models proposed for amylopectin. The non-reducing end residue
of A chains, B chains and C chains are represented by the hollow circles, filled circles and circles
crossed by a line, respectively. a-(1-4) and a-

bent arrows, respectively. The reducing-end residue is shown at the far right of the figure. (Figures

are adapted from ref [8] and ref [69] with copyright permission)
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and found that the A:B ratio was between 1.0-1.5, a result that favored Meyer’s randomly branched
model 526568 French reconsidered the randomly branched model and suggested a tassel on a string
representation for amylopectin, which became the foundation of the cluster model.®® Since its
inception in 1973, the cluster model has gained increasing support and is now well accepted to
describe the fine structure of amylopectin.” It suggests that amylopectin is composed of highly
ordered clusters of short chains which are linked to each other by much longer chains. A
consequence of the cluster model is that the interior of the macromolecule must therefore be
heterogenous.

The commercialization of the debranching enzymes pullulanase and isoamylase, which
specifically target a-(1-6) linkages in amylopectin, enabled the study of the finer structural details
of amylopectin.” Following the enzymatic hydrolysis of amylopectin, the size distribution profile
of the resulting oligosaccharides was then analyzed by various fractionation techniques, such as
size exclusion chromatography (SEC), high-performance SEC (HPSEC), high-performance anion
exchange chromatography (HPAEC), and capillary electrophoresis.” For instance, Hanashiro and
coworkers®® reported the distribution of C-chains obtained from the hydrolysis of six amylopectin
samples (rice, maize, wheat, potato, sweet potato, and yam) after labelling them with a fluorescent
dye. The reported C-chain lengths ranged between 10 and 130 AGUs, with a peak in the SEC
profile corresponding to a degree of polymerization (DP) of 40 for several amylopectin samples.
The distribution of the chains were very similar across different botanical sources suggesting that
the biosynthetic process for chains was similar in different plant species. A typical chain
distribution profile for A- and B-chains is shown in Figure 1.6. Lee and coworkers debranched
waxy maize starch with pullulanase and observed two peaks in the chromatogram corresponding

to chains with DP < 20 and DP of about 40.7*
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In later experiments, Akai et al.”? used isoamylases to cleave the branches of amylopectin.
The SEC profiles also showed two characteristic peaks for oligosaccharides with DP values of
about 20 and 50. It was interesting to note that the short chains with DP ~ 20 were present in both
the amylopectin samples and their corresponding -limit dextrins suggesting that the short chains
were mixtures of A- and B-chains. In other words, the B-chains were composed of at least two

distinct populations, shorter chains with DP around 20 and longer chains with DP values of 40-80.

Short Chains Long Chains

A+B1 B2 (Leeetal., 1968 [71])

A+B1 B2 (Akai et al., 1971 [72])

A+ Bl B2 1 B3 (Hizukuri, 1986 [73])
1

Carbohydrates (wt%)
N

0 20 40 60 80 100
Degree of polymerization (DP)

Figure 1.6. lllustration of the polymodal side chain distribution obtained for debranched
amylopectin. The division of the side chains into different categories is indicated as suggested by

different authors. (Adapted from ref [7] with copyright permission)
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Hizukuri” reported a polymodal chain distribution profile for amylopectin extracted from
tulip, tapioca, and wheat using HPSEC, and subdivided the longer B-chains into B2- and B3-chains.
The average DP of the A, B1, B2, and B3-chains was found to be 12-16, 20-24, 42-48, and 69-75,
respectively. Based on this polymodal chain distribution, the author proposed a further refinement
of the cluster model (Figure 1.7). In the refinement, single clusters were composed of A and B1-
chains. The two clusters were then connected by the B2-chains and three clusters were further
connected through the B3-chains. The sums of the chains in fraction A and B1 were about 80-90%
of the total and constituted a single cluster. The remaining 10-20% of the chains were mainly

involved in inter-cluster connections.

<&
<

ity
|
I

CL=27-28

Figure 1.7. Diagram of the refined cluster model proposed by Hizukuri. (Adpated from ref [73]

with copyright permission)

The cluster model provides a good explanation for the growth rings structure observed in
the starch granules,’* the relatively higher viscosity of amylopectin samples compared to that of
glycogen samples having a higher molecular weight,’® and the relative resistance of parts of
amylopectin when attacked by acids or enzymes.” However, it must be emphasized that although

the cluster model is generally accepted,’ rather little is known about the structure of isolated
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clusters, particularly in solution. Most discussions, as shown in the above sections, are based on
indirect evidence. The basic definitions of a cluster, such as its size and density, are still missing.
The organization of the clusters throughout the macromolecule and organization of the chains

within the clusters deserve further investigation.

1.1.2.2 Physical properties of amylopectin in dilute solution

Compared to amylose, much less attention has been paid to the behaviour and architecture of
amylopectin in solution. The only small-angle X-ray scattering (SAXS) study’® of amylopectin in
dilute solution was conducted on waxy corn starch samples that first had been treated with acid
and second were pyrolyzed for different time periods. These were thus degraded amylopectin
samples which could be viewed as nanosized amylopectin fragments (NAFs). Even at the lowest
concentration studied of 0.5 wt%, interparticle contributions to scattering were observed. The
SAXS intensity profiles obtained with the NAFs dissolved in water and DMSO were fitted
assuming that the NAFs were impenetrable to the solvent and that they adopted a shape that was
either a sphere or a disk. The data analysis required the addition of a Gaussian to account for the
polydispersity of the NAFs. Poor fits were obtained by assuming that the NAFs were impenetrable
spheres, but the scattering profiles could be fitted satisfactorily by assuming that the NAFs were
disks of thickness 27 and 30 A in water and DMSO, respectively. How this information would

relate to non-degraded amylopectin samples remains to be determined.

The majority of the investigations on amylopectin in dilute solution used different laser
light scattering techniques to reveal its overall conformation. Dynamic light scattering (DLS) is
based on the light scattered by particles diffusing in-and-out of the beam of light as a function of
time. Standard DLS instruments yield the hydrodynamic radius (Rn) of particles assuming that they

adopt a spherical shape. Static light scattering (SLS) measures the intensity of the light scattered
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by macromolecules in solution averaged over a fairly long time (=2 sec)’’ and yields the absolute
weight average molecular weight (Mw) and the radius of gyration (Rg) of macromolecules. The
R¢/Rn ratio (o= Rg/Rn) depends primarily on the mass distribution of the macromolecule and is
often used as an indication of its overall geometry in solution.” The typical p-value of a flexible
chain in a good solvent is ~1.7 and deceases with increasing branching of the chain. The typical
p-value of a star polymer with 4 arms is 1.33. Further increasing the number of arms decreases p
to ~1.079.7° The fractal dimension, ds, also obtained from SLS, provides structural information on
polymers in solution. This parameter can be retrieved by plotting log[P(q)] as a function of
log[qRg], where P(q) is the scattering factor and q is the scattering vector.8° Linear polymers in a
good solvent, linear polymers in a theta solvent, fully swollen clusters, and non-swollen clusters
yield fractal dimensions of 1.67, 2.00, 2.00 and 2.50, respectively.” The reported values of My,
Rg, Rn, o, and df obtained from different LS studies on amylopectin are summarized in Table 1.1.
Despite intensive studies by many authors, the experimental results obtained for amylopectin are
very different from each other. The discrepancies between the results are due to the different
botanical origins of amylopectin and the different methods applied for the preparation of the

amylopectin samples. Some of these results are discussed hereafter to illustrate these differences.
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Table 1.1. Summary of light scattering results obtained for amylopectin in dilute solution.

Sample Origin Preparation method Solventand T (°C) | Mwx 10® | Rg (nm) | Rn (nm) | Rg/Rn | df Ref
(g/mol)
Waxy corn | Amylopectin was dissolved in a 10:90 (v/v) 53.0 242 58 4.17 [77]
10:90 (v/v) DMSO:water mixture DMSO:water
Normal corn | and the solution was heated for at 37 °C 13.0 113 59 1.91
20 min at 100 °C
Potato 0.4 15 21 0.71
Waxy corn | Amylopectin was dissolved ina | 0.5 M NaOH solution 129 223 172 1.29 | 211 [79]
0.5 M NaOH solution or a 90:10 at 10 °C
(w/w) DMSO:water mixture by 0.5 M NaOH solution 530 276 282 098 | 25
stirring for 18 h at 10 °C at 25 °C
90:10 (w/w) 150 238 190 1.25
DMSO:water
at 25 °C
Waxy corn | Starch was gently dispersed in a 90:10 (w/w) 560 342 348 0.98 [81]
90:10 (w/w) DMSO:water DMSO:water
mixture by stirring at 100 rpm at room temperature
for 1 h at room temperature.
Waxy maize | Starch was cooked in a 90:10 50:50 (v/v) 192.7 182.8 201.2 0.91 [82]
(v/v) DMSO:water mixture at DMSO:water
100 °C for 1 h, then stirred at
room temperature for 24 h before
being precipitated with ethanol. 70:30 (Viv) 54.5 182.3 | 1735 | 1.06
The purified amylopectin was DMSO:water
dispersed in different
%;Als g'water mixtures at 100 °C 90:10 (V/v) 153 | 998 | 107.0 | 0.93
DMSO:water
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Table 1.1. (Continued) Summary of light scattering results of amylopectin in dilute solution.

Sample Origin Preparation method Solvent and T (°C) My x 10 Ry Rn Rg/Rn | df | Ref
(g/mol) (nm) (nm)
Waxy corn | Starch samples were dispersed ina | 0.05% (w/v) sodium 37.5 121 2.49 | [83]
sodium azide solution heated at azide aqueous
175 °C for 1 hour for waxy corn solution at room
Potato starch and for 40 min for potato temperature 56.4 199 2.36
starch.
Waxy corn | Starch was cooked in a 90:10 (v/v) 90:10 (v/v) 274 255 [84]
DMSO:water mixture at 100 °C for DMSO:water
1 h, then stirred at room mixture
temperature for 24 h before being
precipitated with ethanol. The
Non-waxy | purified starch was dispersed in the 208 246
corn 90:10 (v/v) DMSO:water mixture at
100 °C for 1h.
Corn Starches were purified by 35s Water at room 270 259 201 1.29 | 2.20 | [85]
amylopectin | dissolving in a 95:5 (v/v) temperature
DMSO:water mixture. 50s 240 260 221 1.18 | 212
Solutions were stirred for 3
days at room temperature 70s 110 190 187 1.02 |1.98
before being precipitated
with ethanol. Purified 90s 78 170 148 1.15 |1.80
samples were dissolved in
Non-waxy | water and heated for 35, 50, | 355 250 267 | 201 | 1.33 |2.28
70, and 90 s in a 900 W
corn microwave oven. 50s 160 230 207 1.11 |2.10
70s 36 134 135 099 | 151
90s 9 131 99 1.32 |1.00
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A dispersion of waxy maize starch in a 90:10 DMSO:water mixture kept at 100 °C before
being stirred for 1 h at room temperature gave My, and Rq values equal to 560x10° g/mol and 349
nm, respectively.®! In contrast, Yang et al.” prepared a waxy maize starch dispersion by mixing
amylopectin in 0.5 M NaOH with a magnetic stirrer for 18 h at 10 °C. The dispersions were
characterized by SLS, but the analysis of the scattering data yielded different results depending on
the experimental temperature. The Mw, Rg, and Rn values of amylopectin at 10 °C were reported to
equal 29x108 g/mol, 223 nm, and 172 nm, respectively. At 25 °C, those values for the same
amylopectin sample were much larger at 530x108 g/mol, 276 nm, and 282 nm, respectively.
Apparently, amylopectin formed stable aggregates at 25 °C in 0.5 NaOH solution. The value of dt
was found to increase from 2.1 to 2.5 when the temperature was increased from 10 to 25 °C,
suggesting that the amylopectin molecule transitioned from a fully swollen cluster to a non-swollen
cluster. Despite lacking a well-established theory describing the architecture of amylopectin in
solution, Yang et al. attempted to analyze the internal dynamics of amylopectin. Internal motions
are typically observed for scattering angles corresponding to (qRg)? values greater than 1 for a
flexible polymer chain and 13 for a highly cross-linked microgel.”®8® In the case of amylopectin,
internal motions were detected at (QRg)? values larger than 4. This result implied that the branched
structure hindered the internal motions of amylopectin to some extent. Lee et al. studied the effect
of the water content in DMSO on the conformation of amylopectin obtained from waxy corn.8? A
water content of about 10 wt% appears to represent optimal conditions for the dissolution of
amylopectin. Increasing the water content further resulted in aggregation as indicated by larger
Mw, Rg, and Rn values. It is noteworthy that in these experiments, the amylopectin dispersion was
heated at 100 °C for 1 hour before conducting LS measurements, resulting in Mw, Rg, and Rn values

of 15.3x10° g/mol, 99.8 nm. and 107.0 nm, respectively, that were much smaller than those
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obtained in other studies.”*®:884 This result suggested that maintaining the amylopectin

dispersion at high temperature for an extended period of time is necessary to prevent aggregation.

The advantage of LS techniques is that they yield parameters which have physical meaning.
In turn, the values of these parameters can be compared to those obtained in previous studies with
other macromolecules. As the previous discussion made clear, accurate light scattering results are
challenging to obtain with amylopectin in solution because the macromolecules aggregate
spontaneously, thus generating interferences that significantly affect the overall light scattering
signal. Ideally this issue could be resolved by using extremely dilute solutions of amylopectin
where no intermolecular interactions could occur. Such experiments would rely on a technique
that would have to be sensitive enough to retrieve sufficient signal with amylopectin solutions that
would be so dilute as to prevent aggregation. It is, therefore, the purpose of this thesis to apply
fluorescence techniques to characterize amylopectin in solution. Fluorescence is a highly sensitive
technique that has been widely used to characterize the internal dynamics of linear chains in
solution during biophysical processes such as protein folding®” or a coil-to-helix transition, or to
probe chain flexibility of a variety of polymers.>® As LS techniques do, fluorescence techniques
provide quantitative information on the internal dynamics and local concentration of
macromolecules in solution, but they do so at concentrations that are orders of magnitude lower
than those used for LS. Consequently, the case for applying fluorescence technigues to characterize
amylopectin is appealing since they would minimize, not to say completely prevent, aggregation.
More information pertaining to the characterization of amylopectin using fluorescence is presented

in Chapter 3 of this thesis.
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1.1.3 Starch Nanoparticles (SNPs)

Starch nanoparticles (SNPs) can be readily prepared from starch granules. They have been found
to present unique physical properties. Recent studies suggest that SNPs constitute one of the most
promising biomaterials for applications in foods, cosmetics, medicine as well as fillers to improve
the mechanical and barrier properties of biocomposites.&-°! Acid hydrolysis has been widely used
in the preparation of SNPs because the reaction is simple and easy to control. The crystalline
regions in starch granules are more resistant to acid hydrolysis than the amorphous regions, thus
enabling the isolation of the crystalline domains of starch granules through mild acid hydrolysis
with hydrochloric or sulfuric acid.® The final products of starch hydrolysis are often referred to as
starch nanocrystals since the crystalline parts of the starch remain after the reaction.8%
Transmission electron microscopy (TEM) is widely used to characterize the size and morphology
of SNPs. Dufresne et al. showed that the crystalline products remaining after prolonged acid
hydrolysis consisted of agglomerated individual particles that were a few tens of nanometers in
diameter.®? Putaux et al. observed an edge-on view of the lamellae under the TEM, which were
generated by the association of amylopectin side-branches.®® Subjecting native waxy maize starch
to a hydrochloric acid hydrolysis for 2 weeks disrupted the lamellar arrangement to some extent,
resulting in the hydrolysis of a number of a-(1-6) bonds located in the amorphous regions between
the crystalline lamellae. Because the branching points located in the interlamellar areas were more
readily hydrolyzed, the insoluble products could be fairly well identified. These particles could
still be observed even after 6 weeks of hydrolysis. The hydrolysis residues were crystalline
nanoplatelets approximately 6-8 nm in thickness, 20-40 nm in length, and 15-30 nm in width.*®
SNPs with spherical or polygonal shapes were often found to be microscale aggregates, suggesting

that acidic hydrolysis did not generate individual particles.®® Other disadvantages associated
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with the preparation of SNPs by hydrolysis included a long preparation time (40 days) that is
energy consuming and a relatively low yield (0.5 wt%).%° Moreover, extra purification processes
are often required to remove the salts and hydrolyzed sugars remaining in the reaction medium.
Other treatments that were applied to prepare SNPs include microfluidization,®® ultrasonication,®’

101

reactive extrusion,®® precipitation,®®%° complex formation,'®® and gamma irradiation.'®> SNPs

prepared by these methods were found to have a low crystallinity or an amorphous structure.®®

The most popular commercial SNP-products are Mater-Bi™ from Novamont and Eco-
Sphere™ from Ecosynthetix.?® Mater-Bi is a biopolymer processed by complexing modified starch
with variable quantities of complexing agents and mixing that complexed starch with at least one
hydrophobic polymer incompatible with starch. The products are commercialized as pellets. The
most famous application for Mater-Bi is BioTRED, where Mater-Bi is used to replace some of the
lampblack and silica particles that are part of a tire mixture.?® In contrast, Eco-Sphere is a starch-
based biolatex that acts as a substitute for oil-based latexes in paper coating and tissues.*® These
SNPs were produced via reactive extrusion where waxy corn starch is subject to high pressure,
heat, and mechanical shear forces.®® At the high operating temperature of the extruder, starch
granules soften and partially melt. The softened and melted starch granules are physically torn
apart by the shear force, which allows water into the interior of the starch granules. Similar to other
physical treatments, the high shear energy applied during extrusion damages the starch. The SNPs
prepared by extrusion have a very low viscosity, compared to the original starch, implying

extensive degradation of the starch. They were stable for more than 6 months.%

The research-grade particles used in this thesis were derived from waxy corn starch via a
reactive extrusion process at high temperature. Since waxy corn starch is amylose-free

amylopectin and the amylopectin was degraded during extrusion, these particles are referred to as
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nanosized amylopectin fragments (NAFs). Twenty-one research grade NAFs were prepared under
different extrusion conditions by EcoSynthetix (Burlington, On). The molecular weight of the
NAFs was found to be significantly smaller than that of amylopectin extracted from waxy corn
starch, ranging from 0.2x10°to 36x10° g/mol. The size reduction imparted by the extrusion process
increases the solubility of this starch-based material in water, which facilitates the adjustment of
its concentration to reach the solution viscosity required in a variety of industry applications. The
main application of SNPs has been as binder in the paper industry where it replaces petroleum-
based latex emulsions. These new binders have shown unique rheological and optical properties
which have been harnessed by the paper coating industry.%® In addition, hydrophobic groups, such
as epoxy alkanes or oleic and stearic acids, can be readily introduced through reaction with the
numerous hydroxyl groups of SNPs.1% The resulting hydrophobically modified SNPs (HM-SNPs)
have potential for a broad range of applications, such as drug delivery vehicles and chemical

sensors.1%

The properties of several SNPs and HM-SNPs have been investigated by the Duhamel
group. Using a series of pyrene fluorescence techniques including steady-state fluorescence, time-
resolved fluorescence, and fluorescence quenching, Kim et al. probed a series of HM-SNPs
bearing propionyl and hexanoyl substituents.’® The results suggested that the hydrophobic
domains generated in the particle interior were much less defined compared to the hydrophobic
core of surfactant micelles. Information about the local viscosity and polarity of the hydrophobic
microdomains was also provided to guide further modifications of those particles to be used as
drug delivery carriers. Interactions between HM-SNPs and surfactants in water were studied by
Zhang et al. using both pyrene- (Py-SNPs) and naphthalene- (Np-SNPs) labeled-SNPs.*% Whereas

Py-SNPs could be stabilized in water upon addition of linear surfactants such as sodium dodecyl
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sulfate (SDS) at extremely low surfactant concentration, branched surfactants such as sodium
dioctyl sulfosuccinate (AOT) did not interact with Py-SNPs in water at the same surfactant
concentrations. The behavior difference was attributed to the formation of inclusion complexes
with the side chains of Py-SNPs and SDS in water. Both investigations showed that the rigid and
branched polysaccharide backbone of SNPs had a significant influence on the polymer behavior
in solution making HM-SNPs unique in comparison to other amphiphilic materials. The successful
application of pyrene fluorescence in these early studies suggested that it could be a powerful tool

in the characterization of polysaccharides.

1.2 Characterization of Macromolecules in Solution by Fluorescence

The most popular fluorescence techniques to characterize macromolecules in solution include
fluorescence anisotropy (FA), fluorescence resonance energy transfer (FRET), and fluorescence
dynamic quenching (FDQ).1% Fluorescence anisotropy (FA) measures the change in orientation
of a molecule in space. When the chromophore is excited by polarized light, the emitted light
retains some of that polarization for different lengths of time depending on how quickly the
molecule rotates in solution.’®® Therefore, FA is often applied to characterize the segmental
motions and conformation of a polymer chain by a chromophore attached to it.1%®1'? As discussed
in the previous section, Kitamura et al. conducted a series of FA studies to characterize the
conformation of amylose in solution.****¢ The change in rotational times determined by FA
indicated that FA is much more sensitive to conformation changes experienced by polymers in
solution compared to other techniques. However, FA cannot probe the local density of the interior
of macromolecules, and as a result, is not well suited to probe the actual conformation of complex

macromolecules like amylopectin, although it can sense a conformational change.*34¢
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Another powerful technique for characterizing polymer chain conformation is FRET.%’
Unlike FA which measures the rotational time of a chromophore attached to a macromolecule,
FRET measures the distance between a fluorescent donor and its acceptor. Its most famous
application involved the labeling of a series of rigid poly(L-proline) type Il trans-helices with a
naphthyl energy donor at one end and a dansyl energy acceptor at the other end to characterize the
end-to-end distance of the helices. The excellent correlation found between the end-to-end distance
determined by FRET and the known dimension of the helix led to the statement that FRET could
be used as a “spectroscopic ruler”.!*® In contrast, attachment of a pair of donor and acceptor to the
chain ends of a flexible linear chain results in a FRET response that depends on the initial distance
distribution between every donor and acceptor pair as well as the diffusion coefficient (D) of the
chain ends.!* At the early times, those pairs of dyes separated by a short distance undergo rapid
FRET and they are partially replaced by other pairs of dyes separated by longer distances, with a
replacement rate that depends on D. Quantitative information about the average end-to-end
distance and the chain end mobility through D can thus be retrieved. However, FRET is not ideal
for polysaccharides like amylose or amylopectin, as the large number of hydroxyls decorating the
polysaccharide backbone prevents their specific labeling, except perhaps at the single reducing
end of the macromolecule. Furthermore, the large size and stiffness of the polysaccharides would
forbid the spectroscopic communication between two dyes attached at two specific positions. In
theory, these issues could be circumvented by randomly labeling the polysaccharides with donors
and acceptors, but the distribution of distances between every pair of donors and acceptors
combined with the residual mobility resulting from the internal dynamics of the macromolecule

would make the FRET signal too complicated to analyse.!*®
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FDQ is used to probe the dynamics of polymer chains by attaching a chromophore and its
quencher on a same macromolecule and monitoring how the excited chromophore is being
quenched. FDQ differs from FRET because quenching of the dye must occur on contact and not
over a distance as for FRET. The most common chromophore used in FDQ studies of
macromolecules in solution is pyrene. As stated by Francoise Winnik in her 1993 review, “pyrene
is by far the most frequently used dye in fluorescence studies of labeled polymers”.*'® Among the
reasons provided for this statement were its large molar absorption coefficient, high quantum yield,
and extremely long natural lifetime for an organic dye of 200-300 ns. Like many other organic
dyes (naphthalene, perylene), pyrene acts as its own quencher through pyrene excimer formation
(PEF), thus resulting in a much simpler labeling procedure since the macromolecule needs to be
labeled with a single molecule that acts as both dye and quencher.!*® But contrary to these other
dyes, the 0-0 transition of pyrene is strongly reduced, thus resulting in a very small molar
absorption coefficient for the So—1 band.''” This has two major consequences. First, hardly any
overlap exists between the absorption and fluorescence spectra of pyrene, which minimizes energy
hopping through FRET when an excited pyrene approaches a ground-state pyrene to form an
excimer.!*” Second, since the radiative rate constant (krq) is proportional to the molar absorption
coefficient of the So-1 transition which is very small, kraq is very small, which combined with a
small non-radiative rate constant (knrad) €xplains why pyrene has one of the longest natural lifetime
(om = (Krag+knrad) ') Of many organic dyes.''® Early research using this technique focused mainly
on pyrene end-labeled monodisperse linear chains, whereby the PEF rate constant reflected the
rate constant of chain end-to-end cyclization (EEC).!® The application of FDQ was greatly
expanded after the development of the fluorescence blob model (FBM) by Duhamel.>” This novel

approach enabled the analysis of PEF for randomly labeled polymers. To date, the FBM has been
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applied to probe the chain dynamics of flexible polymers such as poly(methyl acrylate) (PMA),%
more rigid polymers such as poly(tert-butyl methacrylate) (PC4TMA),>® and polymers that form

rigid helices in solution such as poly(L-glutamic acid) (PGA).%

The characterization of amylose and amylopectin would benefit tremendously from the
application of PEF for the following reasons. First, the labeling procedure is straightforward since
it only requires a single chromophore, pyrene, to be randomly attached onto the macromolecule.
Second, the FBM works by dividing the macromolecule into a cluster of blobs and the analysis
focuses on the characterization of a single blob. Consequently, the analysis is independent of the
molecular weight or polydispersity of the sample since a larger macromolecule will be handled by
a larger number of blobs.?! Consequently, experimental complications caused by the large size
and polydispersity index (PDI) encountered with polysaccharides are not a problem for FBM-
based analysis. Furthermore, since numerous polymers with different chain flexibility and
conformation have already been characterized,129122123 the internal dynamics of these polymers
can now be compared quantitatively with those of these two polysaccharides. The different models
that were introduced over the years to study pyrene-labeled polymers are described in the following

section.

