
I
p
m

P
M
a

b

c

d

e

a

A
R
R
A
A

K
A
I
M
S
V

C
I
1
F
S
l
G
G

p
M
s
t

S

(

h
0

Carbohydrate Polymers 117 (2015) 964–972

Contents lists available at ScienceDirect

Carbohydrate  Polymers

j ourna l ho me  pa g e: www.elsev ier .com/ locate /carbpol

nulin  crystal  initiation  via  a  glucose-fructose  cross-link  of  adjacent
olymer  chains:  Atomic  force  microscopy  and  static  molecular
odelling

eter  D.  Coopera,b,c,∗,  K.  Harinda  Rajapakshaa, Thomas  G.  Barclayd,
ilena  Ginic-Markovicd, Andrea  R.  Gersond,  Nikolai  Petrovskya,e,1

Vaxine Pty Ltd, Flinders Medical Centre, Bedford Park, SA, Australia 5042
Cancer Research Laboratory, Australian National University Medical School at The Canberra Hospital, Garran, ACT, Australia 2605
John Curtin School of Medical Research, Australian National University, Acton, ACT, Australia 2601
Mawson Institute, University of South Australia, Mawson Lakes, SA, Australia 5095
Department of Endocrinology, Flinders Medical Centre/Flinders University, Bedford Park, SA, Australia, 5042

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 12 May  2014
eceived in revised form 7 July 2014
ccepted 6 October 2014
vailable online 23 October 2014

eywords:
djuvant

soform
odel

tructure
accine

hemical compounds studied in this article:

a  b  s  t  r  a  c  t

Semi-crystalline  microparticles  of inulin  (MPI)  have  clinical  utility  as  potent  human  vaccine  adjuvants  but
their relevant  surface  structure  and  crystal  assembly  remain  undefined.  We  show  inulin  crystal  surfaces
to resemble  multi-layered,  discoid  radial  spherulites  resulting  from  very  rapid  formation  of  complex
tertiary  structures,  implying  directed  crystal  initiation.  Physical  and  in  silico molecular  modelling  of  unit
cells  confirm  steric  feasibility  of  initiation  by  hydrogen-bonded  cross-linking  of  terminal  glucose  to  a
fructose  of another  chain,  mimicking  bonding  in sucrose  crystals.  A strong,  chelate-like  dual  H-bond  is
proposed  to compel  the  known  antiparallel  alignment  of  inulin  chains.  Such  cross-linking  would  require
one extra  fructose  per  chain  in the native  inulin  crystal,  as observed.  Completion  of  five  H-bonded  internal
ring-domains  would  ‘lock  in’  each  new  6-fructose  structural  unit  of  each  antiparallel  helix  pair  to  create
a  new  isoform.  All known  properties  of inulin  isoforms  follow  readily  from  these  concepts.
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1. Introduction

Secondary structure in inulin plant fructans is well researched
(Franck & De Leenheer, 2002). A family of linear, (2→1)-�-d-
furanosyl glycosides with a single terminal glucose link as in
sucrose comprises polymer chains of up to 100 fructose residues.
The many applications of inulin (Barclay, Ginic-Markovic, Cooper,
& Petrovsky, 2010) include a stable semi-crystalline form termed
microparticulate inulin (MPI) currently in advanced human and
veterinary clinical development as a broad-spectrum vaccine adju-

vant. It is effective as the commercially produced delta isoform
AdvaxTM adjuvant (Gordon et al., 2012; Honda-Okubo, Saade, &
Petrovsky, 2012; Larena, Prow, Hall, Petrovsky, & Lobigs, 2013;
Petrovsky et al., 2013; Saade, Honda-Okubo, Trec, & Petrovsky,
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013; see also Cooper, Barclay, Ginic-Markovic, & Petrovsky,
013; Cooper, Barclay, Ginic-Markovic, & Petrovsky, 2014; Cooper,
arclay, Ginic-Markovic, Gerson, & Petrovsky, 2014). We  here out-