1.2.1 Pyrene Excimer Formation

When a ground-state pyrene is excited by UV light at around 340 nm, it can either emit a photon
as a monomer with its natural lifetime (zm), or encounter another ground-state pyrene with a rate
constant k; to form an excimer that emits with its natural lifetime (z=). In @ homogeneous solution,
this process is described by the Birks scheme as shown in Figure 1.8A.12% It must be emphasized
that due to strong m-m stacking between the two pyrenyl moities, the excimer dissociation rate
constant k-1 is relatively small compared to 1/z making its contribution negligible below 35 °C.12°
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Figure 1.8. A) Birks’ scheme for pyrene excimer formation. B) Steady-state fluorescence spectra
of a series of pyrene-labeled amylose constructs in DMSO with pyrene content increasing from 5
to 15 mol% from bottom to top. C) Monomer and D) excimer fluorescence decays of amylose

labeled with 10 mol% pyrene in DMSO. [Py]=2.5 x 10-¢ M.
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A typical fluorescence spectrum of pyrene is shown in Figure 1.8B. The pyrene monomer
emission is characterized by sharp fluorescence bands between 370 and 400 nm, whilst the excimer
emits a broad structureless fluorescence in the 400-600 nm range. As shown in Figure 1.8B,
increasing the pyrene content increases the number of possible pyrene-pyrene encounters resulting
in stronger excimer emission. Qualitative information on the PEF rate constant can be derived
from the ratio of the fluorescence intensity of the excimer to that of the monomer in the steady-
state fluorescence spectra, namely the Ig/lm ratio. The value of Ie and Im can be calculated by
integrating the fluorescence intensity of the first monomer peak between 372 and 378 nm and the

broad excimer band between 500 and 530 nm, respectively.

The Ig/lm ratio obtained from the analysis of the steady-state fluorescence spectra of a
pyrene-labeled macromolecule represents all pyrene species that contribute to the monomer and
excimer fluorescence. These include the pyrene impurities that are free in solution and do not form
excimer and the pyrenyl moieties involved into pyrene aggregates that form excimer
instantaneously upon excitation. These pyrene species do not provide any information on the
dynamic process of excimer formation, and their contribution to the Ig/lm ratio cannot be isolated
by steady-state fluorescence. This problem can be solved through the analysis of the time-resolved
fluorescence decays. If the excimer is formed by diffusion between two pyrenyl groups, excimer
formation is delayed, and a rise time is observed in the excimer decay. On the other hand, excimer
formation by direct excitation of ground-state pyrene aggregates is instantaneous and no rise time
is detected in the excimer decay. Examples of monomer and excimer decays of amylose labeled
with 10 mol% pyrene are shown in Figures 1.8C and D, respectively. The contribution from each
pyrene species contributing to the fluorescence signal can be retrieved quantitatively by global

analysis of the pyrene monomer and excimer decays. This procedure enables a more accurate
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assignment of the different photophysical processes undergone by the pyrene species and results
in greater accuracy when retrieving the kinetic parameters that are used to describe polymer chain

dynamics.

The first quantitative analysis of the monomer and excimer fluorescence decays of
molecular pyrene in organic solvents was conducted by Birks in 1963.12* This analysis was then
adapted by Winnik to characterize the end-to-end cyclization (EEC) of a series of end-labeled
monodisperse polystyrene samples.!?® Since the Birks scheme only applies when excimer
formation is described by a single rate constant, EEC is limited to the characterization of linear
monodisperse oligomers. This problem was resolved by the development of the FBM by Duhamel
et al. in 1993.12° The FBM handles excimer formation processes involving multiple rate constants

and it can be applied to polymers randomly labeled with pyrene.

1.2.2 Analysis of pyrene excimer formation
1.2.2.1 Birks’ scheme
The first study where the fluorescence decays of pyrene labeled polymers were used to study

polymer chain dynamics was conducted by Winnik in 1980.%°
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Figure 1.9. Birks’ scheme of pyrene excimer formation for a pyrene end-labeled polymer.
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In these experiments, a series of monodisperse polystyrenes were end-labeled with pyrene.
The kinetics of PEF were analysed according to the Birks scheme as depicted in Figure 1.9 where
PEF occurs through diffusive encounters of the chain ends. The rate constant of PEF (<ki>) in
Figure 1.9 is a measure of the rate constant of end-to-end cyclization of the polymer chains. The
brackets indicate that, although the polymer has a narrow molecular weight distribution (MWD),
<k:> is averaged over all the polymer chain lengths. <k:> is also a pseudo-unimolecular rate

constant whose expression is given in Equation 1.2.
<k1> = kix[Py]ioc (1.2)

In Equation 1.2, [Py]ioc is the local concentration of ground-state pyrene in the neighborhood of
the excited pyrene and ki is the bimolecular rate constant for diffusive encounters between two

pyrenyl labels and k-1 is the excimer dissociation rate constant. The expressions for the time-

dependent concentrations of the pyrene monomer ([PY ) and excimer ([E']y) are given in

Equations 1.3 and 1.4, respectively, where [PY J,and [PY,, ], represent the initial concentration

of those pyrenes that form an excimer by diffusion and that never form an excimer, respectively.

[Py*](t) =[P Iy + [Py:ree](t)

e o Y Mt 3

H[PY e lo exp[—ij (1.3)

Tm
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[E], = [PYar L (eXp (— lj +exp (— LD (1.9
JOX=Y ) +4(k)k, 7 7

In Equations 1.3 and 1.4, the parameters X and Y equal <ki> + 1/ov and k-1 + 1/,
respectively, and the expression for the decay times = and = are given in Equations 1.5 and 1.6,

respectively.

XY (XY ) +a(k)k
- 2

-1
51

(1.5)

XY (X =YY 4 (kK
- 2

1
7,

(1.6)

Winnik’s study showed that <k;> scaled as N" where N was the number of chain atoms
along the polymer backbone and y was an exponent that depended on the polymer-solvent
interactions.>>127 In the case of polystyrene in cyclohexane, y was found to equal —1.43. Since <k;>
is proportional to [Py]ioc Which is itself equal to the inverse of the polymer coil volume (1/Vcoil),
since there is a single ground-state pyrene for each doubly labeled chain in which one of the two
pyrenyl labels is excited, this result suggested that the radius of the polymer coil scaled as N°4
which is in very good agreement with the Flory exponent 0.50 expected for a polymer in a theta
solvent.®? The strong dependency of <k;> on polymer chain length suggested that PEF reflected
both polymer chain dynamics and local concentration. However, this relationship also resulted in
a major limitation for the use of EEC to study polymer chain dynamics. As shown in the Winnik
study, end-labeled polystyrenes with M equal to 3,100 g/mol (DP=30) and 39,600 g/mol (DP=381)
were reported to have <ki> values in cyclohexane of 22.7x10° and 0.3x10° s™!, respectively. Since

the Birks Scheme retrieves <k;> from the parameter X in Equations 1.5 and 1.6, which is equal to
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<ki> + 1/ov where v equals 251 ns for the 1-pyrenebutyl label in cyclohexane, the magnitude of
<k:> with respect to 1/av matters since a small <k:> value compared to 1/av will be retrieved with
much larger error bars. As M, increased from 3,100 to 39,600 g/mol, the contribution of <k;>to X
decreased from ~75% to ~10%. For longer polymers, <k;> could only be retrieved with little
accuracy and for this reason, EEC has been applied solely to the study of linear monodisperse
oligomers. Another implication of the strong dependency of <k:> on the polymer chain length is
that polydisperse polymers yield a distribution of <k:> values that cannot be handled by the Birks
Scheme since it deals with a single PEF rate constant.’® Consequently, EEC experiments are
typically carried out with monodisperse oligomers. Another limitation of EEC experiments is that
polymers adopting a helical conformation would be too rigid to undergo EEC over the fluorescence

time scale and could not be studied.

1.2.2.2. Fluorescence Blob Model (FBM)

The derivation of the FBM, whose basic principles were first proposed in 1993, was implemented
incrementally.?® The exchange of ground-state pyrenes between blobs was introduced in 1999 to
better describe PEF in randomly labeled polymers.t? Since the polymer was randomly labeled,
PEF would take place according to a distribution of rate constants reflecting the contour length
separating every pair of two pyrenyl labels. The complexity of working with a distribution of rate
constants was dealt with by noting that while it remains excited, an excited pyrene monomer can
only probe a finite volume inside the polymer coil, referred to as a blob in the framework of the
FBM. The polymer coil can then be divided into blobs where the pyrene pendants distribute
themselves randomly according to a Poisson distribution. Inside a blob, the structural units onto
which the excited and ground-state pyrenes are attached diffuse slowly toward each other with a

rate constant kpion until the two pyrenyl pendants are within a short distance where they undergo a
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rapid rearrangement with a large rate constant k» to form an excimer. The determination of k could
only be achieved with a faster time-resolved fluorometer that could probe the faster phenomena
observed at the early times of the fluorescence decays and the first study that included a k

component in the FBM analysis was carried out with randomly labeled polystyrene.?®
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Figure 1.10. Illustration of how different pyrene species distributed among different blobs

participate in PEF.

Figure 1.10 introduces four pyrene species involved in PEF. The species Pysree™ represent
the pyrenes that are isolated, cannot form excimer, and emit with their natural lifetime (av). The

species EO* represents the pre-stacked pyrenes attached next to each other and form a ground-state
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pyrene aggregate, that can be excited directly to form an excimer instantaneously. The species
Pyaire* accounts for the pyrenes attached onto structural units that undergo slow diffusive motions
in solution before an encounter between these structural units brings the two pyrenyl labels in close
proximity, whereby they transform into the species Pyx>*. By its nature, the pyrene species Pyk2*
always has a ground-state pyrene nearby which results in a rapid rearrangement with a rate constant
k2 to form an excimer. For some pyrene-labeled polymers, especially for polymers whose rigid
backbone yields little PEF, a short decay time of 2 to 4 ns is often observed. The short decay time
has been attributed to light scattering or emission from poorly stacked short-lived ground-state
pyrene aggregates (ES*). Their contribution is included in the global analysis of the fluorescence
decays but ignored in the calculation of the molar fraction of the Pyiree*, Pyairi*, Pyx2*, and E0*
species. The equations used to fit the monomer and excimer fluorescence decays according to the

FBM are given in Equations 1.6 and 1.7, respectively.

[PY Ty =[PV Ly +[PYied i) + [PY e

=[P ] exp{—[Az +}Jt— /x(l—exr)(—&t))]
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_[Py:ff ]oe—’*siioo“%lA‘Z'A?%A:'Ai“kzexp{—(A2 +iA, +%jt]+[Py:ee]o exp(-t/z,) (1.6)
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The parameters Az, Az, and A4 used in Equations 1.6 and 1.7 are given in Equation 1.8.

_ KuionKe [DI0D]
A= oion) (1.8A)
A = (n)[%] (1.8B)
Kyiop + K. [PIOD]
A, =kKyq +k,[Dl0D] (1.8C)

Among other parameters, the analysis yields the number of structural units making up a

blob (Nbiob), the rate constant (keiob) describing the slow diffusive motions of two structural units

located inside a blob and bearing an excited and a ground-state pyrene, and the product kex[blob]

of the rate constant (ke) describing the exchange of ground-state pyrenes between blobs and the

local blob concentration [blob].
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Numerous studies have established the validity of the parameters retrieved from FBM
analysis of the fluorescence decays of pyrene-labeled macromolecules. They were found to
faithfully describe the internal dynamics of polymer chains.®>’ It is currently the only analytical
tool that can probe the internal dynamics of long polydisperse chains in solution.'?® More recent
developments have shown that Nbiob Which represents the number of structural units inside a blob
can also be used as a structural parameter to infer the conformation of a macromolecule in dilute
solution. 15117118 ts application to the study of amylose and amylopectin in dilute solution is
expected to provide new insights into the conformation and internal dynamics of these

polysaccharides.

1.3 Thesis Objectives

The main objective of this thesis is to use the FBM analysis to study the chain dynamics and
internal conformation of the two main components of starch, namely, amylose and amylopectin,
in dilute solution. In this respect, this thesis reports two major accomplishments. The first one is
an attempt to resolve the long-standing debate in the literature about whether amylose forms a
helix in DMSO. Random labeling of amylose with pyrene yielded a series of Py-Amylose
constructs whose fluorescence decays could be analyzed according to the FBM to yield Npiob. In
turn Nbiob could be used as a structural parameter to determine the conformation of amylose in
DMSO. This study published in Macromolecules was a second example, after helical poly(L-
glutamic acid),2%?2 of the use of the FBM to study the helical conformation of macromolecules
in solution.’*® Applying this method to characterize the conformation and structure of

macromolecules in dilute solution has now became an exciting field of research,20:122123.131

The second accomplishment of this thesis was to provide a deeper understanding of the

internal conformation of amylopectin in solution. Despite a significant volume of work to
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characterize amylopectin by SEC and LS, the arrangement and dynamics of the side chains in the
amylopectin interior is still poorly understood in dilute solution. Answering this question is
challenging due to the gigantic size and high polydispersity of amylopectin. This thesis took
advantage of the ability of the FBM to probe the density of a macromolecule locally, thus
circumventing the detrimental effects of polymer size and polydispersity which plague many other
techniques. A series of amylopectin constructs randomly labeled with pyrene (Py-Amylopectin)
were prepared and their fluorescence decays were analyzed according to the FBM. The Npiob Value
was used to assess the distance (dn-n) separating two helical oligosaccharide side chains in the
interior of amylopectin. The surprisingly small dn-n values retrieved from this analysis suggested
that the internal density of amylopectin in dilute solution was impossibly large. This result implied
that the oligosaccharide side chains did not distribute themselves homogeneously inside
amylopectin, but rather formed clusters resulting in an inhomogeneous interior for amylopectin.
Further investigations conducted using SNPs as a comparison supported the conclusion that the
interior of amylopectin is made of dense clusters of helical oligosaccharide side chains loosely
connected to each other via linear expanded segments. This molecular arrangement could be
depicted by the Solution-Cluster model which rationalizes many of the fascinating properties of

amylopectin in solution.

1.4 Thesis Outline

This thesis is composed of five chapters. Chapter 1 is a literature review describing the
polysaccharides that were used in the thesis, including amylose, amylopectin, and starch
nanoparticles, as well as the application of the fluorescence techniques used in this thesis to study
these macromolecules. Chapter 2 focuses on the characterization of the conformation of a series

of pyrene-labeled amylose constructs in DMSO. Chapter 3 is a study of the conformation of the
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interior of amylopectin through the FBM analysis of the fluorescence decays acquired with a series
of amylopectin constructs that were randomly labeled with pyrene. The experimental results led
to the formulation of the Solution Cluster model to describe the conformation of the amylopectin
interior. Chapter 4 presents an investigation that is similar to that done with amylopectin in Chapter
3, but focuses on nanosized amylopectin fragments (NAFs) prepared through extrusion of waxy
corn starch under different conditions. The experiments conducted with the NAFs randomly
labeled with pyrene confirmed that amylopectin contains excluded volumes whose contribution to
the amylopectin interior decreases with decreasing NAF size. The results obtained with the NAFs
supported the validity of the Solution-Cluster model that was introduced in Chapter 3. Chapter 5
summarizes the many conclusions that were reached in this thesis and provides suggestions for

future work.
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Chapter 2:
Conformation of Pyrene-Labeled
Amylose iIn DMSO Studied with the
Fluorescence Blob Model

Reproduced with permission from Li, L.; Duhamel, J. Conformation of Pyrene-Labeled Amylose
in DMSO Characterized with the Fluorescence Blob Model. Macromolecules 2016, 49, 6149-6162.

Copyright 2016, American Chemical Society.
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2.1 Abstract

Amylose and poly(methyl acrylate) (PMA) were randomly labeled with pyrene to yield a series of
Py-Amylose and Py-PMA constructs and their ability to form excimer in dimethylsulfoxide
(DMSO) was characterized gquantitatively by steady-state and time-resolved fluorescence. First,
the ratio of the fluorescence intensity of the excimer over that of the monomer, namely the Ig/lm
ratio, was obtained from the fluorescence spectra. Second, the product <KpiobXNbiob>, Where Npiob
is the number of monomers found in the volume probed by an excited pyrene and referred to as a
blob and kpion is the rate constant of excimer formation inside a blob, was obtained from the
fluorescence blob model (FBM) analysis of the fluorescence decays. Both Ie/Im and <KpiobXNpiob>
yielded similar values in terms of moles of pyrene per backbone atom (Py/BBA) for Py-Amylose
and Py-PMA. Since Ie/Im and <knionXNbion> reflect the efficiency of pyrene excimer formation, the
similar behaviour observed for both parameters obtained for rigid amylose and flexible PMA could
only be rationalized by postulating that amylose adopted a compact helical conformation in DMSO.
To confirm whether this was possible, molecular mechanics optimizations (MMOs) were
conducted with the HyperChem program on Py-Amylose assuming that amylose adopted a helical
conformation in DMSO. By determining the extent of overlap between two pyrene labels attached
onto helical amylose, it was found that two pyrene labels would overlap properly, and thus form
excimer efficiently, if they were separated by no more than 5 anhydroglucose units up and down
the amylose helix corresponding to a total of 5+ 5 + 1 = 11 units in perfect agreement with our
findings that <Npiob> oObtained from the FBM analysis of the fluorescence decays which equaled
11 + 2. This study provides a new example of how pyrene excimer fluorescence in combination
with MMOs can be applied to provide structural information on macromolecules that adopt a

helical conformation in solution.
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2.2 Introduction

The conformations of macromolecules in solution can be broadly divided into two major categories,
whether they are flexible (random coil) or rigid (helical). In turn, the conformation of a
macromolecule in solution will have a major impact on its solution properties. For instance, the
viscoelasticity or osmotic pressure of the solution of a macromolecule will be more strongly
affected if the macromolecule adopts a more flexible conformation, as it will result in more
pronounced conformational changes upon application of an external shear! or addition of a
chemical like an acid/base? or a ligand,® respectively, an outcome that might be desired or
unwanted depending on the applications at hand. Consequently, the determination of the
conformation of macromolecules in solution has always been of tremendous importance to

rationalize their solution properties.

One such macromolecule is amylose which is one of the two main constituents of starch,
the other constituent being amylopectin. Amylose is a linear polysaccharide where the
anhydroglucose units are connected via a—(1-4) linkages. Water, dimethylsulfoxide (DMSO), and
water-DMSO mixtures have been shown to effectively solubilize amylose. In aqueous solutions,
optical rotation, intrinsic viscosity, light scattering, and sedimentation measurements have
demonstrated that amylose adopts a random coil conformation.*® However, despite much
experimental work done on dilute solutions of amylose, its conformation in DMSO is still a matter
of controversy. Early work trying to establish a scaling relationship between intrinsic viscosity [#]
and weight-average molecular weight (Mw) led to different conclusions. The Flory exponent v
obtained by intrinsic viscosity experiments in DMSO has been reported to equal 0.64,7 0.70,%0.87,8
and 0.91.° The first two results indicated that the chain is a random coil, while the last two results

suggested a semirigid and predominantly helical conformation. Some of the above studies have
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also reported the persistence length which is a measure of the stiffness of this biopolymer.
Interestingly, reported values of this parameter vary from 2 nm,*® which is comparable to that of
flexible poly(methyl methacrylate) (PMMA) to 9 nm.° which oppositely suggests a stiff
biopolymer. The origin of these differences in interpretation are probably rooted in the
experimental difficulties associated with the accurate determination of the molecular weight of
polysaccharides as well as the weak dependence of the intrinsic viscosity with molecular weight

for shorter polysacharides.°

On the other hand, a conformational transition from a coil to an helix induced by changing
the solvent conditions has been observed by NMR,112 specific optical rotation,'? and intrinsic
viscosity.” The 'H NMR spectra of amylose in DMSO-ds at elevated temperature showed an
upfield shift of the hydroxyl proton signals. This observation was taken as evidence that the
intramolecular hydrogen bonds necessary for amylose to form a helical structure were severed at
high temperature.'?> Another study based on specific optical rotation showed that the addition of
tetramethylurea decreased the specific optical rotation of amylose in DMSO. This result suggested
that amylose was capable of forming the numerous intramolecular hydrogen bonds necessary to
maintain a helical conformation and that these H-bonds were disrupted by the addition of urea.!!
While informative about a possible change in amylose conformation, the above studies were aimed
to detect the conformational transitions induced by a change in solvent conditions rather than
characterize the actual conformation of amylose in DMSO. More recently, molecular simulations
on amylose segments 55 anhydroglucose units long have shown that the amylose helix is not stable

and rapidly denatures into a random coil in DMSO.

As the above discussion made clear, the conformation of amylose in DMSO, being either

arandom coil or a helix, remains to be determined. Since the two conformations would be expected
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to exhibit very different internal dynamics, pyrene excimer formation was applied to characterize
the internal dynamics of amylose in DMSO. To this end, amylose was randomly labeled with
pyrene and fluorescence measurements were conducted. Over the past few decades, pyrene labeled
polymers have become a means to study how internal chain dynamics in solution are affected by
solvent quality,®>?° polymer concentration,??® solution temperature,®*?® and side chain
length.?”?8 Many studies aiming to probe the internal dynamics of macromolecules in solution
obtained this information by measuring the rate constant (kq) for the quenching of an excited dye
by a quencher which were both covalently attached to a same macromolecule. Since a quenching
event demonstrates an encounter between dye and quencher, and consequently between two
segments of the macromolecule, kq is thus a measure of the macromolecular internal dynamics.
Early studies required the challenging preparation of monodisperse linear chains labeled at each
end with a single pyrenyl moiety to measure the rate constant of end-to-end cyclization (EEC) but
this approach was limited by the poor efficiency of pyrene excimer formation for long chains and
stiff polymeric backbones.?* The recent advent of the fluorescence blob model (FBM) has
overcome these drawbacks. Work from this laboratory over the past 15 years has established that
the FBM can be used to faithfully retrieve quantitative information about the chain dynamics of
polymers randomly labeled with pyrene.?8-*° The FBM assumes that during its lifetime the motions
of an excited pyrene label covalently attached onto a polymer are limited to a small volume which
is referred to as a blob. The polymer coil is then divided into a cluster of blobs where the pyrene
groups distribute themselves randomly according to a Poisson distribution. FBM analysis of the
fluorescence decays yields Nbion, the number of monomers encompassed inside a blob, and kbiop,
the rate constant of excimer formation between an excited and a ground-state pyrene both located

inside a same blob.?®% In particular, the product <ksion*Nbiob> Was reported to be a universal
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parameter that measures internal chain dynamics in solution in a manner similar to T4 for polymers

in the bulk.?®

Excimer formation between pyrene labels covalently and randomly attached onto an o-
helical polymer, namely poly(L-glutamic acid) or PGA, has also been studied in
dimethylformamide (DMF). In this case, pyrene excimer formation did not reflect the long-range
polymer chain dynamics (LRPCD) but rather the rearrangement of the PGA side chains.
Application of the FBM analysis to the fluorescence decays of the Py-PGA constructs yielded Npiob
which was the number of glutamic acids representing a patch on the side of the PGA a.-helix where
excimer formation could occur between two pyrene labels. In fact, Npion Was found to reflect
perfectly the maximum number of glutamic acids separating two pyrene labels covalently attached
to a PGA a-helix while still being able to encounter and form an excimer. These conclusions were
reached through comparison of the Noion Value determined through FBM analysis and the distances
between two pyrene labels along the PGA helix measured by conducting molecular mechanics
optimizations.®>% In the present study, amylose was randomly labeled with different amounts of
pyrene to yield Py-Amylose. A pyrene labeled flexible polymer, poly(methyl acrylate) (Py-PMA),
was also studied in DMSO for comparison. PMA is a well-known flexible polymer with a Tq equal
to 12 °C. However, the product <Kpiob*Nbiob=> retrieved from FBM analysis of the Py-PMA decays
yielded similar values for rigid amylose and flexible PMA suggesting that pyrene excimer
formation was highly efficient for the Py-Amylose constructs. This unexpectedly large excimer
formation rate constant could only be possible if amylose formed a compact structure in DMSO to
reduce the average distance between pyrenyl moieties. FBM analysis of the fluorescence decays
yielded an Noion Value of 11 £ 2, which is in good agreement with the value obtained via molecular

mechanics optimization if amylose adopts a helical conformation. To the best of our knowledge,
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this study is the first attempt in the literature to apply pyrene excimer fluorescence to investigate

the conformation of amylose in DMSO.
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Figure 2.1. Chemical structures of the pyrene-labeled polymers. Left: poly(methyl methacrylate),

right: amylose.

2.3 Experimental Section
Materials: Chemicals were purchased from Sigma-Aldrich (Milwaukee, WI) and used as received

unless otherwise stated.

Synthesis of pyrene-labeled PMA (Py-PMA): The synthesis, purification, and characterization of

the pyrene-labeled PMA samples has been described elsewhere.?®

Synthesis of pyrene-labeled amylose (Py-Amylose): All Py-Amylose constructs were prepared in a
similar manner. The synthesis of Py-Amylose with 7 mol% pyrene is described in more detail
hereafter. Amylose (0.5 g, 3 mmol in terms of glucose units) was dissolved in 20 mL of a 3:1

DMSO:DMF mixture at 60 °C until the solution was clear. DMF was added to DMSO to prevent
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the reaction mixture from freezing at 0 °C and since DMF is a poor solvent for amylose, the amount
of DMF added was low enough to ensure that amylose was fully dissolved in this solvent mixture.
Pyrenebutyric acid (PBA) (0.5 g, 1.7 mmol) and 4-dimethylaminopyridine (DMAP, 0.05 g, 0.4
mmol) were dissolved into the DMSO/DMF mixture. The reaction mixture was then cooled in an
ice bath followed by the addition of N,N’-diisopropylcarbodiimide (DIC) (0.4 mL, 2.7 mmol)
dropwise under a nitrogen atmosphere. The reaction mixture was kept at 0 °C for 5 min and then
left stirring in the dark for 48 hours at room temperature under nitrogen. The molar amount of
amylose was kept constant for all reactions. The amounts of PBA, DMAP, and DIC could be
adjusted to obtain the desired pyrene content. The Py-Amylose product was precipitated in cold
methanol. The recovered product was redissolved in DMSO and reprecipitated in methanol. The
precipitation cycle was repeated 3-5 times to remove any unreacted PBA. The final product was

dried in a vacuum oven at room temperature overnight.

Pyrene content determination: The pyrene content, Apy expressed in mole of pyrene per gram of
polymer, was determined using Equation 2.1. A mass, m, of dried Py-Amylose was carefully
weighed before being dissolved in a known volume, V, of DMSO. The pyrene concentration [Py]
was determined by UV-Vis absorption measurements by applying Beer-Lambert’s law to the
pyrene absorption at 346 nm with an extinction coefficient of 41,400 M~!.cm™!. The molar fraction,
x, of pyrene-labeled anhydroglucose units in Py-Amylose was determined by applying Equation
2.2 where Mg and Mpy represented the molar mass of the unlabeled and pyrene-labeled

anhydroglucose units, equal to 162 and 432 g.mol !, respectively.

_ [Pyl (2.1)
" miIv
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\Y/ (2.2)

Mgy~ My, +1/

X =

Steady-State Fluorescence Measurements: Steady-state fluorescence spectra were acquired on a
Photon Technology International LS-100 steady-state fluorometer with an Ushio UXL-75 Xenon
lamp and a PT1 814 photomultiplier detection system. The spectra were obtained using the usual
right-angle geometry with a 346 nm excitation wavelength. The samples were dissolved in DMSO
with a pyrene concentration below 2.5x10° M to avoid intermolecular excimer formation. The
fluorescence spectra were acquired with either aerated or degassed Py-Amylose solutions. The Py-
Amylose solutions in DMSO were degassed for 40 minutes by bubbling a gentle flow of nitrogen
to remove oxygen. The solutions were degassed to test the effect of monomer lifetime on the rate
of excimer formation. The monomer (Im) and excimer (lg) intensities were obtained by integrating

the fluorescence spectra between 373 — 379 nm and 500 — 530 nm, respectively.

Time-resolved fluorescence measurements: The monomer and excimer fluorescence decays were
acquired with an IBH Ltd. time-resolved fluorometer using an IBH 340 nm NanoLED as the
excitation source. Samples were prepared in the same manner as for the steady-state fluorescence
experiments. Samples were excited at a wavelength of 346 nm and the monomer and excimer
emissions were collected at 375 nm and 510 nm, respectively. A cut off filter at 370 nm for the
monomer and 500 nm for the excimer were used to reduce contamination of the fluorescence signal
by light scattering. The fluorescence decays were acquired over 1,024 channels using a time-per-
channel of 1.02 or 2.04 ns/ch with up to 20,000 counts at the peak maximum for the instrument

response function and decay curves.

Analysis of the fluorescence decays using the FBM: Five pyrene species are being considered

within the FBM framework. The pyrene species Pyqis* represents the pyrenyl labels covalently
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attached onto a structural unit that undergoes slow diffusive motions inside the polymer coil. These
diffusive motions are described by the three FBM parameters which are <n>, the average number
of ground-state pyrenes per blob, knion, the rate constant of excimer formation inside a blob which
contains only one excited pyrene and a single ground-state pyrene, and the product kex[blob]
where ke describes the exchange of ground-state pyrenes between blobs and [blob] is the local blob
concentration inside the polymer. The second pyrene species, Pyk.*, is formed by the rapid
rearrangement of Pyqire* with a nearby ground-state pyrene after the two pyrene labels have been
brought in close proximity through the internal dynamics of the macromolecule. An excimer EO*
is then formed with a rate constant k> and emits with a lifetime zeo. The random labeling of the
polymer results in a small population of pyrenes that are isolated from each other along the
backbone and cannot form excimer. This pyrene species emits as free pyrene in solution with the
natural lifetime v of a pyrene monomer and is referred to as Pysee™. After labeling, a short-lived
pyrene species, ES*, was observed in the excimer decays of Py-Amylose only and it emitted with
a short lifetime zs of 3.5 ns. The ES* species is usually observed in pyrene-labeled macromolecules
that form little excimer.®® Equations 2.3 and 2.4 have been shown to fit satisfactorily the
fluorescence decays of the pyrene monomer and excimer for a number of polymers randomly

labeled with pyrene.2426:27
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The expression of the constants Az, As, and A4 used in Equations 2.3 and 2.4 are given in Equation

2.5 as a function of the parameters <n>, kpiob and kex[blob] which have been defined earlier.
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The fluorescence decays of the pyrene monomer and excimer were fitted globally with
Equations 2.3 and 2.4, respectively. The parameters used in these equations were optimized with
the Marquardt-Levenberg algorithm.®* The unquenched lifetime of the pyrene monomer, v, was
determined from the monomer decay of a polymer sparingly labeled with pyrene where more than
80% of the total pre-exponential weight could be attributed to isolated pyrene monomers that did
not form excimer and emitted with a lifetime zm. In DMSO, v was found to equal 86 ns for Py-
PMA and 89.5 ns and 135 ns for Py-Amylose before and after degassing, respectively. The fit
yielded the parameters <n>, kpiob, and ke[blob]. The monomer decay analysis yielded the molar
fractions, feqifr, fexe, feco and fees which represent the contribution of the pyrene species Pyait*,
Pyko*, and Pysee* to the monomer decays, respectively. In a similar manner, the excimer decay
analysis with Equation 2.4 yielded fedifr, feke, feeo, and fees which are the molar fractions of the
pyrene species Pyaitr*, Py;,, EO", and ES™ that contribute to the excimer decays, respectively. The
fractions fmaiff, fmk2, fmfree, feditf, fex, feeo, and fees were then combined to determine the overall
molar fractions of each pyrene species present in solution which are fitr, fk2, frree, feo and fes. The
molar fraction fmree together with <n> and the pyrene content Apy could be used to determine Npion,
the average number of structural units per blob whose expression is given in Equation 2.6 where x

is the molar fraction of AGUs labeled with pyrene.
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Ny=—""-<n> (2.6)

The fits of the monomer and excimer fluorescence decays were considered good if the 2
was smaller than 1.2 and the residuals and the autocorrelation function of the residuals were
randomly distributed around zero. A sample of the fit of the pyrene monomer and excimer

fluorescence decays is given Figure S2.1 in the Appendix.

2.4 Results and Discussion

All fluorescence spectra and decays were acquired for samples with a corresponding pyrene
concentration in DMSO of 2.5 x 10~ M. To confirm that this concentration was dilute enough to
prevent intermolecular excimer formation between Py-Amylose samples, a concentration study
was conducted. Py-Amylose samples with pyrene contents of 5.1, 7.5, and 14.9 mol% were
dissolved in DMSO and their final concentrations were adjusted to approximately 3, 6, and 9 mg/L.
These concentrations matched the lowest and highest mass concentrations of pyrene-labeled
polymers used in this study. The steady-state fluorescence spectra of the solutions were acquired.
The Ig/lm ratio of the solutions was determined and plotted as a function of Py-Amylose
concentration in Figure 2.2. Within experimental error, the Ie/lm ratios remained constant as a
function of Py-Amylose concentration. This behavior indicated that within the range of polymer
mass concentration used in this study, pyrene excimer formation of Py-Amylose only occurred

intramolecularly.
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Figure 2.2. Plot of Ig/Im as a function of Py-Amylose concentration in DMSO. (H) 5.05 mol%,

(A)7.5mol% and (¢ ) 14.9 mol%.

The steady-state fluorescence spectra acquired for both Py-PMA and Py-Amylose in
DMSO are shown in Figure 2.3A and B, respectively. The fluorescence intensity was normalized
at 376 nm and set to an arbitrary value of 100. More pyrene excimer was formed with increasing

pyrene content due to the increased probability of encounter between the pyrene labels.
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When studying pyrene labeled polymers, the Ie/lm ratios are typically used as a qualitative
measure for the rate constant of excimer formation.®® It was noticeable that none of the lines
representing the Ig/lm ratios passed through the origin. This observation is a result of excimer
formation being a local phenomenon that occurs between an excited and a ground-state pyrene
labels that are separated by a few tens of monomers, as will be found later using the FBM analysis.
Consequently, enough pyrene needs to be covalently attached to the polymer to bring the pyrene
labels within striking range from each other to form an excimer. According to the inset of Figure
2.3, no pyrene excimer could be formed until a threshold pyrene content of ~0.6 mol% for Py-
PMA and ~2.2 mol% for Py-Amylose was reached. The slope of the lines, m(lg/lm), equaled 0.35
for Py-PMA which was significantly larger than that of 0.15 found for Py-Amylose. At first glance,
this result would suggest that excimer formation is less efficient for Py-Amylose as would be
expected based on its more rigid backbone. However, this conclusion is somewhat misleading
because each anhydroglucose unit (AGU) contributes 5 backbone atoms to the chain contour
length for Py-Amylose compared to 2 backbone atoms contributed by each methyl acrylate
monomer for Py-PMA (see Figure 2.1). In fact, on a “per backbone atom” basis, m(le/lm) of Py-
Amylose would be 5 times larger, yielding an m(Ie/lm) slope value of 0.75 comparable to the value
of 0.70 obtained by multiplying m(le/lm) for Py-PMA by 2. We will come back to these

considerations at a later stage in the discussion.

It is important to note at this point that the Ie/lm ratio obtained from the analysis of the
steady-state fluorescence spectra is a parameter that represents all pyrene species that contribute
to the monomer and excimer fluorescence. These include the species Pysee* that does not form
excimer and EO” that forms excimer instantaneously upon excitation and does not provide any

information on the dynamic process of excimer formation. In fact, beside the contribution of
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Pyaire*, all other pyrene species contributing to the fluorescence signal can be viewed as fluorescent
impurities that contaminate the dynamic information pertaining to excimer formation in the
pyrene-labeled macromolecule. To isolate the contribution of each pyrene species and most
importantly that of Pyaqise* reporting on the internal dynamics of the pyrene-labeled macromolecule,

analysis of the time-resolved fluorescence decays needs to be conducted.

Global analysis of the monomer and excimer decays using Equations 2.3 and 2.4 was
conducted first by letting all parameters beside the monomer lifetime zu vary. The rate constant k
obtained for a given polymer series was then averaged and this average value was fixed in the
decay analysis which was then repeated. This procedure has been found to yield a much tighter set
of values for the parameters <n>, knion, and ke[blob] which represent the kinetics of pyrene excimer
formation.?® The values of <n> and furee Obtained from the decay analysis were then introduced
in Equation 2.5 to calculate Nwion Which was plotted as a function of pyrene content in Figure 2.4.
Within experimental error, Nuion Was found to remain constant with pyrene content. Increasing the
monomer lifetime from 89.5 ns to 135 ns by degassing the solution did not lead to a larger blob
size. The averaged Npiob Value, <Npiob>, was found to equal 10 + 1 AGUs for amylose before
degassing and 12 + 2 glucose units after degassing resulting in an overall average <Npiob> Vvalue
of 11 + 2. On the other hand, <Nbiob> was found to equal 43 = 2 monomer units for PMA before
degassing and 46 + 4 units after degassing which makes the overall average to be 45 + 4 units. A
previous study of PMA in tetrahydrofuran (THF) reported an <Npiop> value of 59 + 5.2 The

smaller blob size obtained in DMSO can be rationalized by the viscosity difference between THF
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and DMSO. The higher viscosity of DMSO reduces the mobility of a pyrene label of Py-PMA

resulting in a smaller volume probed by pyrene during its lifetime.
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Figure 2.4. Plot of A) Nuiob and B) <kpiobXNbiob> as a function of pyrene content. () PMA before

degassing, () PMA after degassing, (<>) amylose before degassing, and (‘) amylose after

degassing.
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When plotted against pyrene content in Figure 2.4, KniobXNbion Was also found to remain
more or less constant with pyrene content. The averaged value of the product KpiobXNbiob,
<KpiobXNbiob> for amylose, was found to equal 0.16 + 0.01 ns* and 0.15 + 0.01 ns~* before and
after degassing, respectively. By comparison, <kpiobXNbiop> Was found to equal 0.52 + 0.05 ns*
and 0.48 + 0.05 ns* for PMA before and after degassing, respectively. However, direct
comparison of the <Nbiob> and <kpiobXNbiob> Vvalues between amylose and PMA is biased since
both parameters are calculated in terms of the number of monomers constituting a blob which
contribute differently, in terms of backbone atoms, to the chain length of the polymers. This
difference can be corrected by reporting <Nbiob> and <kniobXNbiob> normalized per backbone atom
instead of monomer units. With only two chain atoms per monomer, PMA would have <Npjop>
and <KpiopXNbiob> equal to 90 + 4 atoms and 1.0 + 0.1 ns~! per backbone atom, respectively.
Similarly, amylose with its five backbone atoms per structural unit, would have <Npiep> and
<KblobXNbiob> Values of 55 + 10 atoms and 0.78 + 0.05 ns! per chain atom, respectively.
Interestingly, the product <koiobXNbiob> in terms of chain atoms of amylose and PMA becomes
comparable after this correction. Since <kpiobXNbiob> IS @ measure of the rate of excimer formation,
the fact that similar <knionXNbiob> Values were obtained for Py-PMA and Py-Amylose suggests that
both macromolecular constructs form excimer with a similar efficiency. For polymers having a
similar conformation, such as poly(alkyl methacrylate)s with different side chain lengths, the
product <kpiobXNbiop> faithfully reflects the chain mobility of different polymer backbones in
solution.?® However the amylose backbone is certainly more rigid as compared to that of PMA.
Thus, the unexpectedly large value of <kpiobXNbiob™> cannot be explained by the higher mobility of
the amylose backbone. Another factor that can increase the rate of excimer formation is the local

pyrene concentration. For a similar level of labelling, a more compact conformation of the polymer
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backbone would bring the pyrene groups closer to each other, leading to a higher local pyrene
concentration which would increase the rate of pyrene excimer formation. A random coil
conformation of amylose would be very unlikely to provide this compactness. In turn, this
unexpectedly large <KpiobXNbiob™> Vvalue could be a result of amylose adopting a helical

conformation in DMSO.

In fact, the formation of a compact helix in solution has also been reported earlier for a
rigid polycarbonate backbone following the finding that pyrene excimer formation occurred as
quickly as for a much more flexible polydimethylsiloxane (PDMS) backbone.*® In addition, even
though <Nnion> for amylose is smaller than for PMA, a blob consisting of 11 AGUs represents a
significantly large volume to probe for a pyrene pendant attached to the backbone via a short butyl
linker. In this context, a study of the physical dimensions of the space probed by an excited pyrene
bound to amylose adopting an extended random coil or a compact a-helical conformation would
be quite informative to assess which conformation of amylose in DMSO is best represented by the

<Nbiob> value obtained by fluorescence.

To this end, the Hyperchem software (version 7.04) was used to create amylose constructs
having helical and random coil conformations. Even though the crystal structure of amylose has
been well characterized by X-ray, no structural information could be found in the literature
regarding a helix conformation of amylose in DMSO. Therefore, two possible helical structures
were considered in this study to test the effect of geometry on the blob size. The first helix was
optimized from the default conformation built by Hyperchem for an amylose construct made of 40
AGUs. The optimized structure was a symmetrical 9-fold helix which is shown in Figure 2.5A.
The number of AGUs per turn in the helix is slightly larger than the reported literature values

obtained from the analysis of the crystal structure of amylose. For comparison purposes, a second
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helix structure was imported into HyperChem based on an X-ray crystallography study by
Nishiyama et al.>® The optimized structure is a 7-fold helix which is shown in Figure 2.5B. The
random coil conformation of amylose was optimized by extending an amylose chain made of 20

AGUs and letting it relax into the conformation shown in Figure 2.5C.

A) B)

Figure 2.5. Two possible helical structures for amylose: A) 9-fold helix, B) 7-fold helix, and C)

relaxed random coil conformation of amylose.
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FBM analysis of the decays found that an amylose blob was made of 11 + 2 AGUs. Since
two pyrenes located inside a same blob form an excimer with the rate constant koo, the FBM
implies that two pyrenes can overlap and form an excimer when they are located within a section
of the a-helix made of 11 AGUs. The symmetry of the a-helix imposes that if a reference pyrenyl
label is located at the center of the blob, an excimer will be formed if a second pyrenyl label is
located within 5 AGUs from the reference pyrene on either side. A first structure was created
where one pyrenebutyric acid pendant was attached onto the 3" residue along the helix and a
second pyrenebutyric acid was attached on the 4" residue. For both a-helical conformations, the
hydroxyl group of C6 was little accessible as it pointed towards the inside of the helix. Therefore,
the pyrene labels were attached to the C2 hydroxyl instead of the C6 hydroxyl which appeared to
be less accessible. A molecular mechanics optimization (MMO) using the Fletcher-Reeves
algorithm was performed during which the following constraints were imposed. The distance
separating the carbons C2 or C7 of a pyrene label from the carbons C2 or C7 of the other pyrene
label was set to equal 3.4 A by the end of the MMO.% Whether the C2 or C7 carbons were selected
depended on which orientation of the pyrene would result in the best overlap. None of the
backbone atoms of the helices were included in the MMOs so that the polysaccharide backbone
was not altered during the MMOs. Only pyrene and the atoms connecting pyrene to the AGU
where allowed to be displaced during the MMO. At the end of the MMO, the extent of overlap
between the two pyrenes was estimated by calculating the number of carbon atoms of the first
pyrene molecule which overlapped the frame of the second pyrene molecule. This procedure was
repeated by keeping the first pyrene on the 3™ residue and moving the second pyrene moiety from

the 4™ to the 33" residue one residue at a time. An illustration of the extent of overlap is shown in

64



Figure 2.6 using the 7-fold amylose helix. When attached on two adjacent AGUs, the two pyrene

labels can be arranged to achieve a good overlap involving 9 overlapping carbons.
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Figure 2.6. An illustration of the ability of two pyrene groups to overlap when separated by 7

AGUs (top: good overlap) and 21 AGUs (bottom: no overlap).

However, when separated by 21 AGUs, the two pyrene pendants could not overlap even
though the butyl linkers were fully extended. Geometry optimization of the pyrene labels attached
to amylose adopting a random coil conformation was conducted in a similar manner except for the
following two differences. First, since the three hydroxyls were fully accessible in the random coil
conformation, the pyrene moiety was attached on the C6 hydroxyl which gave it the longest reach

for excimer formation. Second, it was also observed that the orientation of an individual glucose
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unit changed along the chain. Consequently, a series of MMOs was carried out with one pyrene
attached on the first AGU as reference while the second pyrene was moved from the 2" to the 8™
AGU, one AGU at atime. In each case, the extent of overlap between the two pyrenes was recorded.
A second series of MMOs was then conducted with the reference pyrene attached onto the 2™
AGU and the second pyrene attached to the residues 3 to 9 in one residue increments. The extent
of overlap was recorded. In total, 8 series of MMOs were carried out and the final result for the
number of overlapping carbons was averaged. For all simulations, a good overlap between two
pyrenes was characterized by one pyrene having at least 7 C-atoms covered by the area of the

second pyrene as had been done earlier.?’

The results obtained from the MMOs based on two helix conformations, one with a 7-fold
and the other with a 9-fold periodicity, are shown in Figure 2.7. The similar trends obtained for
the 7-fold and 9-fold helices indicated that the extent of overlap depends strongly on the position
of the pyrene pendants along the helix. The overlap was nonexistent when two pyrene moieties
were three AGUs apart since they pointed to opposite directions away from the helix. The overlap
was restored when the two pyrene moieties were located on two AGUs separated by one helical
turn. The trends obtained by optimization of the 7-fold and 9-fold helices were essentially the same.
Both trends demonstrated that two pyrenes showed a good overlap if the AGUs, onto which the
pyrenes are attached, were separated by 1, 2, 7, 8, and 9 AGUs or 1, 2, 8, 9, and 10 AGUs for the
7-fold and 9-fold helices, respectively, both helices yielding a set of five residues (No = 5) enabling
good overlay between two pyrene labels. Since these MMOs considered the number of AGUs (No)
allowing good pyrene-pyrene overlap on one side of the reference pyrene along the polymer
backbone, a theoretical Npiob™® can be obtained by multiplying No by a factor of 2 to account for

the other side of the reference pyrene along the polymer backbone and adding 1 to account for the
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reference pyrene. Consequently, the MMO results of the amylose helices point to a blob made of
2x5+1 = 11 AGUs, in excellent agreement with the <Npiob> value of 11 + 2 obtained by FBM
analysis of the Py-Amylose constructs. The MMO results for an extended amylose conformation
more representative of a random coil were plotted in Figure 2.8. The trends show that the extent

of overlap decreases rapidly with separation distance if amylose forms a random coil in solution.
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Figure 2.7. Pyrene carbon-overlap as a function of the number of AGUs between pyrene groups

obtained via MMO of an amylose helix. (O ) 7 fold helix, (4 ) 9 fold helix

Based on the results shown in Figure 2.8, poor overlap was obtained when two pyrene
pendants were four AGUs apart. In other words, if Py-amylose adopted a random coil
conformation, the blob size would be less than 3x2+1=7 AGUs which is much smaller than the
<Npiob> value of 11 obtained by the FBM analysis of the fluorescence decays and thus rules out

the possibility of amylose adopting a coiled conformation in DMSQO. Consequently, the results
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obtained by FBM analysis of the fluorescence decays and MMOs strongly suggest that the

conformation of amylose in DMSO is that of a rigid helix.
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Figure 2.8. Pyrene carbon-overlap as a function of the number of AGUs between pyrene groups

obtained via MMOs of an amylose random coil.

Further indication that amylose adopts a compact conformation in DMSO was obtained by
plotting feo versus pyrene content for Py-PMA and Py-Amylose. The molar fraction fgo represents
the pyrene labels involved in pre-stacked pyrene dimers before excitation. Due to the random
labeling of the polymers, higher pyrene contents lead to a smaller distance between the pyrene
groups resulting in higher fgo values. As shown in Figure 2.9, fgo increases with pyrene content for
both Py-PMA and Py-Amylose. Interestingly, feo for Py-Amylose is much higher than that for a
same pyrene content of the Py-PMA series. This trend is unexpected considering that one glucose

unit introduces 5/2 = 2.5 times more backbone atoms into the polymer than one methyl acrylate
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monomer. Consequently, the pyrene labels should be much more spread out along the Py-Amylose
samples for a same pyrene content compared to Py-PMA and thus generate much less pyrene
aggregation. That this is not the case indicates that the pyrene pendants attached on the backbone
of amylose are located in a very compact environment, which can only be explained if amylose

forms a helical structure in DMSO.
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Figure 2.9. Plot of fgo as a function of pyrene content. Solutions in DMSO of () Py-PMA and

Py-Amylose (‘) before degassing and ( & ) after degassing.