ine a model of MPI  assembly and surface structure, known to
e important for its adjuvant efficacy because dissolved inulin is

mmunologically inactive.
Different polymorphic forms of inulin exist, distinguished by

heir solubility and H-bonding strengths (Cooper & Petrovsky,
011; Cooper et al., 2013). Differences in immune actions of these
orms were also noted and remain a focus of ongoing research.
hey usually occur as isoforms, presenting the same thermal
henotypes but also including longer polymer chains and termed

plus-format’ preparations. All seven inulin isoforms, including five
ewly described ones, comprise a fixed incremental series in which
ach has greater H-bonding strength than its precursor. Each is
haracterized by its critical temperature (Tc), i.e. point of abrupt
hase shift (solubilization in water) or by its dry melting point
MP) in modulated differential scanning calorimetry (Cooper et al.,
013). These properties and inulin’s known ability to form crystals
André, Mazeau, et al., 1996) imply a crystalline or semi-crystalline
ature for MPI. Their Tc and MP  increase in a strikingly step-
ise manner, a regularity suggesting that one energetic unit is

eing added to a preceding structure for each step in higher iso-
orm creation. When new isoform isolates were each prepared
o comprise only the chain lengths minimally defining each iso-
orm (‘monoformat preparations’, Cooper, Barclay, Ginic-Markovic,
erson, et al., 2014), regular increments were confirmed by number
verage degree of polymerization (DPn) assay, showing a step-wise
ddition of an energetic unit of six fructose residues per chain for
ach higher isoform (the highest isoform adding 12 such fructose
esidues). As the d-spacings of the X-ray diffraction patterns of all
hese seven isoforms were the same as those of André, Mazeau, et al.
1996), each added energetic unit was equivalent to one crystal unit
ell (Cooper, Barclay, Ginic-Markovic, Gerson, et al., 2014). Further,
ach isoform had one ‘extra’ fructose unit per chain, following the
ructose DPn progression (6N + 1) rather than 6N (N = unit cells).

We  sought here static modelling approaches to resolve the way
hat individual inulin chains may  assemble to form MPI  isoform
tructures observed in atomic force microscopy (AFM), and to char-
cterise internal bonding of their unit cell, especially any role of
he terminal glucose, a feature not previously considered (André,

azeau, et al., 1996).

. Materials and methods

.1. Inulin

Inulin isoforms were sourced, prepared and handled as in
ooper et al. (2013).

.2. Atomic force microscopy

AFM examined samples prepared from either clear solutions
f inulin (5 �L, 50 mg  mL−1) allowed to crystallize on flat silicon
afers at room temperature (RT, ∼20 ◦C) or on aqueous disper-

ions of MPI  diluted to 0.1 mg  mL−1 and deposited (5 �L) onto a
afer. The samples were air-dried before imaging using a Dig-

tal Instruments Veeco Multimode Scanning Probe Microscopy
ystem with a Nanoscope IV controller operating in standard tapp-
ng mode. The cantilevers used were Mikromasch NSC15 with

pring constants between 30 and 60 N/m and resonant frequencies
etween 310–365 kHz. The data were acquired in air at RT using
anoscope software (v8.10r1) and images analyzed with Veeco
anoscope Analysis software (v. 1.20).
lymers 117 (2015) 964–972 965

2.3. Physical structural model

Ball-and-stick plastic kits (Zometool Inc, Lakewood CO) com-
prise light-weight, hollow, symmetrical spheres 18.5 mm  diameter
with 62 geometrical holes at precise two-, three-, and five-fold
symmetries. Plastic struts locking into three-fold holes allow repro-
ducible lengths for C C and O bonds (40.0 mm centre-to-centre)
and correct bond angles. Two  minor compromises are needed: (1)
As C C and C O bond lengths are 1.52 Å and 1.42 Å, respectively,
a scale is chosen (2.752 cm/Å) as a weighted average (1.45 Å) of
the dimension-critical inulin helix backbone ( C C O ), where
there are two C O and one C C bonds between furanose rings; (2)
The Zometool holes do not permit rotable bonds, and so for such
atoms (glycosidic oxygen, C1 and C6 carbons) two five-fold sym-
metry holes are drilled out (3.5 mm bit) to admit the triangular pegs
that can then be rotated. These permit dihedral bond angles of 108◦

close to the tetrahedral bond angles (109.5◦). Glycosidic oxygen has
ether links of 109–110◦ predicted by valence shell electron-pair
repulsion theory.

The helical glycosidic backbone contains 18 rotable bonds per
turn of the helix per unit cell proposed (André, Mazeau, et al., 1996),
conferring extreme flexibility. Accordingly, the glycosidic oxygen
atoms are first immobilized on a scaffold of bamboo skewers (3 mm
diameter) mounted in a wooden base at the apices of a regular
hexagon of sides 8.35 cm (3.03 Å), corresponding to Fig. 2 of André,
Mazeau, et al. (1996). The skewer heights fix each glycosidic oxy-
gen 6.74 cm (2.45 Å) above its precursor, corresponding to an equal
elevation for each fructose moiety. A process of ‘best-fit’ gives rota-
tional angles (angles of André, Mazeau, et al., 1996) of ϕ = 68◦ (66◦),
  = 159◦ (154.5◦), ω = −87◦ (−81.8◦), that allow both lateral and pla-
nar rotations of each furanose ring in 60◦ progressions in addition
to one completed six-fold helix turn every 40.45 cm (14.7 Å). The
angle of rotation of the C6 hydroxymethyl groups (�0) is set at 54◦

(54.1◦). One ascending helix turn (yellow bonds, Fig. 4) and one
descending helix turn (white bonds) are immobilized on vertical
40.45 cm wooden dowels with a height difference of 6.6 cm (2.4 Å)
and helix axis separation of 25.94 cm (9.71 Å). Bamboo skewers also
form the hydrogen bonds (red), which, using the H-bond lengths
of Table 10 of André, Mazeau, et al. (1996), complete a bonding
structure closely following that depicted in Fig. 11 of that paper.

2.4. In silico structural model

The model (‘inulin molecule’) corresponds to the inulin oligomer
GF8, incorporating the half unit cell plus terminal glucose and two
spacer fructoses (Section 3.4). Geometry optimization and mini-
mization use AMBER force field parameter version ff12SB (Case
et al., 2012) and an initial steep descent down to 0.02 Å per step,
followed by gradient minimization at that rate for 100 steps. This
model is not subsequently relaxed. After this, a glucose molecule is
modelled to the C2 of the first fructose unit. In Fig. 5C, D, E, glucose
is only modelled on chains Nos.1, 2, 3 and 4.

3. Results

3.1. Inulin crystal early development

Transmission electron micrographs (TEM) of MPI  from stirred
cool solutions show cleanly defined electron-translucent ovoids
but resolve little structural detail. By contrast, freeze-fracture scan-
ning electron microscopy (SEM) clearly shows laminar structures

(Cooper & Petrovsky, 2011) and indeed inulin particles have other
properties of classical thermoplastic polymers (Strobl & Schneider,
1980; Silvestre, Cimmino, & Di Pace, 2002) including indications of
spherulite growth patterns (polarized light microscopy: Hébette,
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Fig. 1. Particulate forms detected by atomic force microscopy during crystallization of inulin solutions. A, B, C: fibrous forms and rounded bodies at 24–48 h; D: spherulite
g nulin 

f

D
d
o
t
o
(
l

rown on a flat surface, the cracks being drying artefacts; E, F: final forms of delta i
eatures appear brighter. The bars show scale.