2.5 Conclusions

A series of Py-Amylose constructs were synthesized, and their chain dynamics were characterized
in DMSO by steady-state and time-resolved fluorescence. As a comparison, a flexible polymer,
Py-PMA, was studied under the same conditions. Analysis of the steady-state fluorescence spectra
to determine m(le/lm) based on the plots presented in Figure 2.3 showed that amylose formed
excimer less efficiently compared to PMA if the pyrene content was expressed in molar percentage
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of pyrene-labeled structural units. However, m(le/lm) became similar for Py-Amylose and Py-
PMA if the pyrene content was expressed in mole of pyrene per backbone atom, indicating that
both polymers formed excimer as effectively. Since the steady-state fluorescence spectra account
for the contributions of all the pyrene species present in solution, quantitative information on
polymer chain dynamics was obtained by applying the FBM analysis to the fluorescence decays.
One strength of the FBM analysis is to identify the different pyrene species that contribute to the
monomer and excimer decays. The FBM analysis revealed that amylose had a significantly larger
level of pyrene aggregation compared to the PMA samples with a similar labeling level. This result
was a consequence of the more compact conformation adopted by amylose in DMSO compared
to that of the more flexible PMA backbone. More importantly, FBM analysis yielded <Npjo»> and
<kbiobXNbiob> Which reflected the polymer chain dynamics of the samples. Interestingly, the
<kbiobXNbiob> Values obtained for the Py-Amylose and Py-PMA samples were comparable when
reduced in terms of the number of chain atoms. This unexpected large value of <kpiob*Npiob> for
amylose could not be rationalized by enhanced mobility of the amylose backbone. Rather this
result indicated that the pyrene pendants attached onto the amylose backbone were probing a
compact environment which was compatible with amylose adopting a helical conformation in

DMSO.

To further confirm that this was indeed the case, MMOs were conducted to examine how
far two pyrene labels could encounter along the amylose backbone when amylose adopted different
conformations. The MMO results obtained based on a random coil conformation of amylose gave
a blob size smaller than seven AGUs which disagreed with the Npiop Value of 11 + 2 AGUs obtained
by FBM analysis. In contrast, when amylose adopted a helical structure, the more compact

geometry of amylose resulted in a blob size of eleven AGUs based on MMOs. This result was in
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excellent agreement with the results obtained by the FBM analysis. In view of the above, the
fluorescence measurements conducted on the Py-Amylose constructs in combination with the
MMOs carried out with Hyperchem demonstrated that amylose formed a rigid helix in DMSO. As
it turns out, this study represents the second example in the literature where pyrene excimer
fluorescence is applied to determine the helical conformation of a macromolecule in solution, the
first example being for PGA.3132 It suggests that pyrene excimer fluorescence constitutes a robust
analytical means to probe the compact conformation of condensed macromolecules by taking
advantage of the restricted spatial range of pyrene encounters that lead to excimer formation upon

contact.
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Chapter 3:

Interior of Amylopectin Dissolved In
DMSO Characterized by Pyrene Excimer
Fluorescence and Molecular Mechanics
Optimizations
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3.1 Abstract

Amylopectin was labeled with 1-pyrenebutyric acid (PBA) to yield a series of Py-Amylopectin
constructs and the fluorescence spectra and decays of their dispersions in DMSO were acquired.
The analysis of the fluorescence data indicated that pyrene excimer formation was highly efficient,
much more efficient than expected for pyrene labels covalently attached onto a rigid
polysaccharide backbone. These results suggested that excimer formation occurred in a pyrene-
rich environment indicative of a dense interior for amylopectin. Molecular mechanics
optimisations (MMOs) were conducted with the program HyperChem to determine the extent of
overlap between two pyrene labels attached at different positions of a single or double
polysaccharide helix as a function of the number of anhydroglucose units separating the two
fluorescent labels. These MMOs established that isolated polysaccharide helices labeled with
pyrene could not justify the efficient pyrene excimer formation found for the Py-Amylopectin
constructs. MMOs were then employed to determine the distance between polysaccharide helices
arranged in a hexagonal array that would be necessary for pyrene excimer formation to occur as
efficiently as found by fluorescence. Regardless of whether the polysaccharide helices were single
or double helices, they were found to be separated by 2.7 (£0.3) nm, thus implying that the density
of the amylopectin interior experienced by the pyrene labels equaled 0.29 (x£0.01) g/mL, a value
that was one-to-two orders of magnitude larger than what would be expected based on intrinsic
viscosity measurements. This discrepancy was rationalized by introducing the Solution-Cluster
(Sol-CL) model whereby clusters of polysaccharide helices are being held together by flexible
polysaccharide segments. The Sol-CL model was found to satisfyingly account for the many

scientific observations that have been reported about amylopectin in DMSO.
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3.2 Introduction
Starch is an abundant biopolymer whose two main components are amylose and amylopectin.
Whereas amylose is a linear chain constituted of anhydroglucose units (AGUs) connected via (1-
4) linkages with degrees of polymerization (DP) between a few hundreds and a few thousands,
amylopectin is a much larger, highly branched polysaccharide with DP ranging between 10° and
10° depending on the plant of origin.1®> Amylopectin is comprised of short side chains and long
chains of AGUs connected via (1-4) linkages, the side chains being covalently attached onto the
long chains via (1-6) linkages. The DP of the side chains ranges between 6 and 30.%2%° The
arrangement of the side chains of amylopectin in the solid state has been described by several
cluster-type models.®® According to these models, the side chains pack in 9 nm-thick crystalline
lamellae'*° composed of single and mostly double helices.'® The crystalline lamellae alternate
with amorphous domains encompassing the branching points. Both amylose and the side chains
of amylopectin form helices in the solid state with X-ray structures indicating that the C6 hydroxyl
groups are confined to the walls lining up the central cavity of the helices.? Consequently, these
crystallographic structures suggest that the primary C6 hydroxyl of the AGU, despite being less
sterically hindered than the secondary C2 and C3 hydroxyls in an isolated AGU, is actually much
less accessible to chemical modification than the two latter hydroxyls if the side chains of
amylopectin adopt a single or double helical conformation. This information matters to food and
material scientists who aim at modifying starch chemically to improve its savory?® or mechanical
properties.1t?

In particular, small scale hydrophobic modifications are often conducted in DMSO,*3* an
organic solvent that solubilizes both starch and the desired hydrophobic derivatives. However, no

structural information can be found in the literature regarding the structural state of the side chains
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of amylopectin in DMSO. A helical conformation of the side chains of amylopectin in DMSO
would result in the C6 hydroxyls being oriented toward the helical wall as in a crystal, and thus
being inaccessible. The absence of structural information on the interior of an amylopectin
macromolecule dissolved in DMSO is hardly surprising since after gelatinization at 60 °C,
amylopectin in DMSO exhibits no crystalline microdomains, preventing the use of X-ray
diffraction for structure determination, and can be viewed as an ill-defined mega-molecule (DP
around 10% makes amylopectin much larger than any typical macromolecule), which complicates
its characterization by gel permeation chromatography as it has been found to undergo shear-
induced degradation.®>*" In fact, little structural information at the molecular level is presently
available for amylopectin and its “averaged” properties are usually characterized such as its weight
average molecular weight (Mw) and radius of gyration (Rg) by static light scattering or intrinsic
viscosity [7].> A priori, fluorescence techniques, and particularly fluorescence resonance energy
transfer (FRET) which is often used as a spectroscopic ruler,'8 could provide structural information
on the conformation of the side chains of amylopectin.® In practice however, most examples found
in the literature indicate that quantitative FRET analysis on fluorescently labeled macromolecules
is mainly applied to short monodisperse linear chains where the ends can be specifically modified,
one end with an energy donor and the other with an energy acceptor.2° Unfortunately, this nicely
laid out protocol is somewhat irrelevant when dealing with the question at hand where the
macromolecule under study is ill- instead of well-defined, exhibits an extremely large number of
labeling points in the form of hydroxyl groups distributed throughout the entire macromolecule
instead of the two and only two required for specific labeling, and has physical dimensions that

are so large (several hundreds of nm) that any meaningful photophysical communication would be
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prevented by the large separation distance between fluorescent labels covalently attached at two
specific positions of amylopectin.

It is in situations like this that the fluorescence blob model (FBM) analysis conducted on
the fluorescence decays of macromolecules randomly labeled with pyrene becomes most
appealing.?*?? In these experiments, the macromolecule is randomly labeled with pyrene and the
kinetics for pyrene excimer fluorescence (PEF) are characterized. Contrary to FRET that depends
strongly on the distance between the energy donor and acceptor, PEF occurs only on contact
between an excited and a ground-state pyrene, a requirement that makes the interpretation of the
fluorescence signal much simpler to interpret as described in a recent review.?® In recent PEF
experiments carried out on dilute solutions of Py-Amylose constructs in DMSO, the fluorescence
decays of the pyrene monomer and excimer were analyzed globally with the FBM.?* FBM analysis
led to the conclusion that an excited pyrene attached to amylose formed an excimer with a ground-
state pyrene that was attached to one of 10 AGUs surrounding the excited pyrene label used as
reference. In turn, MMOs indicated that excimer formation would occur under these conditions
only if amylose adopted a helical conformation.?* This study supported the conclusion that
amylose adopts a helical conformation in DMSO, a result that is still being debated in the scientific
literature.

Following this early success in probing the conformation of amylose in DMSO, the present
study describes how PEF experiments were also conducted on amylopectin randomly labeled with
pyrene (Py-Amylopectin) in combination with MMOs to investigate whether PEF could provide
some structural information about the conformation of the side chains of amylopectin in DMSO.
Amylopectin was randomly labeled with 1-pyrenebutyric acid to generate several Py-Amylopectin

constructs and their solutions in DMSO were characterized by steady-state and time-resolved

76



fluorescence. Excimer formation for relatively rigid Py-Amylose was found to be surprisingly
efficient in DMSO, leading to the conclusion that amylose must be adopting a compact helical
conformation that brought the pyrene labels closer to each other, thus favoring pyrene-pyrene
encounters and excimer formation.?! But when the efficiency of pyrene excimer formation was
compared between the Py-Amylose and Py-Amylopectin constructs, excimer formation was found
to occur 50% more efficiently in Py-Amylopectin, a probable consequence of the highly branched
nature of amylopectin. MMOs demonstrated that the increased efficiency for excimer formation
in Py-Amylopectin compared to Py-Amylose was compatible with the proposal that the side chains
of amylopectin adopt a single or double helical conformation and are held within 25-29 A from
each other, thus allowing for intra- and inter-helix excimer formation. In turn, the existence of
clusters of polysaccharide helices in amylopectin led to the formulation of the Solution-Cluster
(Sol-CL) model that proposes that the interior of amylopectin is composed of dense clusters of
helices held together by flexible polysaccharide segments. The Sol-CL model acknowledges that
the interior of amylopectin has a morphology presenting dense and diffuse domains which
rationalizes most, if not all, experimental observations reported on amylopectin in the scientific
literature.

3.3 Experimental Section

The same procedures, chemicals, and instruments were used as described in detail in earlier
publications.?#? In brief, Py-Amylopectin was prepared by reacting 1-pyrenebutyric acid with the
hydroxyl groups of amylopectin (Aldrich) in the presence of diisopropylcarbodiimide (DIC) and
dimethylaminopyridine (DMAP) in a 1:3 mixture of N,N-dimethyl formamide (DMF) and
dimethylsulfoxide (DMSO) at 0 °C. The solution was kept at 0 °C for 5 minutes, left to equilibrate

to room temperature, and stirred in the dark for 48 hours. After the reaction, the Py-Amylopectin
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product was precipitated 3-5 times to remove unreacted 1-pyrenebutyric acid and the pyrene
content of the Py-Amylopectin constructs was determined by UV-Vis absorption with a Varian
Cary 100 Bio spectrophotometer. Fluorescence spectra and decays of Py-Amylopectin dispersions
in DMSO having a pyrene concentration of 2.5x10°¢ M were acquired with the right-angle
geometry on a Photon Technology International LS-100 steady-state fluorometer and an IBH Ltd.
time-resolved fluorometer, respectively. The excitation wavelength was set at 346 nm in all
fluorescence experiments. A 340 nm nanoLED with an excitation wavelength of 340 nm with the
excitation monochromator set at 346 nm provided the excitation photons for the fluorescence
decay acquisition for which a 370 and 495 nm cut-off filters were employed for, respectively, the
pyrene monomer and excimer to prevent stray scattered light from reaching the detector. The
monomer and excimer fluorescence decays were fitted globally according to the FBM which is
based on the assumption that while a pyrene label remains excited, it can only probe a subvolume
in the polymer coil that is referred to as a blob.'®° The FBM assumes the existence of four distinct
pyrene species in the Py-Amylopectin constructs. Some pyrene labels were attached in pyrene-
poor domains of amylopectin where they were isolated, could not encounter a ground-state pyrene
to form an excimer, and thus emitted as if they were free in solution with a natural lifetime (zv)
found to equal 92 ns. Pyrene labels undergoing diffusive motions, induced by the displacement of
the structural units bearing the pyrene labels or the linker connecting pyrene to amylopectin, were
referred to as Pyuit™ and they probed the volume of a blob with a rate constant Kpion. As the Pyuit™
species came next to a ground-state pyrene, they turned into the species Pyk* that underwent a
rapid rearrangement with a large rate constant k. to form an excimer. Some pyrenes located on
neighboring structural units formed excimer quasi-instantaneously upon excitation and were

referred to as the EO* species. Finally, the excimer decays exhibited a short-lived fluorescent
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species ES* that emitted at early times in the excimer decay and which is often encountered with
pyrene-labeled macromolecules that form little excimer. The species ES* was accounted for by
adding an exponential with a lifetime of 3.5 ns that was fixed in the decay analysis. The molar
fractions of the pyrene species Pyuite*, Pyree™, Pyke*, EO*, and ES* were referred to as faitr, frree, fiz,
feo, and fes, respectively. The abbreviation Pyagg* was used to represent the species EO*, as it
describes the aggregated pyrenes. More explanations on the FBM analysis can be found in earlier

reviews and publications therein.?6’

3.4 Results and Discussion

The fluorescence spectra of Py-Amylopectin in DMSO were acquired. They were normalized at
the 0-0 transition of pyrene (375 nm) and compared to those acquired earlier for Py-Amylose?! in
Figure 3.1. The fluorescence spectra showed two sharp bands at 375 and 410 nm typical for the
pyrene monomer, as well as the broad structureless emission of the pyrene excimer centered at 480
nm. A higher pyrene content for amylose or amylopectin led to an increased number of pyrene-
pyrene encounters, which resulted in increased excimer fluorescence. The fluorescence spectra
were further analyzed by integrating the fluorescence signal corresponding to the pyrene monomer
(Im) and excimer (lg) to yield the Ie/lm ratio which was plotted as a function of pyrene content in
Figure 3.1C. The Py-Amylopectin constructs showed a steeper increase in excimer formation than
the Py-Amylose constructs. The slopes (m(le/lm)) of the Ie/lm plots shown in Figure 3.1C were
found to equal 0.22 + 0.01 and 0.15 £ 0.01 for amylopectin and amylose, respectively. The slope
m(le/lnm) is being viewed as a measure of the efficiency of pyrene excimer formation.?8? The
surprisingly large m(le/Im) value found for Py-Amylose, considering the expected rigidity of the
polysaccharide backbone, led to the suggestion that efficient pyrene excimer formation takes place

in Py-Amylose because amylose adopts a compact helical conformation in DMSO that brings the
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pyrene labels closer to each other. The additional 50% increase in m(le/lm) found for amylopectin
compared to amylose was attributed to the branched nature of amylopectin that brought several
side chains in close proximity, thus enhancing pyrene-pyrene encounters and pyrene excimer
formation. As often observed for macromolecules randomly labeled with pyrene, the Ig/lm plots
did not go through the origin in Figure 3.1C (see for instance refs. 24 and 25). This behavior is a
consequence of the inherent sequestration of the pyrene labels within pyrene-poor domains along
the macromolecule. At low pyrene contents, the pyrene labels are isolated and cannot form excimer.
A threshold must be reached in terms of pyrene content above which a sufficiently large fraction
of pyrene labels are within reach of each other to form excimer. Above that threshold, an increase

in pyrene content leads to an increase in the Ie/lwm ratio as observed in Figure 3.1C.
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Figure 3.1. Fluorescence spectra of constructs of A) Py-Amylose and B) Py-Amylopectin in

DMSO. From bottom to top, the pyrene content equals A) 5.1, 5.6, 5.6, 7.5, 10.0, and 14.9 mol%
and B) 4.1, 5.7, 8.7, 9.6, and 12.0 mol%. C) Plot of Ig/lm as a function of pyrene content for (. )
Py-Amylopectin and (D) Py-Amylose. Aex = 346 nm.

80



Since the purpose of this study was to obtain structural information on amylopectin in
DMSO, it was important to confirm that the excimer formation of Py-Amylopectin only occurred
intramolecularly in DMSO. To confirm this, Py-Amylopectin constructs with low, intermediate,
and high pyrene contents of respectively 4.1, 8.7, and 12.0 mol% were dissolved in DMSO, and
the concentration of these Py-Amylopectin solutions was adjusted to 4, 8, and 12 mg/L. Steady-
state fluorescence spectra of the solutions were then acquired. The Ig/Im ratio was determined and
plotted as a function of Py-Amylopectin concentration in Figure 3.2. Within experimental error,
the Ie/lm ratio remained constant for the range of Py-Amylopectin concentrations used in this study.
Figure 3.2 demonstrated that in this concentration range, pyrene excimer was formed

intramolecularly.
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Figure 3.2. Plot of Ig/Im as a function of Py-Amylopectin concentration in DMSO: () 4.1 mol%,

(®) 8.7 mol%, and (A) 12.0 mol%.
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Since the fluorescence spectra report on all the pyrene species present in solution and not
only on those referred to as Pyqir* that reflect the internal dynamics of the macromolecule of
interest, the conclusions drawn on the internal dynamics of Py-Amylose and Py-Amylopectin from
the analysis of the fluorescence spectra in Figure 3.1 could be affected by the contribution of the
other pyrene species. These include the pyrene species that do not form excimer and emit as if they
were free in solution (Pysee*) and those that form excimer quasi-instantaneously upon excitation
as they are located on neighboring AGUs and behave as if they were aggregated (Pyagg*).?%?® As
the pyrene content of a pyrene-labeled construct increases, the concentration of Pysree* and Pyagg™
decreases and increases, respectively, which complicates the analysis of the fluorescence spectra.
Fortunately, careful analysis of the pyrene monomer and excimer fluorescence decays can identify
the contribution of each pyrene species, thus providing a means to solely characterize those pyrene
labels Pyqire* that form excimer by diffusive encounters.?22® Consequently, the monomer and
excimer time-resolved fluorescence decays of Py-Amylopectin and Py-Amylose were acquired
and analyzed according to the FBM. Since the global FBM analysis of the monomer and excimer
decays can distinguish between the different pyrene species, it provided dynamic information
specific to the Pyairr* species in the Py-Amylopectin constructs.???® An example of the fit of the
pyrene monomer and excimer fluorescence decays of Py-Amylopectin is presented in Figure 3.3.
In all cases, the fits were good with reduced z? values of 1.15 or less and residuals and
autocorrelation of the residuals being randomly distributed around zero. All parameters retrieved
from the global FBM analysis of the monomer and excimer decays have been listed in Tables S3.1-

3.2 in the Appendix.
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Figure 3.3. Global FBM analysis of the pyrene A) monomer (Aem = 375 nm) and B) excimer (Aem

= 510 nm) fluorescence decays acquired with Py-Amylopectin labeled with 5.8 mol% of 1-

pyrenebutyric acid. (Aex = 346 nm).

The natural lifetime (av) of the 1-pyrenebutyrate derivative used to label amylose and
amylopectin was found to equal 89.5 and 92.0 ns in aerated DMSO, respectively. It was determined
from the analysis of the monomer fluorescence decay of a Py-Amylose and Py-Amylopectin
construct having a very low pyrene content of 1.4 and 1.3 mol%, respectively, so low that it
ensured minimal excimer formation and that the monomer emission was dominated by the Pysree*
species. As a result, the pyrene monomer decay could be fitted with a sum of two exponentials
where one of the exponentials accounted for 80% of the pre-exponential contribution and whose

lifetime was thus attributed to zv. The pyrene excimer generated by Py-Amylopectin and Py-
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Amylose in DSMO had a similar lifetime equal to 45 £ 1 and 48 + 3 ns, respectively. These
lifetimes are typical for pyrene excimer in an organic solvent. As described in the Experimental
section, excimer formation occurs in a sequential manner with the pyrene labels moving toward
each other via a slow diffusive process described by the rate constant keion followed by a rapid
rearrangement of the pyrene labels to form excimer with a rate constant k.. For Py-Amylopectin,
kniob and k2 equalled 1.4 (+0.2)x10” s~! and 2.7 (+0.1)x108 s7!, respectively, whereas Koion and kz
equalled 1.8 (+0.2)x107 s~! and 2.0 (+0.5)x108 s~! for Py-Amylose, respectively. For both
constructs, ko was one order of magnitude larger than koiob, as would be expected for rapid
rearrangement of the pyrene labels.

The parameter Nbion Was also retrieved from the FBM analysis of the fluorescence decays.
Nbiob and the product kniob*Nbiob Were plotted in Figure 3.4 as a function of pyrene content and
compared with the values obtained earlier with Py-Amylose. Both Npiob and KpiobXNbiob remained
constant with the pyrene content, yielding the averaged <Npiob> and <kpiobXNbiob> Values of 20 + 3
and 0.27 (+0.02)x10° s!, respectively. These values were larger than the <Npiop> and <Kpiob*Nbiob>
values obtained with non-degassed Py-Amylose solutions and found earlier to equal 10 + 1 and
0.17 (£0.01)x10° s~!,2 respectively. Since <kniobXNbiob> reflects the frequency of pyrene-pyrene
encounters within the volume defined by the macromolecule in solution, the 50% increase in
<koiob*Nbiob> observed for Py-Amylopectin with respect to Py-Amylose agreed with the 50%
increase found for the slope m(le/Im) of the Ie/lm plot in Figure 3.1C for Py-Amylopectin with
respect to that of Py-Amylose. Together, these findings reflect the higher local pyrene
concentration [Py]ioc experienced by an excited pyrene in the highly branched amylopectin. The

twice larger Npiob value found for Py-Amylopectin also supported the increased density of

84



amylopectin with respect to amylose, since more AGUs could be found inside a same blob for Py-

Amylopectin.
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Figure 3.4. Plot of A) Nbiob and B) the product KeiobXNbiob as a function of pyrene content for (.)

Py-Amylopectin and (D) Py-Amylose.

What the results retrieved from the FBM analysis did not provide so far, was an indication
that the pyrene labels were covalently attached onto the side chains of amylopectin in a helical or
random coil conformation. Certainly, the substantially enhanced ability of Py-Amylopectin to form
excimer compared to Py-Amylose, whose surprisingly efficient capacity at forming excimer in
DMSO was rationalized by the high local pyrene concentration resulting from its helical
conformation, suggested that the side chains of Py-Amylopectin adopt a helical conformation
themselves. This proposition was further supported by considering the molar fraction (feo) of
pyrene labels that were pre-associated in the ground-state and formed excimer quasi-
instantaneously upon direct excitation. Because feo reports on those pyrene labels that are pre-
associated, feo reflects the level of clustering of the pyrene labels along the polymer backbone and
is not affected by the time-dependent process of excimer formation by diffusive encounters
between the pyrene labels Pyqir*. Unusually large feo values have been reported each time a

pyrene-labeled polymer was adopting a helical conformation such as a series of pyrene-labeled
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poly(L-glutamic acid) in DMF3%3! or amylose in DMSO.?* The high feo values are due to the
increased local concentration of the pyrene labels that is generated upon helix formation, bringing
the pyrene labels closer to each other. Tellingly, Figure 3.5 indicates that the Py-Amylopectin
samples yielded feo values that matched closely those obtained for helical Py-Amylose. This result
strongly suggested that like amylose, the side chains of amylopectin adopted a helical
conformation in DMSO.
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Figure 3.5. Plot of the molar fraction of pyrene labels involved in pyrene dimers (EQ) as a function

of pyrene content in mol% (.) Py-Amylopectin and (D) Py-Amylose.

If the side chains of amylopectin formed isolated helices in the same manner as amylose
does in DMSO, the large Nuiob Value of 20 AGUs found for Py-Amylopectin compared to an Npiob
value of 10 for helical Py-Amylose?* indicates that other factors must be at play. One such factor

could be the double helical conformation adopted by the side chains of amylopectin in the solid
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state.1**2 To investigate whether a double helix conformation could lead to a larger Npiob Value,
MMOs were conducted with HyperChem. To this end, the structure of the optimized double helix
generated with 36 anhydroglucose residues was imported into HyperChem® and it was used to
build a double helix constituted of 18 AGUs for each strand. To this double helix, one 1-
pyrenebutyrate label was attached to the C2-hydroxyl of an AGU located toward the center of the
double helix and referred to as residue #1 and a second 1-pyrenebutyrate label was attached to the
C2-hydroxyl of residue #2 as shown in Figure 3.6A. We note that the C6-hydroxyl was not selected
for pyrene attachment because it was oriented toward the center of the helix as is well-established
in the literature.? A constraint was imposed in HyperChem that the carbons C2 or C7 of the two
pyrene moieties be brought within 3.4 A from each other by applying the Fletcher-Reeves
algorithm while leaving all atoms of the helix fixed during the optimization. Good overlap between
the two pyrene labels was judged by aligning the frame of the pyrene labels until they appeared
almost as two vertical parallel lines on the computer screen. Then the two pyrene labels were
rotated by 90° and the extent of overlap between the two pyrenyl frames was estimated by counting
the number of carbon atoms of one pyrene unit that overlapped the frame of the other pyrene label.
The number of carbon atoms was recorded and the 1-pyrenebutyrate label that was connected to
the C2-hydroxyl of residue #2 was moved to the C2-hydroxyl of residue #3 and its extent of
overlap with the pyrene label remaining on residue #1 used as reference was determined. This
exercise was continued by displacing the second pyrene label one AGU at a time for each strand
of the double helix and recording the number of overlapping carbon atoms between the two pyrenyl
frames as a function of residue position along the double helix using residue #1 as reference.
Two conformations of a double helix where two pyrene labels are separated by 1 and 6

AGUs on the same strand of the double helix were presented in Figure 3.6A and B. Residues
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located on the same strand as the reference residue are referred to as residues #1, 2, 3... whereas
the residues on the other strand of the double helix are referred to as residues #D1, D2, ... Earlier
studies have found that Nyiob represented the number of structural units that could be labeled with
pyrene and would allow good overlap between the pyrene labels where a good overlap corresponds
to a minimum of 7 carbon atoms.?*3! Based on this constraint, a good overlap between the pyrene
labels was observed when two pyrene labels were separated by 2, 3, 4, and 5 AGUs on the other
strand and by one AGU on the same strand. Larger numbers of AGUs held the pyrene labels too
far apart and prevented any overlap between them. Consequently, the reference pyrene attached
on residue #1 could overlap with another pyrene situated up to a total of 5 AGUs away along the
double helix above and below the reference pyrene. These considerations would result in an Npiob
value equal to 2 + 8 + 1 = 11 AGUs, a value much smaller than the Npiob Value of 20 found
experimentally for Py-Amylopectin. Consequently, this analysis led to the conclusion that the
origin of the large Nbiob Value found for Py-Amylopectin was not due to the single or double helical
conformations that might be adopted by the side chains of amylopectin in DMSO since both

conformations would result in an Npiob Value of 11 AGUs based on MMOs.
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Figure 3.6. Effect of separation distance between pyrene-labels attached at positions A) 1 and 2
and B) 1 and 7 on a same strand of the double helix. C) Extent of overlap as a function of separation
distance for two pyrenes attached on the (.) same and () other strand of the double helix. In
A), residues located on the same or the other strand of the double helix compared to the reference
pyrene attached at the C2 hydroxyl of residue #1 are labeled as residues # 2, 3... or residues #D1,

D2, respectively.

Another possibility that might lead to a larger blob size for amylopectin in DMSO was that
its side chains were packed close enough to allow pyrene excimer formation between adjacent
helixes. To investigate this possibility, an amylopectin cluster consisting of seven polysaccharide
helices placed in a hexagonal arrangement was created using HyperChem as shown in Figure 3.7.
The cluster was built by duplicating Helix #0 located at the center of the cluster to create Helix #1
and translating the axis of Helix #1 along the x-axis by an interhelix distance dn-n corresponding
to the separation between the helix axes. Helix #2 was created by duplicating Helix #0, rotating

the duplicated helix by 60 °, and translating it by the same dn-n distance along a line making a 60°
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angle with the x-axis. The other helices were created in the same manner by duplicating Helix #0,
rotating the duplicated helix by a multiple of 60 °, and translating Helix #2 — 6 along a line making
an angle with the x-axis corresponding to the angle used to rotate the helix. The MMO results
obtained with a cluster of seven double helices are discussed first.

The longest dn-n value was set at 38 A since two pyrene labels attached on any residue of
two adjacent helices held at this distance were too far apart to overlap and form an excimer as
shown in Figure 3.7C for a shorter dn-n value of 30 A. dn-n was then reduced 2 A at a time from 38
A down to 16 A. Considering that the diameter of a starch double helix is 10 A%*? and the frame
of a pyrene molecule is about 3.4 A thick, a dn-n of 16 A represents the limit where two pyrene
molecules can stack between the two double helix envelops separated by 6 A. At each distance
dn-n between 16 and 38 A, several MMOs were conducted as follows. One 1-pyrenebutyrate label
was attached to the C2-hydroxyl of residue #1 on Helix #0 and it was considered to be the reference
point for the MMOs. A second 1-pyrenebutyrate label was attached to the anhydroglucose units of
Helix #1 starting from residue #D1 in Helix #1. In the helix cluster shown in Figure 3.7A, residue
#1 in Helix #0 faces residue #D1 in Helix #1. The two pyrene labels were induced to come within
3.4 A from each other and the number of carbon atoms in the frame of one pyrene found to overlap
the frame of the other pyrene label was recorded. The 1-pyrenebutyrate label on residue #D1 of
Helix #1 was then attached to the C2 hydroxyl of residue #D2, induced to come within 3.4 A of
the reference pyrene on residue #1 of Helix #0, and the number of carbon atoms in the frame of
one pyrene overlapping the frame of the other pyrene was recorded. This operation was repeated
for residues #D1, D2, ... along one strand, and then for residues #1, #2, #3, ... along the other
strand until any overlap between the two pyrenes would become impossible. Examples of good

and poor overlap between two pyrene labels can be viewed in Figure 3.7B and C, respectively.
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Figure 3.7. A) lllustration of the amylopectin cluster consisting of an array of seven double helices
placed in a hexagonal arrangement. Illustration of the ability of the pyrene group attached on the
reference residue #1 of Helix #0 to reach the pyrene label on residue #D1 on Helix #1 when dh-n

equals B) 20 A and C) 30 A showing good and poor overlap, respectively.
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This analysis led to the plots shown in Figure 3.8A and B representing the number of
overlapping carbons in the frames of the reference pyrene attached to residue #1 of Helix #0 and
the other pyrene being attached to residues #1 — 10 of the same strand and residues #D1 — D10 of
the other strand of Helix #1 for dn- values equal to 22 and 30 A, respectively. In Figure 3.8A, a
good overlap between two pyrenyls corresponding to 7 or higher carbon atoms was obtained for
residues #D1, D2, and 3 when dn-n equals 22 A. When the helix axes were separated by dn-n equal
to 30 A, no good overlap with more than 7 C-atoms was possible in Figure 3.8B regardless of the

AGU where 1-pyrenebutyrate was attached.
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Figure 3.8. Extent of overlap as a function of the position of the AGU on Helix #1 when the

0

interhelical distance equals A) 22 A and B) 30 A and the reference pyrenyl is attached on residue
#1 of Helix #0. C) Extent of overlap between the reference pyrene on residue #1 of Helix #0 and
two pyrenes attached on, respectively, (.) residue #D1 or residue #D3 (LJ) on Helix #1 as a

function of dh-n.

This analysis could also be employed to follow the extent of overlap between the reference
pyrene attached on residue #1 of Helix #0 and the other pyrene label attached to any other residue
of Helix #1 such as residues #D1 or D3 as shown in Figure 3.8C. Since residue #D1 on Helix #1
is facing residue #1 on Helix #0 (see Figure 3.7B), a good overlap between the pyrenyl pendants

is obtained even as the interhelix distance is increased up to 28 A, above which the pyrenyl groups
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are too far apart resulting in poor overlap (number of overlapping C-atoms is less than 7). The
situation is different for residue #D3 which is located on the face of the double helix that is
diametrically opposite to residue #D1 (see Figure 3.7B to appreciate the position of residue #D1
relative to that of residue #D3). Consequently, two pyrenyl labels attached on residue #1 of Helix
#0 and residue #D3 of adjacent Helix #1 cannot overlap as found in Figure 3.8C.

This exercise was repeated with residues #D1 — D10 and residues #1 — 10 on Helix #1 and
at each dn-n distance, the number of C-atoms resulting from the overlap of a pyrenyl label on Helix
#1 with the reference pyrene on residue #1 of Helix #0 was determined. As done in earlier
studies,?*?%3034 a number of overlapping C-atoms larger than 7 was deemed to reflect good overlap
between the pyrene labels and the AGUs allowing a good overlap were recorded. Residue #D1 in
Helix #1 was always among those residues as it was facing residue #1 on Helix #0. To determine
the number of residues that needed to be added to the Npion Value of 11 found for an isolated double
helix, residue #D1 was counted once but the other residues that enabled good overlap between the
reference pyrene on Helix #0 and the secondary pyrene on Helix #1 were counted twice to account
for their mirror image above residue #D1 in Helix #1. For example, since residues #D1, D2, and 3
were found to result in a good overlap in Figure 3.9A, the contribution of additional residues from
Helix #1 would equal 1 (for Res. #D1) + 2x2 (for Res. #D2 and 3) = 5. The contribution of
additional residues from Helix #1 to the calculation of Nbiob (ANbion) Was plotted in Figure 3.9A as
a function of dn-n. At distances greater than 30 A, no overlap between pyrenyl labels attached onto
adjacent Helix #0 and #1 was possible, but as dn-n was decreased from 30 to 24 A, the number of
residues on Helix #1 that provided good overlap increased up to 7 and that number remained the

same for shorter dn-n values.
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MMOs were then conducted in the same manner for Helix #2. The distance dn.n was
increased in 2 A increments from 16 to 38 A and the number of residues between residues #1 — 10
and #D1 — D10 on Helix #2 that allowed two pyrenes to overlap was recorded as a function of dn-.
The result of this series of MMOs is shown in Figure 3.9B. Whereas Helix #0 and #1 had to be
within 28 A before two pyrenyl labels could overlap properly, a minimum dn.» of 26 A was required
to allow two residues on Helix #2 to overlap properly with the reference pyrene on Helix #0. The
number of residues allowing good overlap between the reference pyrenyl on Helix #0 and a pyrenyl
label on Helix #2 increased with decreasing dn-n until a dn-n value of 22 A was reached below which
a constant number of 5 residues on Helix #2 allowed good overlap with the reference pyrene on
residue 1 of Helix #0. The calculation of the number of residues that would lead to a good pyrene-
pyrene overlap followed the same procedure as the one applied for Helix #1 where the contribution
from residues D1 and 1 was counted once while the contributions from the other residues located
on the other side of residues 1 and D1 were counted twice to account for their mirror image
resulting from the symmetry of the double helix. The final contributions resulting from the overlap

with Helix #2 are presented in Figure 3.9B.
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Figure 3.9. Additional contributions to Nbiob (ANbiob) caused by inter-helix excimer formation
when the second pyrene was situated on A) Helix #1 and B) Helix #2 as a function of inter-helix

distance.

Since no overlap was observed between the reference pyrene on residue 1 of Helix #0 and
a pyrenyl label attached on any residue of Helix #3 — 5, the additional contribution from Helix #1
(ANbiob(H#1)) in Figure 3.9A and from Helix #2 (ANpion(H#2)) in Figure 3.9B were counted,

respectively, once and twice to obtain a theoretical Npiop Value (Npiob™°) according to Equation 3.1.

N;ng = Nyp (H#O) + AN, (H#L) +2x< AN, . (H#2) (3.1)

Nbion(H#0) in Equation 3.1 corresponds to the Noiob Value found to equal 11 for an isolated single
or double helix determined in an earlier publication?! and in Figure 3.6, respectively. The resulting
Nbion™®° values obtained with the ANpion(H#1) and ANbion(H#2) values, such as the ones shown in
Figures 3.9 for a hexagonal array of double helices, were plotted as a function of dn-n in Figure
3.10. The same procedure was then repeated for a hexagonal array of 7 single oligosaccharide

helices and the Npion™® values obtained from these MMOs were also included in Figure 3.10.
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Figure 3.10. Noiob as a function of intra-helix distance dn-n if the side chains of amylopectin adopt

a (.) double helix conformation or a (L) single helix conformation in a hexagonal cluster.

The trends shown in Figure 3.10 indicate that Npion™™° increases sharply from 11 for an
isolated single or double helix to 28 or 32 when dn.n decreases over a narrow range of interhelical
distances from 32 to 22 A for, respectively, a cluster of double or single helices. The Npio"°-vs-
dn-n trend could be satisfyingly fitted with an empirical logistic function of the type shown in
Equation 3.2 where the parameters A, A2, Xo, and p were listed in Tables S3.6A-C along with their

respective errors.

theo __ Ai_Az
Noiob = A +—1+(X/XO)” (3.2)

The number of overlapping carbons found from the MMOs conducted with HyperChem

have been listed in Tables S3.4 and S3.5. Based on the fits, Npioo™™® would equal the experimental
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Npiob Of 20 for dn-n equal to 2.50 and 2.90 nm for a double and single helix, respectively. The
interhelical distance dn-n was used in Equation 3.3 to determine the density pnuwo Of the
oligosaccharide environment experienced by the pyrenyl labels inside a cluster of hexagonally
packed oligosaccharide helices separated by an interhelical distance dn-n. In Equation 3.3, Mo is
the molar mass of an AGU (162 g/mol) and Na is the Avogadro number (6.02x10%%). The parameter
nacu is the number of AGUs per helix pitch (h) and nacu and h were deduced from the X-ray
structures reported for single® and double helices. For a single or double oligosaccharide helix,

nacu equals 7 or 12 and h equals 8.8 or 21.5 A, respectively.

2
Nycu XM, 8 1
. 33
1o = Sin(60°) xhx N, (dh_h 33)

The pruo values of Py-Amylopectin were calculated to equal 0.29 and 0.28 g/mL for single and
double helices, respectively, or 0.29 + 0.01 g/mL on average. On the other hand, the density of
dispersed amylopectin can be determined by multiplying the inverse of its intrinsic viscosity value
by 2.5 (2.5/[]). As reported by Damin Kim, a graduate student in the laboratory of Prof. Jean
Duhamel, the intrinsic viscosity of amylopectin from maize was 122.5 mL/g in DMSO. The
density of dispersed amylopectin in DMSO can be calculated as 2.5/(122.5 mL/g) = 0.0204 g/mL.
The discrepancy between the dense amylopectin interior reflected by the excimer fluorescence
resulting from the diffusive encounters between two pyrenes randomly attached to the
macromolecule and the low density expected from intrinsic viscosity measurements suggested that
amylopectin in DMSO exhibits a heterogeneous interior. Densely packed domains must exist in
amylopectin, probably taking the form of clusters of helices as depicted in Figure 3.7A, where PEF

occurs in Py-Amylopectin between nearby pyrenyl labels, but these clusters of helices must be
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spread out in the amylopectin interior, resulting in the overall low density obtained from intrinsic
viscosity measurements. A representation of the amylopectin interior in DMSO showing clusters

of helices connected to each other by linear oligosaccharide segments is shown in Figure 3.11.

Figure 3.11. Depiction of the Solution-Cluster (Sol-CL) model where dense clusters of double

helices are connected to each other by flexible polysaccharide segments.

Figure 3.11 provides the basis for the formulation of the solution-cluster (Sol-CL) model
which is a consequence of the cluster model that is firmly established to represent the
macromolecular arrangement of amylopectin in starch granules,®® but whose main features are
expected to be retained for amylopectin dispersed in DMSO. The Sol-CL model would follow the
nomenclature employed for the cluster model which considers A and B chains to rationalize the
arrangement of the side chains of amylopectin in the solid state. A chains would form dense

clusters of single or double helices connected to each other by longer B chains.*® Pyrene labeling
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would target the denser clusters of helices where PEF would occur effectively. Pyrenyl labels
attached onto the B chains bridging the different clusters would form excimer less efficiently, but
they would also contribute less to the overall fluorescence signal as they would have a sparser

presence in the low-density regions of the amylopectin interior.

As it turns out, the Sol-CL model depicted in Figure 3.11 agrees with some of the
conformational features expected from amylopectin in DMSO and might improve our
understanding of some of the surprising behavior observed with amylopectin dispersions. First,
the PEF measurements indicate that amylopectin in DMSO forms compact domains made of
clusters of helices. This agrees with the small Mark-Houwink-Sakurada (MHS) exponents of 0.3
and 0.4 recovered for the relationship [77] = KxMy* that indicates a compact conformation for
amylopectin dispersed in DMSO.%"%® Second, the Sol-CL model accounts for the non-zero
exponent in the MHS equation which implies that amylopectin in DMSO becomes less dense with
increasing molecular weight as expected for linear chains due to excluded volume effects. In the
case of amylopectin, the flexible polysaccharide segments joining the clusters of helices would be
subject to excluded volume effects that would result in a decrease in density of the macromolecular
interior with increasing molecular weight. However, this decrease would not be as pronounced as
for linear polymers due to the compact clusters of helices distributed inside the amylopectin
interior. Third, the Sol-CL model does not contradict the oblate ellipsoid shape that amylopectin
has been found to adopt from pulsed-field gradient nuclear magnetic resonance,®”* small angle
X-ray scattering,® and a combination of rheology and field flow fractionation experiments as the
PEF results do not provide information about the arrangement of the clusters of helices with respect
to each other.*® Fourth, the proposal that amylopectin in DMSO would be constituted of dense

clusters of helices loosely linked to each other by flexible polysaccharide segments suggests that,
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under flow, the clusters would be sufficiently mobile to allow their alignment along the shear
direction, resulting in the shear-thinning behaviour that is usually observed experimentally.*'-46
However, if the helix clusters were small enough or/and sufficient shear was applied to the
amylopectin solution, the loose oligosaccharide chains linking the clusters could entangle,
resulting in the shear-thickening that has also been reported.*®4! Furthermore, one would expect
these entanglements to be somewhat permanent as disentangling the chains would require the
cooperative displacement of several clusters of helices that might prove impossible to achieve.
This would rationalize the hysteresis that has been observed for amylopectin solutions in DMSO
under shear.*®4! In summary, the Sol-CL model depicted in Figure 3.11 seems to account for many
of the observations that have been reported in the literature for amylopectin in DMSO, including

those obtained in this study of Py-Amylopectin based on PEF.

3.5 Conclusions

This study has established that PEF in Py-Amylopectin constructs is so efficient that the pyrene
labels must be highly concentrated in the Py-Amylopectin interior. This conclusion led to the
proposal that PEF must be taking place between pyrene labels covalently attached onto clusters of
single or double helices held within 2.65 (£0.26) nm from each other. In turn, such a spacing
between oligosaccharide helices would result in an internal density of 0.29 (+0.01) g/mL for
amylopectin in DMSO. This value was one order of magnitude larger than the density of
amylopectin calculated by multiplying the inverse of its intrinsic viscosity by 2.5. At first glance,
such a clear contradiction was surprising considering that the exponent retrieved for the MHS
relationship based on the reported amylopectin samples*’#® was smaller than the value of 0.5 or
0.8 expected for linear polymers in 6— and good solvents,*® which suggested that amylopectin

adopted a dense conformation in DMSO. However, the high density expected for the interior of
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amylopectin in DMSO begged the question as to why its density determined by intrinsic viscosity
measurements would be so much lower than that obtained by the PEF experiments. This
contradiction was resolved by invoking the Sol-CL model shown in Figure 3.11.

Although the MHS exponent was lower than that expected for linear chains, it was not
equal to zero, implying that amylopectin is also subject to excluded volume effects, albeit to a
lesser extent than linear chains. These considerations led to the suggestion that the interior of
amylopectin in DMSO is constituted of clusters of single or double helices that are connected by
flexible polysaccharide segments as shown in Figure 3.11. The linear chains are subject to
excluded volume effects, as normal linear polymers are, which leads to a non-zero MHS exponent,
but the cluster of helices are much denser and expand in DMSO to a much smaller extent than the
linear polysaccharide segments, thus resulting in a small MHS exponent of 0.3-0.4 which reflects
adense interior.*”*8 The proposal for this arrangement of the interior of amylopectin was described
as the Sol-CL model since it is a direct consequence of the well-established cluster model
describing the arrangement of the interior of amylopectin in the solid state.®® The Sol-CL model
was found to satisfyingly describe many of the scientific observations that have been already
published about amylopectin in DMSO. Whether the Sol-CL model will also apply to describe the

properties of amylopectin in aqueous solutions remains to be determined.
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Chapter 4.
Characterization of Starch Nanoparticles
by Pyrene Fluorescence
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4.1 Abstract

Nanosized Amylopectin Fragments (NAFs), prepared by extrusion of waxy corn starch which
is >99% amylopectin, were characterized using *H NMR, iodine binding test, viscometry, and
dynamic light scattering (DLS). These experiments showed that the NAFs were amylose-free and
had a chemical composition similar to that of amylopectin, and that their internal density increased
from 0.041 to 0.125 g/mL in dimethylsulfoxide (DMSO) as their number average hydrodynamic
diameter decreased from 57 to 8 nm. While these experiments yielded parameters that described
the properties of amylopectin averaged over the entire macromolecule, pyrene excimer formation
(PEF) was applied to probe the interior of NAFs at the molecular level. To this end, NAF8.3 and
NAF57, where the number represents the NAF hydrodynamic diameter expressed in nanometers,
were randomly labeled with pyrene and their fluorescence decays were analyzed with the
fluorescence blob model (FBM) to determine Npiob Which is the maximum number of
anhydroglucose units (AGUs) that could separate two pyrene-labeled AGUs and still yield good
overlap between the pyrenyl labels and thus result in efficient PEF. Comparison of the
experimental Npiop With the theoretical Npioo™° value obtained from Molecular Mechanics
Optimizations for oligosaccharide constructs labeled with pyrene yielded a density of 0.26 g/mL
for the polysaccharide domains probed by PEF. Since the density determined by PEF was much
larger than that of amylopectin and NAFs determined from intrinsic viscosity, it suggested the
existence of excluded volumes in NAFs and amylopectin. The existence of these excluded volumes
was demonstrated by using PEF to probe changes in the osmotic pressure experienced by the NAFs
upon addition of poly(ethylene glycol)s of different lengths. Small particles like Py-NAF8.3, with
less excluded volume, were less deformable as compared to the large Py-NAF57, with more
excluded volume under the same osmotic pressure. These observations were well-explained by the

Solution-Cluster model which was developed originally for amylopectin.
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4.2 Introduction

Starch nanoparticles (SNPs) can be employed as substitutes of petroleum-based latex used in the
paper coating industry, and their potential as food additives or drug carriers is being actively
researched. A number of different SNPs can be generated by chemical, biochemical, or
mechanical processes. Examples of such processes include acid or enzymatic hydrolysis, high
pressure homogenization, ultrasonication, or reactive extrusion.! One of the goals of these
processes is to reduce the size of starch to increase the dispersibility of the particles in solution and
enable the adjustment of their size to meet the requirements for different industry applications.?
Unfortunately, the properties of starch and SNPs are somewhat limited and they do not meet the
vast majority of applications relevant to the polymer industry. To expand the applicability of SNPs,
the chemical modification of SNPs is currently the object of intense research. Most chemical
modifications have aimed so far at imparting some hydrophobicity to otherwise hydrophilic SNPs
by grafting octenyl succinic anhydride,* oleic and stearic acids, polystyrene,® and more recently,
propionic and hexanoic anhydride.” But to be most effective, these chemical modifications require
the characterization of SNPs not only from a viewpoint pertaining to synthetic polymer particles,
based on their hydrodynamic diameter (Dn) and internal density from, respectively, dynamic light
scattering (DLS) and intrinsic viscosity ([7]) measurements, but perhaps more importantly, as
biopolymer particles, open entities whose interior must be understood at the molecular level in
solution. Such studies are particularly relevant for non crystalline SNPs such as those produced
through extrusion, whereby the crystalline microdomains of the starch granules are fully melted at
the high temperatures experienced in the extruder. Upon dispersion in a suitable solvent like
dimethylsulfoxide (DMSO) or water, such SNPs are swollen and their interior, which is exposed
to the solvent, can readily react with the chemicals desired for a given chemical modification. A

recent study has shown that SNPs produced through extrusion behave differently from typical
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synthetic polymer particles and that the term particle might be inadequate to describe SNPs.®
Recently it has been suggested that SNPs could be described as nanosized starch fragments (NSFs).
The nature of NSFs is still poorly understood and their interior would be worthy of more detailed
investigation

The present study uses pyrene excimer fluorescence/formation (PEF) to probe at the
molecular level the interior of 21 research grade NSFs prepared by extrusion of waxy corn starch.
Since this type of starch is 99% amylopectin, these particles were identified in this thesis as
nanosized amylopectin fragments or NAFs. Experiments typically conducted on synthetic polymer
particles were also performed on the NAFs such as *H NMR to probe the chemical composition,
DLS to characterized Dn, and intrinsic viscosity to assess their internal density. While informative,
these techniques only provide information about the properties of NAFs averaged over length
scales of tens of nanometers representing the overall size of the NAFs. In contrast, labeling the
NAFs with 1-pyrenebutyric acid to generate Py-NAFs allowed probing of the interior of NAFs
over distances of 5.0 nm and shorter, thus providing valuable information about the spatial
arrangement of the oligosaccharide side chains in the NAFs interior.

This was achieved through a combination of PEF, fluorescence blob model (FBM), and
molecular mechanics optimization (MMOs) as explained hereafter. An excited pyrene label bound
to a macromolecule, such as in the case of the Py-NAFs, can only probe a finite volume within the
macromolecular volume referred to as a blob where it can encounter a ground-state pyrene and
form an excimer. The FBM takes advantage of this feature to divide the macromolecule into blobs
among which the randomly attached pyrenes distribute themselves randomly according to a
Poisson distribution. Based on this assumption, the FBM analysis of the fluorescence decays

acquired with Py-NAFs retrieves the average number <n> of pyrenyl labels per blob, which is used

105



to determine Nbiob, the number of anhydroglucose units (AGUs) found inside a blob. Npion
represents the maximum number of AGUs included inside a blob that allows PEF between one
excited and one ground-state pyrene to occur. In turn, MMQOs can be conducted on pyrene-labeled
oligosaccharide constructs to assess the maximum distance that can separate two pyrenyl groups
while still affording a good stacking conducive of PEF. By combining Npon Obtained by
fluorescence and the length scale determined by MMOs over which PEF occurs, the density of the
macromolecular environment experienced by the pyrenyl labels can be quantified and compared
to 2.5xNa/[ 7], which is the average density of the macromolecule. The one-order of magnitude
difference uncovered between the two quantities for the Py-NAFs investigated herein suggests that
like amylopectin, NAFs generate clusters of dense helical side chains that are separated by
excluded volume.

The existence of excluded volume in the Py-NAFs was further examined by probing the
deformability of Py-NAFs in dilute dispersions when the osmotic pressure experienced by the Py-
NAFs was increased by adding poly(ethylene glycol)s (PEGs) with molecular weights of 0.2, 0.4,
2.0, 5.0, and 10 K to the dispersion. On the one hand, the smaller PEGs diffused throughout the
Py-NAF interior, and as the solution viscosity increased with increasing PEG concentration,
diffusive encounters between pyrenyl labels were reduced and PEF decreased. The larger PEGs,
on the other hand, were unable to penetrate the Py-NAFs interior, which increased the osmotic
pressure experienced by the Py-NAFs as the PEG concentration was increased. Compression of
the Py-NAFs raised the local pyrene concentration, which favored PEF. The deformability of the
Py-NAFs under increased osmotic pressure was taken as evidence for the existence of excluded

volume in the NAF interior.
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Consequently, this study on Py-NAFs confirmed the existence of oligosaccharide-rich
clusters inside NAFs separated by the excluded volume generated by linear oligosaccharide
segments bridging the clusters of helices. It represents another example of the use of PEF in the

characterization of polysaccharides in solution.

4.3 Experimental Section

Instrumentation: Instruments used in this chapter include an Innova 4000 incubator shaker to
prepare the polysaccharide dispersions, a Freezone 6 Labconco freeze-dryer for lyophilization, a
Photon Technology International LS-100 steady-state fluorometer to acquire the fluorescence
emission spectra, an IBH Ltd. time-resolved fluorometer equipped with an IBH 340 nm NanoLED
to acquire the fluorescence decays, a Bruker 300 MHz NMR spectrometer for the *H NMR spectra,
a Malvern Zetasizer NanoZS for dynamic light scattering (DLS) measurements, a Varian Cary 100
Bio spectrophotometer to acquire UV-Vis absorbance spectra, and a Cannon D449-200 Dilution

Ubbelohde viscometer for intrinsic viscosity measurements.

Chemicals: 1-Pyrenebutyric acid (PyBA, 97%), 4-dimethylaminopyridine (DMAP, 99%), N,N -
diisopropylcarbodiimide (DIC, 99%), DMSO (ACS reagent, > 99.9%), deuterated DMSO (99.9%
atom), N,N’-dimethylformamide (DMF, ACS reagent, > 99.8%), ethanol (HPLC grade), acetone
(HPLC, > 99.9%), PEG (Mn=0.2, 0.4, 2, 5, and 10 kg/mol), trifluoroacetic acid (TFA, Reagent
Plus, 99%), nitric acid ( > 65%), sodium hydroxide (ACS Reagent, > 97%), iodine (ACS Reagent,
> 99.9%), and potassium iodide (BioUltra, 99.5%) were purchased from Sigma-Aldrich. Twenty-
one research grade NAFs were supplied by EcoSynthetix (Burlington, ON) with a number average
particle diameter ranging from 8.3 to 57 nm as measured by DLS. As a precaution to remove
possible additives leftover during the production of NAFs, all NAFs were purified by dialysis or

precipitation.
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Amylose-free amylopectin hydrate from waxy corn and amylose from potato purchased
from, respectively, TCI America (Portland, OR) and Sigma-Aldrich (Milwaukee, WI) were used
without further purification as, respectively, amylopectin and amylose standards for the iodine
binding experiments as done in an earlier publication.” The iodine binding experiments were

conducted to assess the amylose content of the NAFs.

Amylopectin from maize was purchased from Sigma-Aldrich (Milwaukee, WI). Its
chemical composition was analyzed by 'H NMR. The iodine binding test showed that this sample

was essentially amylose-free and it was used to conduct the PEF experiments.

Doubly distilled Milli-Q water was obtained from a Millipore Milli-RO 10 Plus or Milli-
Q UFPlus (Bedford, MA) system. Dialysis tubing with a 1 kDa molecular weight cutoff (MWCO)

was purchased from Spectrum Laboratories Inc.

Purification of the NAFs by dialysis: Aqueous dispersions of NAF8.3 (2 wt%) were prepared by
adding dry NAF8.3 to Milli-Q water and by leaving the mixtures overnight in a shaker set at 250
rpm and 60 °C. The homogeneous dispersions were allowed to cool to room temperature before
being transferred to a dialysis bag. The bags were immersed in Milli-Q water and dialyzed for 5
days with stirring against 2 L of deionized water. The Milli-Q water was replaced every day. After
5 days of dialysis, the NAF dispersion remaining in the membrane was transferred to a vial and

lyophilized for 3 days. White puffy powders were obtained and stored in clear vials.

Purification of the NAFs by precipitation: NAFs (5 wt %) were dispersed in DMSO through
vigorous stirring overnight in a shaker set at 250 rpm and 60 °C. The dispersion was cooled to
room temperature and precipitated dropwise into ethanol. The precipitated samples were collected

through suction filtration before being rinsed 4 times with acetone to remove any trace of leftover
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DMSO. The product was then collected and dried in a vacuum oven overnight at 40 °C. The
NAF8.3 sample was purified by dialysis and precipitation. Since NAF8.3 purified by either method
yielded products having similar physical properties in terms of [77] and Dy values, precipitation
was chosen as the standard purification method for all other NAFs since dialysis was more time-

consuming.

Pregelatinization of amylopectin: Amylopectin from maize (3 wt%) was cooked in a 90:10 (w/w)
DMSO:water mixture by heating the solution at 90 °C for 1 hour. The solution was stirred at room
temperature overnight and then precipitated dropwise in ethanol. Precipitated samples were
collected through suction filtration before being rinsed 4 times with acetone. Amylopectin was
then collected as a white powder which was dried in a vacuum oven overnight at 40 °C. The

pregelatinized amylopectin was then ready to be employed for pyrene labeling.

Dynamic light scattering (DLS): NAFs were dispersed at a concentration of 1 g/L in DMSO by
leaving the mixtures overnight in a shaker set at 250 rpm and 60 °C. All DLS measurements were
conducted at 25 °C by acquiring the autocorrelation function of the light scattering signal over 5
minutes in order to obtain a stable baseline. Measurements were repeated 4 times to obtain an

average of the number average Dy determined by DLS for each sample.

Viscometry: The NAF dispersions were prepared with concentrations ranging from 1 to 8 g/L.
Homogenous dispersions were obtained by keeping the samples in a shaker set at 250 rpm and
60 °C overnight. Intrinsic viscosity measurements were performed with an Ubbelohde viscometer
in DMSO (3 = 1.99 mPa.s at 25 °C). A circulating water bath kept the temperature of the

viscometer steady at 25 °C during the measurements.
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Proton nuclear magnetic resonance (*H NMR) spectroscopy: To minimize their water content, the
polysaccharides were all lyophilized before acquiring their tH NMR spectrum. Amylopectin from
maize and NAF57, which had been precipitated, were dispersed in water at 1 g/L before being
lyophilized. NAF8.3, which had been purified by dialysis, had already been lyophilized and was
ready for use. Samples were dissolved in deuterated DMSO with a polysaccharide concentration
of 3 and 10 g/L for, respectively, amylopectin and the NAFs, to ensure a sufficient signal-to-noise
ratio. 'H NMR spectra were first acquired under neutral conditions. Then three drops of TFA were

added to the solutions to shift the hydroxyl protons of starch and water down field.

Degradation of NAF57 by nitric acid: NAF57 was dispersed in water at a concentration of 10 wt%
at 60 °C. The degradation was initiated by adjusting the solution pH to 1 with nitric acid. After the
desired samples were obtained, the degradation was quenched by adjusting the pH to 6 with a 0.1
M sodium hydroxide aqueous solution. The sodium chloride salt was eliminated by dialysis. The

degraded NAFs were recovered by lyophilization.

Determination of amylose content: The method used to assess the amylose content of a
polysaccharide sample was based on the earlier observation that the difference between the
absorbances at 620 and 510 nm obtained from the absorption spectrum of an iodine aqueous
solution of an amylose/amylopectin mixture is proportional to its amylose content.'® First, amylose,
amylopectin, NAF57, and NAF8.3 were dried in a vacuum oven at 40 °C overnight to remove
moisture. Each starch sample (50 mg) was dispersed in 10 g of 90:10 (w/w) DMSO:water mixture
in a water bath at 95 °C for 1 hour and the dispersions were vortexed for 30 s every 10 min. After
the starch was dispersed, the samples were cooled to room temperature to yield 0.5 wt%
polysaccharide dispersions in a 90:10 (w/w) DMSO:water mixture. These 0.5 wt% dispersions of

each polysaccharide were then used to prepare 0.5 wt% dispersions of polysaccharide mixtures of
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known amylose:amylopectin ratio. For example, a dispersion containing 10 wt% of amylose was
prepared by mixing 0.20 g of the 0.5 wt% amylose solution with 1.8 g of the 0.5 wt% amylopectin
dispersion. A small mass (0.08 g) from each dispersion was weighed into a 25 mL glass vial
followed by the addition of 19.6 g of Milli-Q water. To this dispersion, 0.4 g of a 0.2 wt% iodine
solution, prepared by mixing 0.4 g of potassium iodide and 0.04 g of iodine in 19.6 g of Milli-Q
water, was added. This final aqueous dispersion with a starch concentration of 20 mg/L was
vortexed for 1 min and allowed to sit for 30 min to fully develop its colour. The absorption of
samples with amylose contents of 30 wt% and above were measured with UV-Vis cells having a
1 cm-pathlength. Samples with a lower amylose content, and thus a lower absorbance at 620 nm,
were measured with a UV-Vis cell having a 10 cm-pathlength. The absorbance of samples
measured with the 10 cm-long UV-Vis cell was therefore divided by 10 to compare its value with
the absorbances obtained with a 1 cm-long UV-Vis cell. Plotting the difference between the
absorbance at 620 and 510 nm (AABS = Abs(620nm)-Abs(510 nm)) as a function of amylose
content yielded a straight line with and R? value of 0.998, a y-intercept yo, and a slope m. This
straight line was used as a calibration curve to determine the amylose content of a given
polysaccharide dispersion. The calibration curve was repeated three times to obtain the average
value and standard deviation for the slope and intercept. The amylose content of NAF8.3, NAF57,

and amylopectin was calculated as (AABS — yo)/m.

Synthesis of pyrene-labeled NAFs (Py-NAFs): All pyrene-labeled constructs used in this chapter
were prepared in a similar manner. As a specific example, the synthesis of Py-NAF8.3 with 10
mol% pyrene is described hereafter. NAF8.3 (0.5 g, 3 mmol in terms of AGUs) was dissolved in
20 mL of a 1:3 DMF:DMSO mixture at 60 °C until a transparent solution was obtained. PyBA

(0.4 g, 1.4 mmol) was then reacted with the starch hydroxyls in the presence of DIC (0.4 mL, 2.7
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mmol) as a coupling agent and DMAP (0.05 g, 0.4 mmol) as a catalyst. The solution was kept at
0 °C for 5 minutes before being allowed to equilibrate to room temperature and left stirring in the
dark for 48 hours. After the reaction, the pyrene-labeled product was precipitated 3-5 times to
remove unreacted PyBA and the pyrene content of the product was determined by UV-Vis
absorption. Fluorescence spectra and decays of dispersions in DMSO having a pyrene
concentration of 2.5x10°° M were acquired with steady-state and time-resolved fluorometers,
respectively. The monomer and excimer fluorescence decays were fitted globally according to the
FBM. Detailed information about the FBM analysis can be found in the previous chapters and
earlier publications 3

Deformability of the polysaccharides: Py(4.8)-NAF57, Py(5.8)-NAF8.3, and Py(4.1)-
Amylopectin where the polysaccharide substrate was labeled with 4.8, 5.8, and 4.1 mol% pyrene
were dispersed in DMSO to prepare the stock solutions. All dispersions were prepared such that
the pyrene concentration in all experiments equaled 2.5x10-° M. This pyrene concentration is
equivalent to polysaccharide concentrations of 9.2, 7.8, and 6.3 mg/L for Py(4.1)-Amylopectin,
P(4.8)y-NAF57, and Py(5.8)-NAF8.3, respectively. PEGs with a molecular weight of 0.2, 0.4, 2.0,
5.0, and 10K were added into the stock dispersions to yield dispersions with PEG concentrations
ranging from 0 to 600 g/L. The dispersions were heated to 60 °C for 30 minutes to fully dissolve
the PEGs. Steady-state fluorescence spectra of the dispersions were acquired as soon as they had
equilibrated to room temperature with minimum disturbance to avoid the eventual crystallization

of PEGs at high concentration.
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4.4 Results and Discussion

The characterization of NAFs was conducted with a combination of techniques to probe the
polysaccharides over different length scales. The results obtained from these studies are described
hereafter.

Chemical composition of NAFs: 'H NMR measurements of amylopectin, NAF57, and NAF8.3
were conducted in deuterated DMSO. The *H NMR spectra are shown in Figure 4.1. No significant
difference was observed between the samples, suggesting that the NAFs retained the chemical
composition of amylopectin despite possible degradation during the extrusion. The different
hydroxyl groups of the polysaccharides complicate the interpretation of their tH NMR spectra.'*
The labile hydroxyl protons can exchange with the solvent and generally exhibit broad signals that
can hide peaks of interest. Moreover, a signal for residual water is found at 3.14 ppm, despite using
a freshly opened bottle of de-DMSO and lyophilizing the samples over 3 days prior to analysis.
The water signal is present because of the hygroscopic nature of both DMSO and starch, and is
difficult to avoid.'* The broad peaks generated by the starch and water hydroxyl protons are
detrimental to a rigorous *H NMR analysis, as they might hide the signal of starch impurities
resulting from the eventual degradation of extruded starch. To eliminate this possibility, 'H NMR

spectra were acquired after three drops of TFA were added to the polysaccharide solutions.
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Figure 4.1. 'H NMR spectra of A) amylopectin, B) NAF57, and C) NAF8.3 in neutral ds-DMSO.

The labile TFA proton can exchange quickly with the starch hydroxyl protons, resulting in
a shift in their signal above 9 ppm.!* Figure 4.2 presents the *H NMR spectra of amylopectin,
NAF57, and NAF8.3 after addition of TFA to the NMR tube. The protons belonging to water, the
starch hydroxyls, and TFA underwent rapid exchange, giving rise to a single broad signal. The
chemical shift of the final signal of the exchangeable protons was sensitive to the amount of TFA
added, as also observed in previous studies.'**® The addition of TFA resulted in well-defined *H

NMR spectra and no additional peaks could be detected for NAF8.3 and NAF57 as compared to

amylopectin, indicating that these three samples shared a similar chemical structure.
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with three drops of TFA.

Amylose content of NAFs: The *H NMR results led to the conclusion that the NAFs were
chemically similar to waxy starch (corn amylopectin) from which they were prepared. One
common contaminant of amylopectin samples is amylose. The presence of a small amount of
amylose has been found to affect the overall properties of starch. Furthermore, the extrusion
process used to generate the NAFs could also create some linear oligosaccharides that might
behave like amylose and thus affect the experimental results. As shown in Chapters 2 and 3,
amylose and amylopectin respond differently to PEF. To address this concern, iodine binding
experiments were conducted to assess the amount of linear polysaccharide segments present in
NAFs. The dual wavelength iodine binding procedure was applied since it was reported as being
a more precise method.’® The absorption spectra acquired for iodine dissolved in an aqueous

dispersion prepared with different amylose-to-amylopectin ratios are shown in Figure 4.3. The
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maximum of the broad absorbance band and the adjacent valley for the samples with high amylose
contents were located at approximately 620 nm and 510 nm, respectively. A calibration curve was
then generated in the inset of Figure 4.3 by plotting the difference in absorbance (AAbs) between
the absorbances at 620 and 510 nm as a function of the amylose content of the
amylose:amylopectin mixtures. This calibration curve was repeated three times and the average
values of the slope and intercept of the calibration curves were equal to 0.40 £ 0.01 and —0.063 +
0.001, respectively, which were close to the values found by Zhu et al. for starch from cereals
(AAbs = Amylose content x 0.3995 — 0.0542).1% Based on this calibration curve, the amylose
content of NAF57, NAF8.3, and amylopectin from maize were calculated to equal 0.6% * 0.5%,

—1.5% + 0.4%, and 0.3% = 0.4%, respectively.
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Figure 4.3. Absorption spectra of iodine in a 20 mg/L aqueous dispersion of amylose and
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amylopectin. Amylose content from bottom to top: 0, 5, 10, 30, 50, 70, and 90 wt%. The
absorbance of the samples with amylose contents of 0, 5, and 10 wt% was divided by 10 to account
for the 10 cm pathlength of the UV-Vis cell used to acquire their absorption spectra. Insert: Plot

of AAbs as a function of amylose content.
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Consequently, the iodine binding experiments and *H NMR measurements demonstrated
that NAFs were amylose-free and had the same chemical composition as the amylopectin from
which they were prepared. Their characterization on several length scales is now described.
Characterization of the size and density of NAFs in DMSO: To ensure that the NAFs were not
affected by the purification process used to remove small molecules that might have been
employed during their preparation, the Dy of the NAFs was measured by DLS before and after
purification. A long acquisition time of 5 min was selected to acquire the autocorrelation functions
with a good signal-to-noise ratio. Dispersions were prepared with a concentration of 1 g/L in
DMSO, to ensure that a sufficient number of scattered photons could be collected while
minimizing sample aggregation. In fact, these conditions were indispensable to obtain reproducible
DLS measurements since the samples were polydisperse in nature. As shown in Figure 4.4, the
DLS measurements were reproducible based on their analysis by intensity and number percentages.
Both results showed that the purification process applied to the NAFs did not affect their particle
size. As the Dn value obtained by the light scattering intensity was much more sensitive to the
presence of a minuscule number of particle aggregates, only Dy values obtained in terms of number

percentage are reported and discussed hereafter.
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Figure 4.4. Hydrodynamic diameter distribution of the (top) unpurified and (bottom) purified

NAF18 sample in terms of (left) intensity (%) and (right) number (%).

Intrinsic viscosity measurements were then conducted in DMSO using the purified NAFs
since the leftover additives used during their extrusion might affect the calculation of the
concentration of the unpurified NAFs. The [5] values obtained for the NAFs were plotted as a
function of Dy in Figure 4.5. More detailed information on DLS and viscosity measurements can
be found in the Appendix. A substantial increase in [#] from ~20 to ~60 mL/g was observed as Dn
of the NAFs increased from 8 to 57 nm. These [#] values were much smaller than for amylopectin
which has been reported to have [5] values ranging from 80 to 200 mL/g.*® The lower [] values
of the NAFs prepared through extrusion of waxy starch (corn amylopectin) in Figure 4.5 implied
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that the NAFs were denser than the waxy starch (corn amylopectin) from which they were made.
The fact that all [ 7] and Dn values clustered around a same master line in Figure 4.5 suggested that
not only did the NAFs shared a similar chemical composition with amylopectin, but that they might
also share a similar internal architecture resulting in an internal density given by M/Vy = 2.5xNa/[ 7]
that would decrease with increasing Dn. Such a trend would be indicative of excluded volume. To
assess the validity of this proposal, NAF57 was degraded using nitric acid to yield three degraded
NAFs. NAF57 was selected in this experiment since it was the largest NAF based on its Dy value.
As shown in Figure 4.5, the degraded NAF57 products also clustered on the same line as the other
NAFs. Consequently, the variation in particle density with size shown in Figure 4.5 was attributed
to the highly branched nature of amylopectin from which all these NAFs were created. A better
experimental design would have used amylopectin as the starting material for degradation.
However, the amylopectin sample used in the study had a broad size distribution making its
characterization by DLS difficult, and thus the determination of its D challenging. Its degradation
with nitric acid generated highly polydisperse products which further complicated the analysis of

the DLS results.
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Figure 4.5. Plot of intrinsic viscosity as a function of Dy for (D) NAFs and (.) degraded NAF57
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in DMSO.

As shown in Equation 4.2 which is a re-arrangement of the classic relationship between
[7], the viscosity average molecular weight (My), and the hydrodynamic volume (Vh) given in
Equation 4.1, the internal density (p) of NAFs in DMSO can be calculated from the ratio 2.5/[5].
pwas plotted as a function of Dy in Figure 4.6 and it was compared to the p and Dy values obtained
by applying Equation 4.2 to the published [#] and Mw ~ My values obtained for different
amylopectin samples in a 90:10 DMSO:water mixture.® The difference in solvent from pure
DMSO to a 90:10 DMSO:water mixture was not expected to affect the intrinsic viscosity, as
similar [ 7] values were obtained in both solvents for NAF 8.3 and NAF57. All p data obtained for
the NAFs, the nitric acid degraded NAF57 samples, and the amylopectin samples clustered around
a same master curve when plotted against their respective Dy value, with the scaling law given in

Equation 4.3.
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[7] VI (4.1)
M, 25

p= NV, = [77] (4.2)

25/[ 1] = 0.36xDy-053 4.3)

Together with the *H NMR study, the master curve shown in Figure 4.6 indicates that the
NAFs prepared from extruded waxy corn starch have comparable composition and intrinsic
viscosity behavior as the small fragments of amylopectin. The decrease in density with increasing
Dn confirms the existence of excluded volumes in both the NAFs and the amylopectin samples.
While [#] and DLS measurements provide information that is averaged over the entire
macromolecule covering length scales ranging from 8 to 200 nm for the NAF and amylopectin
samples described in Figure 4.6, pyrene excimer fluorescence (PEF) experiments probe
macromolecules over length scales that are 5 nm and lower. Thus, PEF experiments were carried
out to complement the information retrieved for the polysaccharides on much longer length scales

by [#] and DLS measurements.
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Figure 4.6. Plot of density of polysaccharides versus Dx for the (®) amylopectin samples in a

90:10 DMSO:water mixture, (O) NAFs in DMSO, and (A ) degraded NAF57 samples in
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determined by a combination of fluorescence and MMOs.

Fluorescence study of the pyrene-labeled NAFs and amylopectin: Amylopectin, NAF57, and
NAF8.3 were labeled with different amounts of 1-pyrenebutyric acid to yield Py-Amylopectin,
Py-NAF57, and Py-NAF8.3, respectively. The steady-state fluorescence spectra were acquired for
all samples in DMSO and those of the Py-NAF57 and Py-NAF8.3 samples are shown in Figure
4.7A and B, respectively. The fluorescence intensity was normalized at 376 nm, which corresponds
to the 0-0 transition of the pyrenyl derivative and set to an arbitrary value of 100. The fluorescence
spectra were acquired for samples with a pyrene concentration of 2.5x10-% M, which was dilute

enough to avoid aggregation that would otherwise lead to intermolecular excimer formation. The
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fluorescence spectra show the sharp peaks of the pyrene monomer between 376 nm and 410 nm
as well as the broad emission of the pyrene excimer centered at 480 nm. More pyrene excimer was
formed with increasing pyrene content due to the increased probability of encounters between the
pyrene pendants covalently attached to the polysaccharide backbone. The fluorescence spectra
were further analyzed by integrating the fluorescence signal corresponding to the pyrene monomer

(Im) and excimer (lIg) to yield the Ie/lm ratio which was plotted as a function of pyrene content in

Figure 4.7C.
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Figure 4.7. Fluorescence spectra of A) Py-NAF57 and B) Py-NAF8.3 in DMSO. From bottom to
top, the pyrene content equals A) 4.8, 7.6, 8.0, 11.3, and 13.2 mol% and B) 3.4, 5.8, 7.6,10.0, and

12.0 mol%. C) Plot of I/Imas a function of pyrene content for (&) Py-Amylopectin (from Chapter

3), (L) Py-NAF57, (O) Py-NAF8.3, and (‘) Py-Amylose (from Chapter 2).

When studying pyrene-labeled polymers, the Ie/lm ratio is typically viewed as a measure
of the rate constant of pyrene excimer formation. All Ie/lv ratios obtained for the Py-Amylopectin,
Py-NAF57, and Py-NAF8.3 samples clustered along a master line when plotted as a function of

pyrene content, indicating similar PEF efficiencies for these three samples. This observation
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implied that the environment probed by an excited pyrene was the same inside these three
polysaccharides, further strengthening the conclusions drawn from *H NMR, DLS, and [7]
measurements that the NAFs displayed the same structural features as amylopectin over length
scales that were less than 1 nm (*H NMR), less than 5 nm (PEF), and larger than 5 nm (DLS and
[77]). All Ie/lm ratios obtained for the Py-Amylopectin, Py-NAF57, and Py-NAF8.3 samples were
also consistently larger than the Ie/lm ratios obtained for Py-Amylose in Chapter 2. This result
most certainly was due to the branched nature of amylopectin which brought the pyrene labels
closer to each other than linear amylose. This represents an important observation, as it suggests
that PEF responds to the architecture of a specific polysaccharide and might be used to differentiate
between the origins of two unknown polysaccharides.

While the trends obtained with the Ig/lm ratios in Figure 4.7 indicate that Py-NAF8.3, Py-
NAF57, and Py-Amylopectin have a similar interior over a length scale of less than 5.0 nm, the
Ie/Im ratio does not provide information about the density of the interior of these polysaccharides
as the [#] measurements do. The Ie/lm ratio, being proportional to the product Kaitex[Py]ioc, where
Kaifr IS the rate constant for PEF and [Py]ioc is the local pyrene concentration, combines information
about the dynamics of the polysaccharides and their density through Kkgitr and [Py]ioc, respectively.
To separate the information pertaining to dynamics and density, the fluorescence blob model
(FBM) is applied. The FBM acknowledges that an excited pyrene can only probe a finite
subvolume of the macromolecular volume when it is covalently attached to a macromolecule. By
defining this finite subvolume as a blob, the macromolecule can be divided into a cluster of blobs
among which the randomly attached pyrenyl labels distribute themselves randomly according to a
Poisson distribution. Excimer formation is then modelled as taking place between an excited

pyrene and a number n of ground-state pyrenes located inside a blob with a rate constant Kpiob. Koiob
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represents the rate constant for the formation of an excimer between one excited pyrene and one
ground-state pyrene located inside a same blob. Fitting the fluorescence decays acquired with a
pyrene-labeled macromolecule with the FBM yields knion and the average number <n> of pyrenes
per blob, in effect separating the dynamics from the density of the macromolecule being considered.
In turn, <n> can be used with Equation 4.4 to determine Npiob Which, in the case of pyrene-labeled
polysaccharides, is the number of AGUs encompassed inside a blob where two pyrenyl labels
attached onto AGUs can form excimer. In Equation 4.4, x is the molar fraction of pyrene-labeled
AGUs in the pyrene-labeled polysaccharide and firree is the molar fraction of pyrenyl labels that

are isolated and do not form excimer as probed in the fluorescence decay of the pyrene monomer.

<n>
I\Iblob = T (l_ foree) (4.4)

Time-resolved fluorescence decays were acquired for dilute dispersions of Py-NAF57 and
Py-NAF8.3 in DMSO. Global analysis of the monomer and excimer decays with the FBM yielded
the parameters <n> and fusree Used in Equation 4.4 to determine Nbiob, Which was plotted as a

function of pyrene content in Figure 4.8.
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Figure 4.8. Plot of Niop as a function of pyrene content for (A , solid line) Py-Amylopectin, (L,

line with short dashes) Py-NAF57, (O, line with long dashes) Py-NAF8.3, and (‘, dotted line)
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Within experimental error, the Noiob Values remained constant with pyrene content for a
given pyrene-labeled polysaccharide. After averaging over all pyrene contents of a specific
polysaccharide, <Npion> was found to equal 20 £ 3, 18 + 2, 14 + 2, and 10 + 1 for Py-Amylopectin,
Py-NAF57, Py-NAF8.3, and Py-Amylose, respectively. The <Npiop> values obtained for Py-
NAF8.3 and Py-NAF57 were substantially larger than for Py-Amylose, reflecting the branched
nature of the NAFs interior as expected since they were produced from highly branched
amylopectin. The <Npiob> values obtained experimentally for Py-NAF8.3 and Py-NAF57 could
then be related to the inter-axis distance (dn-n) between the oligosaccharide helices arranged in a

hexagonal manner inside a cluster as was shown in Chapter 3 where Npion™ obtained from MMOs
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was plotted as a function of dn.n in Figure 3.11. This trend could be satisfyingly fitted with the
logistic function shown in Equation 4.5 where the parameters A1, Az, Xo, and p were listed in Tables

S3.6A-C along with their respective error.

Ny = A, + —13{/2);} (4.5)

Based on Equation 4.5, an Npio» Value of 18 obtained by fluorescence for Py-NAF57 would
correspond to a dn-n value of 24.9 or 28.7 A for a double or single helix, respectively. Similarly,
an Nbpiob value of 14 for Py-NAF8.3 would correspond to a di-n value of 25.8 and 29.8 A for double
and single helices, respectively. In turn, the interhelical distance dn-n can be used to determine with
Equation 4.6 the density pruo Of the oligosaccharide environment experienced by the pyrenyl labels
inside a cluster of hexagonally packed oligosaccharide helices separated by an interhelical distance
dh-h. In Equation 4.6, Mo is the molar mass of an AGU (162 g/mol) and Na is the Avogadro number
(6.02x102%). The parameter nacu is the number of AGUs per helix pitch (h) and nacu and h were
deduced from the X-ray structures reported for single!® and double? helices. For a single or double

oligosaccharide helix, nacu equals 7 or 12 and h equals 8.8 or 21.5 A, respectively.

_ nAGUxM0 y 1
Pio = Gin(60°) xhx N, | d (4.6)

h-h

The pruwo values for Py-NAF8.3, Py-NAF57, and Py-Amylopectin were calculated based on the

parameters listed above. They are listed in Table 4.1.
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Table 4.1. Noiob, dn-h, and oo values obtained for a hexagonal array of single and double

oligosaccharide helices.

dn-n dh-h Dfluo Pluo Do
(Single | (Double | (Single | (Double
Noiob | “Helix) | Helix) | Helix) | Helix) (?"/irrf]%)e)
A | A | (gem) | (gem’) | Y9
Amylopectin | 20 | 29.1 25.0 0.29 028 | 0.29+0.01
NAF57 18 | 295 254 | 028 027 | 027+001
NAF83 | 14 | 310 26.7 0.26 024 | 0.25+0.01

The pnuo values found for the NAFs were similar to that of 0.29 + 0.01 g/mL found for
amylopectin in Chapter 3. The pnuwo Values were plotted as a function of Dy in Figure 4.6 along
with the p values calculated with Equation 4.2. The pnuw values were one-to-two orders of
magnitude larger than the p values obtained from intrinsic viscosity measurements. This
discrepancy could be rationalized by evoking the Sol-CL model introduced in Chapter 3 for
amylopectin. As for amylopectin from which they were derived, NAF8.3 and NAF57 were
constituted of dense clusters of oligosaccharide helices separated by a dn.» of 29.5 to 31.0 A in the
case of single helices. These clusters of helices were separated by excluded volumes which led to
the much lower density determined from [ 7] measurements which probed the polysaccharides over
distances of tens of nanometers. On the basis of the intrinsic viscosity measurements, smaller
NAFs like NAF8.3, having less excluded volume due to their smaller size, were denser than larger
NAFs like NAF57, which had more excluded volume. Yet NAF57 was smaller than amylopectin
from waxy corn starch, which had a Dy of 200 nm as determined by introducing its [#7] value of
122.5 mL/g into Equation 4.3. As a result, its density was lower than that of the NAFs. Yet over

the less than 5 nm-length scale probed by PEF, excimer formation took place in the same manner
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inside the clusters of oligosaccharide helices labeled with pyrene, yielding similar privo values for
NAF8.3, NAF57, and amylopectin. These concepts are illustrated in Figure 4.9. NAF8.3 and
NAF57 are shown to be just fragments of the original amylopectin keeping its internal structural

arrangements with the number of clusters of helices increasing with increasing NAF size.

C)

a
S

g
Figure 4.9. Depiction of the Sol-CL model describing the spatial arrangement of the clusters of

helices for A) amylopectin, B) NAF57, and C) NAF8.3.

Osmotic pressure experiments: The data presented so far indicated that amylopectin and the NAFs
derived from it exhibited excluded volume generated by the linear oligosaccharide segments
separating the clusters of helices, whose number decreased with decreasing Dn. Consequently,
smaller NAFs were expected to be less deformable than larger ones. To investigate this idea, four
PEGs, namely PEGO0.2, PEG0.4, PEG2.0, PEG5.0, and PEG10 with MW of, respectively, 0.2, 0.4,
2.0, 5.0, and 10 kg/mol were added to a dilute solution of Py(4.1)-Amylopectin, Py(4.8)-NAF8.3,
and Py(5.8)-NAF57 labeled with 4.1, 4.8, and 5.8 mol% pyrene, respectively. The Ig/lm ratio of
the pyrene-labeled polysaccharide dispersions was monitored as a function of PEG concentration

and the results are shown in Figure 4.10.
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Figure 4.10. Plots of Ie/lm as a function of PEG concentration for A) Py(4.1)-Amylopectin, B)

Py(4.8)-NAF57, and C) Py(5.8)-NAF8.3. D) Plot of the solution viscosity as a function of PEG

concentration. PEGs with M, of () 0.2, (O0) 0.4, (‘) 2.0, (@) 5.0, and (<>) 10 K. The
experimental data for Py-Amylopectin in Figure 4.11A) were collected by undergraduate student

Xiaofang Zhai under my direct supervision.

The trends obtained by plotting Ie/Im as a function of PEG concentration in Figure 4.10A-
C are best explained by evoking the relationship that exists between Ie/lm and Kaifex[PY]ioc. Kaitf
being the rate constant for PEF by diffusion is inversely proportional to the solution viscosity. To

this end, the viscosity of the PEG solutions was measured as a function of PEG concentration and
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it was plotted in Figure 4.10D. The viscosity of the PEG solutions increased dramatically with
increasing PEG concentration. The increase in viscosity with PEG concentration was more
pronounced for larger PEGs. The Ie/lm ratio decreased with increasing PEGO0.2 concentration for
all three polysaccharides in Figure 4.10A-C. Surprisingly for a process that was diffusion
controlled, the Ie/lm ratio decreased less with the concentration of larger PEGs despite the fact that
they yielded a larger solution viscosity (see Figure 4.10D). Since Kqitf decreases with increasing
PEG size at a given PEG concentration because it is inversely proportional to solution viscosity,
the only explanation for the larger Ie/lm ratios observed with increasing PEG size was that [Py]ioc
must have increased to offset the decrease in Kqitr. The increase in [Py]ioc With increasing PEG size
suggested that the larger PEGs could not penetrate the crowded interior of the NAFs and
amylopectin, thus applying osmotic pressure to the particles. Compression of the macromolecules
concentrated the pyrene labels inside the particle interior, which yielded a larger Ig/Im ratio. In fact,
the deswelling of a swollen polymeric network can be induced by free polymers excluded from
the network.2-26

The effect that the osmotic pressure generated by excluded PEG chains has on poly(N-
isopropylacrylamide) (PNIPAM) microgels and macrogels has been investigated.?*-?6 For a given
PEG concentration, the deswelling ratio first increases with increasing molecular weight of the
PEGs, before becoming independent from PEG MW when the free chains were fully excluded
from the gel particles.?® The results were actually in good agreement with the standard expression
of the osmotic pressure derived by Flory and Huggins, whereby the osmotic pressure generated by
the free chains depends on their volume fraction rather than their molecular weight.?” It must be
emphasized that this theory assumed that penetration of free chains into the particles could not

occur. When the free chains in solution are small enough that they can diffuse into the gel particles,
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the chemical potential difference between the interior and exterior of the particles is partially
balanced, leading to a reduction in the deswelling ratio.

A similar effect was observed with Py-NAF57. The Ig/lm ratio obtained for Py-NAF57
with PEG5 and PEG10 overlapped and displayed a more pronounced increase with increasing PEG
concentration than that obtained with PEG2. The difference in behavior between PEG5 and PEG2
indicated that the mesh size of NAF57 corresponding to the distance separating the clusters of
oligosaccharide helices was between the size of PEG2 and PEG5, since PEG5 was fully excluded
from NAF57, whilst PEG2 partially penetrated it. Using the hydrodynamic diameter Dn (Dn =
0.059xM,*%* nm)? for PEG chains in aqueous solution, the D values of 2.8 and 4.4 nm for,
respectively, PEG2 and PEGS5 suggest that the mesh size of NAF57 would lay between these two
values. We recall that our combination of MMOs and fluorescence experiments summarized in
Figure 3.10 predicts that the clusters of helices must be separated by at least 3.2 nm, a length scale
that agrees with the expected NAF mesh size.

Moreover, it is noteworthy that the compression induced by the osmotic pressure generated
by the larger PEG chains would only occur for NAFs possessing sufficient excluded volume. As
shown in Figure 4.10B, the larger Py-NAF57 sample had enough excluded volume to undergo a
volume reduction in the presence of PEG10, while Py-NAF8.3 did not. In fact, for an interhelix
distance (dn-n) of ~3.0 nm predicted by fluorescence, a cluster of seven helices, as shown in Figure
4.9C, would have a diameter of ~7 nm and a thickness of 9 nm, equal to the thickness of crystalline
lamellae found in dry amylopectin.?® Consequently, Py-NAF8.3 would have a dimension
comparable to that of a single cluster of helices, and as such would be very difficult to compress

as was observed experimentally in Figure 4.10C.
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4.5 Conclusions

This study has provided an in-depth characterization of research grade NAFs by using *H NMR,
DLS, intrinsic viscosity, an iodine binding test, and a combination of experiments based on PEF,
the FBM analysis, and MMOs. The experimental results suggest that the research grade starch
nanoparticles displayed structural features that are similar to nanosized amylopectin fragments.
Interestingly, the density (p) of the NAFs given by the ratio 2.5/[5] increased 3-fold as the NAF
size decreased from 57 to 7 nm, approaching the pruo value obtained for amylopectin in Chapter 3
of this thesis for the smaller NAFs. To further probe the interior of the particles, NAF8.3 and
NAF57 were labeled with 1-pyrenebutyric acid. Their pruo values were similar to the pruo value of
amylopectin regardless of particle size. These results could be easily rationalized with the Sol-CL
model. The larger NAFs having more linear oligosaccharide segments bridging the clusters of
helices had more excluded volume which reduced their density p. The smaller NAFs however had
fewer linear oligosaccharide segments and less excluded volume, resulting in higher density. The
main consequence of this spatial arrangement of the clusters of helices was that only NAF57 could

deform upon increasing the osmaotic pressure of the dispersion while NAF8.3 remained unchanged.

As discussed above, the Sol-CL model depicted in Figure 4.9 provided a robust rational for
all the experimental results presented in this and the previous chapters. As shown in Figure 4.10
B) and C), and confirmed by the fluorescence measurements, NAFs contain linear oligosaccharide
segments that generate excluded volume whose extent varies with particle size. When dispersed
in water, NAFs are expected to be swollen and the linear oligosaccharide segments inside the
particles endow them with softness and deformability suitable for coating operations. On the other
hand, macromolecules with an excess of linear segments, such as conventional cooked starch (dent

corn), which is a mixture of amylose and amylopectin, would undergo much more shrinkage upon
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drying, leading to a reduction in paper gloss.*° It is clear that the Sol-CL model provides a clear
answer to these observations, along with the results obtained from the osmotic pressure

experiments described in this chapter.
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Chapter 5:
Conclusions and Future Work
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5.1 Summary of accomplished work

Starch, which consists of amylose and amylopectin, is the second most abundant biopolymer on
earth after cellulose.'? Besides its well-known role in the diet of many living beings, this renewable
and biodegradable material has been widely used for encapsulation, as viscosifier or emulsifier,
and as defoaming or sizing agent.® So far most of the starch used industrially must be chemically
modified to improve its performance and endow it with additional properties.® This thesis has
characterized the conformation and internal structure of amylose and amylopectin in solution. Such
information is not only of great interest for researchers studying the physicochemical properties of
starch, but is also relevant to expand the range of industrial applications for starch through specific

physical or chemical modifications.

Traditional characterization methods, such as gel permeation chromatography (GPC),
viscometry, or light scattering (LS) only provide averaged structures of polysaccharides in general
and amylopectin in particular.* In order to obtain a detailed molecular level picture of amylose and
amylopectin, this thesis has used pyrene excimer formation (PEF) as a new molecular ruler. PEF
has been applied to multiple polymer systems to study their chain dynamics in solution since the
1980°s.° However, its use was limited to characterize short monodispersed oligomers until the late
1990’s, when the fluorescence blob model (FBM) was introduced.® The FBM operates by
compartmentalizing the interior of macromolecules into blobs, where a blob represents the volume
probed by an excited pyrene while it remains excited. Random labeling of a macromolecule with
a pyrene derivative ensures that the pyrene labels are randomly distributed among the blobs
according to a Poisson distribution described by the average number <n> of pyrenes per blob.
Global analysis of the pyrene monomer and excimer fluorescence decays using the FBM yields

<n>, which can be combined with the pyrene content (Ary) to yield the maximum number (Nbiob)
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of structural units that would allow two pyrenyl labels inside a blob to form excimer. As a result,
Nbiob provides structural information for a macromolecule in solution, since a large or small Npiob
value reflects the internal density of the macromolecule, indicating whether it is structured or not,
since a large density associated with a large Nbiob Would often indicate a structured macromolecule.
Furthermore, FBM analysis of the monomer and excimer decays acquired with a pyrene-labeled
macromolecule also yields the rate constant keion describing the diffusive motions of structural
units and their side chains bearing a pyrenyl label located inside a blob. In turn, the product
koiobxNbiob has been shown to describe the internal dynamics of a macromolecule in solution.®
Consequently, the FBM expands the application of PEF measurements from the characterization
of end-labeled oligomers to that of polymers randomly labeled with pyrene. It is noteworthy that
both Nbiob and Kniob>Nbiob provide a quantitative measure for the structure and internal dynamics of
macromolecules in solution, respectively, so that these values can be compared with those for other
polymer systems or those obtained using other methods. It is also obvious that polymers
undergoing conformational or structural changes result in significant changes in Noiob, Which can

be related back to the original conformation of a polymer.

As described in this thesis, great effort was put into building an ensemble of Nbion Values
that could represent different conformations of amylose and describe the internal structure of
amylopectin. This was accomplished by conducting molecular mechanics optimizations (MMOs)
with HyperChem on pyrene-labeled constructs representing different conformations of a
macromolecule. In effect, this approach enables one to extract quantitative structural information
about a macromolecule in solution from its Npio» Value. Consequently, this thesis not only brought

new insights in the current understanding of the conformation of amylose and amylopectin in
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solution, but even more importantly, it established a robust procedure based on a combination of

PEF, FBM, and MMOs to reveal the internal structure of complex macromolecules in solution.

Starting with amylose whose chemical structure is relatively straightforward, the 2"
chapter of this thesis intended to resolve the long-standing debate in the scientific literature as to
whether the conformation of this molecule is a helix or a random coil in dimethyl sulfoxide
(DMSO0).”® This was accomplished by synthesizing a series of amylose constructs that were
randomly labeled with pyrene (Py-Amylose). A flexible polymer randomly labeled with pyrene,
namely poly(methyl acrylate) (Py-PMA), was used as a benchmark against which the results
obtained with Py-Amylose could be compared. The FBM analysis revealed that the Py-Amylose
constructs displayed significantly more aggregation of the pyrenyl labels as compared to the Py-
PMA samples with a similar pyrene content. Furthermore, the <kbion*Nbion> product was found to
be comparable for amylose and PMA after adjusting Nuion for the number of chain atoms in the
respective backbone. Both results indicated that the pyrene pendants attached onto amylose were
probing a compact environment compatible with the notion that amylose adopted a helical
conformation in DMSO. To further confirm that this was indeed the case, MMOs were conducted
to determine the maximum number of structural units that could still enable PEF between two
pyrenyl labels attached on an amylose backbone adopting a random coil or helical conformation.
The more compact helical conformation of amylose resulted in an Npiob™® value representing
eleven glucose units, which was in excellent agreement with the results obtained by the FBM
analysis of the fluorescence decays of the Py-Amylose solutions. This study represented the second
example in the literature, after a—helical poly(L-glutamic acid), where PEF had been applied to
confirm the helical conformation of a macromolecule in solution.>! It also suggested that PEF

constitutes a robust and novel analytical means for the characterization of polysaccharides.
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Building on this first success in probing the conformation of polysaccharides in DMSO,
the second study of this thesis described how PEF experiments conducted on pyrene-labeled
amylopectin (Py-Amylopectin) provided spatial information about the distribution of the side
chains of amylopectin in DMSO. The increase in Noiob from 11 for Py-Amylose to 20 for Py-
Amylopectin indicated that PEF occurred more efficiently with the Py-Amylopectin constructs,
which reflected the highly branched nature of amylopectin. MMOs were carried out to establish
how Npion™™ varied as a function of the spacing between single and double helices of
oligosaccharides arranged in a hexagonal array used to mimic the side chains of amylopectin.
Regardless of the nature of the helices, the side chains of amylopectin needed to be separated by
an interhelical distance (dn-n) between 25 and 29 A for inter-helix PEF to result in an experimental
Nbiob Value of 20. In turn, this interhelical spacing found by the PEF measurements led to an internal
density for amylopectin in DMSO which was one order of magnitude larger than the density of
amylopectin determined by intrinsic viscosity. This apparent contradiction led to the proposal of
the Solution-Cluster (Sol-CL) model depicted in Figure 5.1. The Sol-CL model suggests that the
interior of amylopectin is composed of dense clusters of helices held together by flexible
oligosaccharide segments. Since pyrene labeling targets the denser clusters of helices, PEF occurs
more effectively than predicted from the internal density of amylopectin determined by intrinsic
viscosity measurements. The linear oligosaccharide segments connecting the clusters of helices

induce excluded volume effects that lead to the smaller density determined by intrinsic viscosity.
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Figure 5.1. Depiction of the Solution-Cluster (Sol-CL) model, where dense clusters of double

helices are connected to each other by flexible polysaccharide segments.

To expand the applicability of PEF to the characterization of polysaccharides used to
prepare starch materials sold commercially and to further validate the Sol-CL model, the PEF-
based procedure developed for the characterization of amylose in Chapter 2 and amylopectin in
Chapter 3 was applied in the fourth chapter of this thesis to study starch nanoparticles (SNPs).
These particles were prepared by extruding waxy corn starch at high temperature.!! The chemical
composition, amylose content, internal density, and hydrodynamic diameter of twenty-one
research-grade SNPs were characterized by *H NMR, iodine binding test, viscometry, and dynamic
light scattering (DLS), respectively. Analysis of the *H NMR spectra acquired with the SNPs
indicated that the SNPs shared a same chemical composition as amylopectin. The iodine binding

test confirmed that the SNPs were essentially amylose-free, a reasonable conclusion considering
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that they were prepared from waxy corn starch which is >99% amylopectin. Indeed, the SNPs
investigated in this thesis can be viewed as nanosized amylopectin fragments (NAFS). Intrinsic
viscosity measurements indicated that their density increased from 0.04 to 0.12 g/mL in DMSO as

their hydrodynamic diameter determined by DLS decreased from 57 to 8 nm.

While these preliminary experiments provided parameters describing the properties of
NAFs averaged over their entire macromolecular volume, PEF measurements were conducted to
probe the NAF interior at the molecular level. To this end, two NAFs, namely NAF8.3 and NAF57,
where the number represents the NAF hydrodynamic diameter expressed in nanometers, were
randomly labeled with pyrene. Comparison of the experimental Noiob Value, determined by FBM
analysis of the fluorescence decays of the Py-NAFs, with Npio»™°, obtained from MMOs conducted
on a hexagonal array of pyrene-labeled oligosaccharide helices, yielded a density close to that
found for amylopectin in Chapter 3. In addition, the density of the NAFs, calculated from their
intrinsic viscosity, approached the density of amylopectin determined from a combination of PEF,
FBM, and MMOs as the size of the NAFs decreased from 57 nm to 8 nm. This result suggested
that as the NAFs became smaller, the linear segments that bridged the clusters of helices and
contributed to the excluded volume were cleaved off in a process that retained the densely packed
clusters of double helices contributing to PEF. This hypothesis was tested by using PEF to probe
changes in osmotic pressure experienced by the NAFs upon addition of poly(ethylene glycol)s
(PEGsS) of different lengths. The larger 10 kg/mol PEG was unable to penetrate the macromolecular
interior of Py-Amylopectin and Py-NAF57. As a result, the osmotic pressure generated by the
addition of 10 kg/mol PEG induced the compression of these polysaccharides with their
deformation being enabled by the excluded volume due to the numerous linear oligosaccharide

segments bridging the clusters of helices. In contrast, the smaller NAFs like Py-NAF8.7 could not
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be compressed at the same 10 kg/mol PEG concentration, where deformation of the larger NAFs
and amylopectin occurred, due to the lack of linear oligosaccharide segments, and thus the absence
of excluded volume. These conclusions further supported the Sol-CL model which had been
introduced in Chapter 3. This study provided an in-depth description of the spatial arrangement of
the oligosaccharide side chains constituting amylopectin and the NAFs generated from
amylopectin in solution. Such structural information about polysaccharides is valuable to better

understand their behavior in solution.

5.2 Future Work

Chapter 4 introduced the use of PEF to probe the deformation of pyrene-labeled macromolecules
upon addition of a polymer large enough to prevent it from penetrating the interior of the
macromolecular volume. So far, Py-amylopectin, Py-NAF57 and Py-NAF8.3, which were labeled
with 4.1, 4.8, and 5.8 mol% pyrene, respectively, have been tested by steady-state fluorescence
only. The results of these experiments suggested that smaller NAFs were more rigid and deformed
less compared to amylopectin and the larger NAFs. It would thus be interesting to apply the FBM
analysis to the fluorescence decays with these pyrene-labeled polysaccharides to determine Npiob
as a function of PEG concentration and see how Noiob changes upon compression of the Py-NAFs.
In turn, comparison of the experimental Npiob Values with Nyior™ would yield the interhelical
distance between clusters, and thus a measure of the density of the NAFs, as a function of
compression. This experiment could be further expanded to study how NAFs deform as they form
a film, as would be observed in industrial paper coating applications. In this case, naked NAFs
would be added to dilute dispersions of Py-NAFs instead of PEGs and the fluorescence signal of

the Py-NAFs would be followed as a function of the naked NAF concentration.
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As mentioned above, this thesis has developed a robust procedure based on a combination
of PEF, FBM analysis, and MMOs to characterize the spatial arrangement of structural motives of
highly branched macromolecules in solution. This procedure was applied to characterize three
different polysaccharides, namely amylose, amylopectin, and NAFs. However, the amylopectin
sample studied in this thesis was extracted from waxy corn starch. Amylopectin from other sources,
such as rice and barley, is known to behave differently based on an earlier iodine binding study.*?
Therefore, although amylopectin samples of different origins share a similar chemical composition,
the spatial arrangement of their side chains might be different. Applying PEF to amylopectin
samples extracted from different plants could provide an experimental means to trace their origin

by comparing their internal density determined from their Npiob Values.

It would also be interesting to apply this procedure to other polysaccharides. Glycogen,
with a similar chemical composition and architecture as amylopectin but a much higher level of
branching,'® cellulose, which is a linear polysaccharide but composed of AGUs connected by B-
(1-4) linkages,** pullulan, where the maltotriose structural units are connected by o-(1-6)
linkages,*® would be all worthy of investigation. Despite having different chemical and physical
properties, these polysaccharides are composed of monosaccharides bound together through
glyosidic linkages. As the blob size (Npion) and PEF rate constant (kbiob*Nbiob) are quantitative
measure of the internal structure and dynamics of polysaccharides, the preliminary studies
conducted in this thesis suggest that comparison of these parameters across the large family of
polysaccharides could shed some light on how minute changes at the molecular level in their

chemical composition results in such a great diversity in their physical and chemical behaviours.
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Figure S2.1. Monomer (left, Aem = 375 nm) and excimer (right, Aem = 510 nm) fluorescence decays
of amylose labeled with 10 mol% pyrene in DMSO. The decays were analyzed globally using

Equations 2.3 and 2.4; [Py] = 2.5x10°® M, dex = 346 nm, ¥* = 1.15
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Table S2.1. Parameters retrieved from the global FBM analysis of the monomer decays of Py-

Amylose (aerated and degassed), and Py-PMA (aerated) in DMSO with Equation 2.3.

ke[blob]
Kbiob

Sample mol% | fmait | fumfee | (107s7Y) | <n> | fie | (107s7h) | x2

Amylose(aerated) 51 0.70 0.16 0.02 0.51 | 0.13 | 0.0080 |1.13

5.6 0.72 0.14 0.02 0.54 | 0.14 | 0.0072 |1.18
5.6 0.75 0.10 0.02 0.58 | 0.15 | 0.0071 |1.12
7.5 0.80 0.01 0.01 0.79 | 0.19 | 0.0063 |1.17
10.1 0.74 0.02 0.02 1.16 | 0.24 | 0.0071 |1.15
14.9 0.69 0.02 0.02 1.52 | 0.29 | 0.0087 |1.23
Amylose(degassed) 51 0.74 0.12 0.02 054 | 0.14 | 0.0075 |1.11
5.6 0.72 0.12 0.02 0.59 | 0.16 | 0.0068 |1.10
5.6 0.76 0.07 0.01 0.72 | 0.17 | 0.0063 |1.23
7.5 0.73 0.06 0.01 093 | 0.21 | 0.0136 |1.16
10.1 0.70 0.02 0.01 143 | 0.28 | 0.0058 |1.17
14.9 0.61 0.03 0.01 1.74 | 0.36 | 0.0135 |1.17
PMA (aerated) 1.7 0.74 0.15 0.01 0.77 | 0.10 | 0.0080 |1.15
2.6 0.79 0.06 0.01 1.16 | 0.15 | 0.0079 |1.10
2.6 0.81 0.02 0.01 1.26 | 0.17 | 0.0066 |1.12
6.2 0.68 0.00 0.01 257 | 0.32 | 0.0034 |1.20
6.7 0.62 0.00 0.01 287 | 0.38 | 0.0035 |1.20
PMA (degassed) 1.7 0.75 0.13 0.01 0.82 | 0.11 | 0.0065 | 1.05
2.6 0.78 0.05 0.01 1.28 | 0.14 | 0.0061 |1.08
2.6 0.77 0.04 0.01 1.40 | 0.19 | 0.0063 |1.13
6.2 0.61 0.01 0.01 2.73 | 0.38 | 0.0047 |1.09
6.7 0.57 0.01 0.01 3.17 | 0.43 | 0.0031 |1.08
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Table S2.2. Parameters retrieved from the global FBM analysis of the excimer decays of Py-

Amylose (aerated and degassed), and Py-PMA (aerated) in DMSO with Equation 2.4.

Sample mol% TE feditr fees feke feeo x2
Amylose (aerated) 51 50 0.56 024 | 0.11 0.085 1.13
5.6 50 0.53 0.27 | 0.11 0.088 1.18

5.6 o1 0.57 021 | 0.11 0.110 1.12

7.5 47 0.53 0.23 | 0.13 0.106 1.17

10.1 46 0.47 0.22 | 0.16 0.155 1.15

14.9 44 0.47 0.13 | 0.20 0.197 1.23

Amylose (degassed) 5.1 58 0.53 0.27 | 0.10 0.095 1.11
5.6 59 0.51 028 | 0.11 0.090 1.10

5.6 57 0.51 0.27 | 0.11 0.104 1.23

7.5 55 0.48 025 | 0.14 0.125 1.16

10.1 54 0.43 0.24 | 0.17 0.159 1.17

14.9 52 0.38 0.20 | 0.22 0.195 1.17

PMA (aerated) 1.7 44 0.86 0.12 0.020 1.15
2.6 41 0.83 0.16 0.018 1.10

2.6 41 0.81 0.17 0.017 1.12

6.2 40 0.66 0.31 | 0.036 1.20

6.7 40 0.58 035 | 0.064 1.20

PMA (degassed) 1.7 52 0.85 0.13 0.024 1.05
2.6 49 0.80 0.18 0.022 1.08

2.6 49 0.78 0.20 0.021 1.13

6.2 47 0.59 0.37 0.040 1.09

6.7 48 0.53 0.40 0.076 1.08
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Table S2.3. Fractions of all pyrene species for Py-Amylose and Py-PMA, calculated from fmaitr,

fmtree, Teditf, fexz, and fego.

Sample mol% faitr ftree feo fio
Amylose (aerated) 51 0.64 0.15 0.10 0.12
5.6 0.64 0.12 0.11 0.13
5.6 0.65 0.09 0.13 0.13
7.5 0.69 0.01 0.14 0.17
10.1 0.59 0.02 0.19 0.20
14.9 0.53 0.02 0.22 0.23
Amylose (degassed) 51 0.65 0.10 0.12 0.13
5.6 0.65 0.11 0.11 0.13
5.6 0.66 0.06 0.13 0.15
7.5 0.61 0.05 0.16 0.18
10.1 0.55 0.02 0.20 0.22
14.9 0.47 0.02 0.24 0.28
PMA (aerated) 1.7 0.73 0.15 0.02 0.10
2.6 0.78 0.06 0.02 0.15
2.6 0.80 0.02 0.02 0.16
6.2 0.66 0.00 0.04 0.31
6.7 0.58 0.00 0.06 0.35
PMA (degassed) 1.7 0.74 0.13 0.02 0.11
2.6 0.76 0.05 0.02 0.17
2.6 0.75 0.04 0.02 0.19
6.2 0.59 0.01 0.04 0.36

6.7 0.52 0.01 0.08 0.39
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Chapter 3

Table S3.1. Parameters retrieved from the global FBM analysis of the monomer decays of Py-

Amylopectin and Py-Amylose in DMSO.

Kblob ke[blob]
Sample mol% | fwmair fmiee | (X107s) | <n> | fio | (x10% 1) | 42
5.1 0.71 0.17 2.19 0.51 | 0.13 8.08 1.15
Amylose 5.6 0.73 0.13 1.89 0.53 | 0.14 6.93 1.19
5.6 0.74 0.10 1.76 0.58 | 0.16 7.09 1.12
™ =89.5ns 7.5 0.78 0.04 1.53 0.81 | 0.19 6.88 1.16

ke = 2.0x10%s7! 10.1 0.74 0.02 1.58 1.16 | 0.24 724 | 114
14.9 0.70 0.02 1.66 1.45 | 028 | 943 |1.21
41 0.84 0.03 1.63 0.77 | 013 | 10.07 |1.12
5.7 0.80 0.03 1.61 099 | 016 | 9.16 |[1.13

a1 =92 s 8.7 0.74 0.01 1.25 196 | 0.26 | 873 |1.01
ko = 2.7x108 51 9.6 0.74 0.00 1.12 214 | 026 | 7.84 |1.12
12.0 0.68 0.01 1.22 249 | 031 | 879 |[1.16

Amylopectin
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Table S3.2. Parameters retrieved from the global FBM analysis of the excimer decays of aerated
and degassed solutions of Py-Amylose and Py-Pmylopectin in DMSO with Equation 3.3. s is

fixed to equal 3.5 ns in the analysis.

Sample mol% TE fEditr fees feko feeo 2
5.1 50 056 | 0.24 | 0.11 | 0.090 1.15
Amylose 5.6 50 054 | 027 | 011 | 0.085 1.19
5.6 51 057 | 022 | 0.12 | 0.100 1.12
™ =89.5ns 7.5 47 053 | 023 | 013 | 0.112 1.16
ke =2.0x10%s 10.1 46 047 | 026 | 0.16 | 0.154 1.14
14.9 44 047 | 015 | 0.19 | 0.189 1.21
. 4.1 47 0.63 | 0.18 | 0.093 | 0.097 1.12
Amylopectin 57 | 46 | 058 | 019 | 011 | 011 113
=02 15 8.7 57 050 | 019 | 0.12 | 0.108 1.14
ko = 2.7x10° -1 9.6 55 050 | 0.26 | 0.13 | 0.108 1.13
12.0 53 045 | 024 | 015 | 0.140 1.17

Table S3.3. Fractions of all pyrene species aerated solutions of Py-Amylopectin and Py-Amylose

in DMSO calculated from fmditf, fmiree, fedifr, fex2, and feeo.

Sample mol% faitr frree feo fio

5.1 0.64 0.15 0.10 0.12

5.6 0.64 0.12 0.11 0.13

Amylose (aerated)

5.6 0.65 0.09 0.13 0.13
™ =89.5ns

- 7.5 0.69 0.01 0.14 0.17
ko =2.0x10%s~

10.1 0.59 0.02 0.19 0.20

14.9 0.53 0.02 0.22 0.23

Py-Amylopectin 41 | 0743 | 0031 | 0116 | 0.111

(aerated) 5.7 0.695 | 0.030 | 0.135 | 0.141

8.7 0.619 | 0.001 | 0.164 | 0.216

™ =92ns 9.6 | 0.606 | 0.000 | 0.174 | 0.219

ke = 2.7x108s™ 120 | 0552 | 0.001 | 0.194 | 0.254
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Figure S3.1. Assignment of the position of glucose residue along the double helix. The pyrene
group is attached to the 7" glucose residue on the right strand of the double helix. This position is

assigned as Position R1.
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Table S3.4A. Number of overlapping carbons between the frame of the reference pyrene attached
to double Helix #0 and that of a second pyrenyl label attached to double Helix #1 for dn.n values
between 16 and 26 A with the total number of residues ANpiob allowing a pyrene-pyrene overlap

with 7 or more carbon atoms.

?2\; 16 A 18 A 20 A 22 A 24 A 26 A
Position| () | R | O TR | L | R O RO E®|L]|R®
1 0 8 0 9 0 8 0 9 0 8 0 8
2 5 6 6 9 0 | 10 | 1 9 0 8 0 6
3 8 2 7 2 9 4 8 3 7 2 6 2
4 9 0 8 0 8 0 8 0 8 0 7 0
5 6 4 6 5 4 2 3 2 2 1 2 1
6 4 2 3 3 3 2 2 1 1 0 1 0
7 0 0 0 0 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0 0 0 0 0
9 0 0 0 0 0 0 0 0 0 0 0 0
10 0 0 0 0 0 0 0 0 0 0 0 0
ANblob 7 7 7 7 7 3

Table S3.3B. Number of overlapping carbons between the frame of the reference pyrene attached
to double Helix #0 and that of a second pyrenyl label attached to double Helix #1 for dn.n values
between 28 and 38 A with the total number of residues ANpiob allowing a pyrene-pyrene overlap

with 7 or more carbon atoms.
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Table S3.4A. Number of overlapping carbons between the frame of the reference pyrene attached
to double Helix #0 and that of a second pyrenyl label attached to double Helix #2 for dn.n values
between 16 and 26 A with the total number of residues ANpiob allowing a pyrene-pyrene overlap

with 7 or more carbon atoms.
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Table S3.4B. Number of overlapping carbons between the frame of the reference pyrene attached
to double Helix #0 and that of a second pyrenyl label attached to double Helix #2 for dn.n values
between 28 and 38 A with the total number of residues ANpio» allowing a pyrene-pyrene overlap

with 7 or more carbon atoms.
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Figure S3.2. Assignment of the position of glucose residue along a single helix. The pyrene group

is attached to the 26" glucose residue which referred as position #0.
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Table S3.5A. Number of overlapping carbons between the frame of the reference pyrene attached

to single Helix #0 and that of a second pyrenyl label attached to single Helix #1 for dn.n values

between 16 and 38 A with the total number of residues ANpiob allowing a pyrene-pyrene overlap

with 7 or more carbon atoms.
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* Helices were too close
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Table S3.5B. Number of overlapping carbons between the frame of the reference pyrene attached

to single Helix #0 and that of a second pyrenyl label attached to single Helix #2 for dn.n values

between 16 and 38 A with the total number of residues ANpiob allowing a pyrene-pyrene overlap

with 7 or more carbon atoms.

*

(A) 16 A |18A | 20A | 22A |24A |26 A |28 A |30A |32A |34A | 36A | 38A

dh-n
positio

-11
-10

10
11
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ANbiob
* Helices were too close
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Parameters retrieved from the fits of the Nbiob-vs-dn-n profiles in Figure 3.10

Table S3.6A. Parameters retrieved from fitting the Npiob-vS-dn-n trend obtained with a hexagonal

array of 7 double helices with Equation 3.3.

Parameter Value Error
A1 28.7 0.3
Ao 10.9 0.3
Xo 25.0 0.1
p 24.3 2.6

array of 7 single helices with Equation 3.3.

Table S3.6B. Parameters retrieved from fitting the Npiop-vs-dh-n trend obtained with a hexagonal

Parameter Value Error
A1 35.2 1.1
Ao 10.7 1.3
Xo 28.4 0.4
p 21.6 6.3

array of 7 single and 7 double helices with Equation 3.3.

Table S3.6C. Parameters retrieved from fitting the Npiob-vS-dh-n trend averaged for the hexagonal

Parameter Value Error
A1 31.8 0.8
Ao 10.8 0.8
Xo 26.9 0.3
p 17.3 3.5
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Chapter 4

Validation of the purification method: The objective of this experiment was to investigate
whether precipitation was sufficient to purify the NAFs. DLS and intrinsic viscosity measurements
were completed by Chengmeng Sun from the Duhamel group under my direct supervision. NAF14
was first purified by precipitation to yield pNAF14. DLS and intrinsic viscosity measurements
were first conducted using pNAF14. The intrinsic viscosity measurements were repeated to obtain
the error bars. This sample was dissolved in Milli-Q water at a concentration of 2% w/w. The
dialysis membranes were immersed in Milli-Q water and dialysis was conducted for 5 days with
stirring. The Milli-Q water was replaced twice a day. An aliquot (20 mL) of the solution was taken
out of the tubing after 1, 2, 3 and 5 days, and precipitated in methanol dropwise. The product was

then collected and dried in a vacuum oven overnight at 40 °C before measuring its [#] and D.

Table S4.1. Dn and [5] of unpurified NAF13 and NAF13 purified by precipitation followed by

dialysis of 1, 2, 3 and 5 days.

Dn (nm) [#] (mL/g)
Unpurified NAF13 129+0.7
pNAF13 13.7+0.9 25+1
Day 1 115+14 23
Day 2 12.3+0.7 25
Day 3 11.3+0.9 28
Day 5 12.3+1.3 26

As shown in Table S4.1, additional dialysis ended up with products having similar [#]

and Dy, as pNAF13. This study confirmed that precipitation was sufficient to purify the NAFs.
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Table S4.2. Summary of Dn, [5], and 2.5/[5] values for NAFs

Dn (nm) [7] (mL/g) 2.5/[n] (g/mL)

NAF57 56.8+0.9 61 0.041
NAF47 474+20 S7 0.044
NAF28.7 28.7+1.0 38 0.066
NAF28.8 288=+1.2 43 0.058
NAF24 24.3+0.7 35 0.071
NAF23 229+04 38 0.066
NAF20.6 20.6 0.7 35 0.071
NAF20.3 20.3+1.9 40 0.063
NAF18 18.1+3.2 39 0.064
NAF17.3 17.3+3.6 40 0.063
NAF17.2 17.2+0.6 29 0.086
NAF17.1 171 +0.7 21 0.119
NAF15 148+ 0.6 20 0.125
NAF14 13.9+0.7 25 0.100
NAF12 121+ 0.7 23 0.109
NAF11.8 11.7+3.3 25 0.100
NAF11.7 11.8+0.6 25 0.100
NAF11.5 115+2.7 25 0.100
NAF8.3 83+0.7 23 0.109
NAF7.0 7.0+0.1 28 0.089
Degraded NAF57-37 37.4+0.6 53 0.047
Degraded NAF57-22 215+17 36 0.069
Degraded NAF57-16 16.0+ 0.7 28 0.089
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Table S4.3. Parameters retrieved from the FBM of the monomer decays of aerated and non-

aerated solutions of Py-NAF8.3, Py-NAF20, and Py-NAF57 in DMSO.

Sample mol% | fmditt | fmfree (xlkobl70l;1) <n> | fuke (I)((el[géosbl) e
Py-NAF8.3 3.4 0.840 |0.174 |2.27 0.43 [0.125 |8.0 1.08
(aerated) 5.8 0.803 |0.052 |1.47 1.01 [0.094 |89 1.10

7.6 0.740 |0.019 |1.43 118 [0.217 [7.0 1.19
™ =92 ns 10.0 [0.737 [0.023 |1.55 1.45 [0.240 |86 1.13
ko=25%x10%s? [12.0 |0.684 |0.008 |1.38 1.60 [0.262 |7.4 1.10
Py-NAF20 8.8 0.75 |0.01 [1.27 1.63 024 [83 1.27
(non-aerated) 104 [0.76 [0.01 |[1.36 1.75 [024 |99 1.23

116 [0.42 [001 [1.32 245 (032 [85 1.18
=135 ns 124 |067 [001 |[1.42 259 [032 |93 1.32
kp=25x10%s" 138 [0.69 [0.01 |1.43 232 031 |97 1.24
Py-NAF57 4.8 0.819 |0.042 |[1.82 0.78 |0.139 |10.3 1.02
(aerated) 7.6 0.767 |0.003 |1.25 155 [0.231 |17.0 1.19

8.0 0.760 |0.000 |1.25 157 [0.240 |68 1.24
™ =92 ns 113 [0.731 [0.000 |1.18 2.04 ]0.269 |78 1.19
ko=2.1x10%s" [132 |0.676 |0.002 |1.30 229 0322 [105 1.14
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Table S4.4. Parameters retrieved from the global FBM analysis of the excimer decays of aerated
and non-aerated solutions of Py-NAF8.3, Py-NAF20, and Py-NAF57 in DMSO. gs is fixed to 3.5

ns in the analysis.

Sample mol% | te (nS) | feaite feke feeo fees 7

3.4 51.8 0.608 | 0.079 | 0.084 | 0.230 | 1.08
Py-NAF8.3 (aerated)

5.8 46.3 0.526 | 0.156 | 0.095 | 0.222 | 1.10

7.6 46.2 0.517 |0.168 | 0.102 | 0.214 | 1.19
™ =92 ns

10.0 45.9 0.466 | 0.170 | 0.141 | 0.223 |1.13
ko =2.5x10%s!

12.0 45.8 0.451 |0.180 |0.137 |0.232 | 1.10

Py-NAF20 8.8 52 048 (022 |013 [0.17 |[1.24
(non-aerated) 104 |50 043 [021 |018 [0.17 [1.32

116 |52 043 [021 |015 [020 [1.18
o = 135 ns 124 |52 058 [0.18 |0.10 [0.14 |[1.23
ko = 2.5x10%s! 13.8 |54 055 |017 |0.11 |0.17 |1.27

4.8 47.5 0.594 |0.101 | 0.097 | 0.209 | 1.02
Py-NAF57 (aerated)

7.6 46.4 0.530 | 0.159 | 0.111 | 0.200 | 1.19

8.0 45.6 0.528 |0.167 | 0.112 | 0.194 | 1.24
™ =92 ns

11.3 45.7 0.495 |0.182 | 0.136 | 0.186 | 1.19
ko =2.1x10%s™!

13.2 443 0.429 |0.205 | 0.148 | 0.218 | 1.14
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Table S4.5. Fractions of all pyrene species in the aerated and non-aerated solutions of Py-
Amylopectin, Py-NAF8.3, Py-NAF20, and Py-NAF57 in DMSO calculated from fmdift, fmfree, fedit,

feke, and feeo.

Sample mol% | faitr ftree feo fio

3.4 0.664 |0.158 |0.092 |0.086
Py-NAF8.3 (aerated)

5.8 0.645 |0.046 |0.117 |0.192

7.6 0.646 0.016 0.128 0.210
™ =92 ns

10.0 0.588 0.019 0.178 0.215
ko = 2.5x10%st

12.0 0.583 |0.006 |0.178 |0.233

Py-NAF20 8.8 0.58 0.01 0.16 0.26

(non-aerated) 10.4 0.52 0.01 0.22 0.25

11.6 0.47 0.01 0.16 0.36

™ =135 ns 12.4 0.67 0.01 0.11 0.21

ko =2.5x108s7! 13.8 0.65 0.01 0.13 0.21

4.8 0.723 |0.037 |0.118 |0.122
Py-NAF57 (aerated)

7.6 0.660 |0.002 |0.139 |0.199

8.0 0.655 0.000 0.139 0.207
™ =92 ns

11.3 0.608 |0.000 |0.168 |0.224
ko =2.1x10%s™!

13.2 0.548 |0.001 |0.189 |0.262
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