elcour, Koch, Booten, & Reynaers, 2011). However, little can be
educed of surface structure. We  accordingly followed early devel-
pment of inulin crystals by AFM, in which a probe scans a surface

o record fine detail (Section 2.2). We  either sampled the course
f crystallization for up to 5 days in repeated agitated runs at 5 ◦C
Fig. 1A, B, C) over a typical time course (Cooper et al., 2013), crystal-
ized aliquots of such solutions on flat silicon wafers at RT (Fig. 1D),
at ∼8 days. C, D, E used the 3-D facility of the AFM software, where more elevated

or examined washed, final preparations of delta inulin (AdvaxTM,
Fig. 1E, F). In suspension, rounded bodies occur at 24-48 h, some-
what indistinct as surface detail is obscured by glassy inulin after

drying. Various fibrous forms are here abundant as bundles of finer
flexible filaments, incomplete discs soon becoming more numer-
ous. Any edges will be abraded by agitation effects, leaving rounded
shapes. The discs later (>48 h) assume dimpled appearances.



ate Polymers 117 (2015) 964–972 967

C
f
a
s
o
a
X
G
fi
d
t
s

3

r
&
(
(
s
d
a
c
C
p
o
t
t
p
t
s
t
H
g
i

m
m
a
c
T
T
d
o
s
s

3

s
a
&
H
m
(
‘
m
g
s
i
P
b
a

Fig. 2. Rapid assembly of specific structures on freeze-thaw crystallization of very
dilute inulin solutions. Omega inulin (DPn ∼ 60) at 0.5 mg  mL−1 was dissolved at
85 ◦C and 5 mL  aliquots frozen in thin-walled glass tubes to −70 ◦C. At zero time
aliquots were agitated in well-circulated baths at 20 ◦C, 37 ◦C and 45 ◦C and (A)
the OD700 read as soon as ice disappeared and at later intervals; (B) when stable
(5–20 min), the OD700 of another aliquot from each bath was read at increasing
temperatures in the standard OD700 thermal transition assay (Cooper et al., 2013). (C)
similar test in which dilutions of dissolved OI (legend) frozen to −70 ◦C in presence of
the  indicated concentrations of sucrose were thawed (10 min, 20 ◦C) and the OD700
P.D. Cooper et al. / Carbohydr

rystallization on surfaces (Fig. 1D) can produce flat spherulite-like
orms with striated appearances suggestive of radial development
s fibres. When finished as delta inulin (DI) the unobscured discoid
urface resembles multi-layered, overlapping spherulites grown
utwards in three dimensions from small central nuclei. Notably,
mong many different samples examined by us and others only one
-ray diffraction pattern is seen (Cooper, Barclay, Ginic-Markovic,
erson, et al., 2014), and so there is no suggestion that these super-
cially different morphologies (fibre, discoid, spherulite) represent
istinct phases but rather variations of the basic spherulite disc pat-
ern. The fibres may  be disc precursors or disturbed early forms of
pherulites.

.2. Rapid onset of inulin crystallization

Crystallization from inulin solutions can begin unexpectedly
apidly. Aggregation begins at a low 0.081 mg  mL−1 (Dan, Ghosh,

 Moulik, 2009), while clear inulin solutions dissolved at 85 ◦C
DPn ∼ 30, 100 mg  mL−1) stirred at 5 ◦C or 49 ◦C visibly nucleate
OD700 ∼ 0.002) in 60–120 min  (unpublished data). Frozen inulin
olutions (50–100 mg  mL−1) very rapidly precipitate isoform types
etermined by the thaw temperature (Cooper et al., 2013). This
lso occurs in very dilute solutions (Fig. 2A). Thawing frozen
lear solutions of dilute omega inulin (OI, DPn ∼ 60, 0.5 mg  mL−1;
ooper, Barclay, Ginic-Markovic, Gerson, et al., 2014) immediately
recipitates inulin which then stabilizes within 15 min  at 20 ◦C,
r 3 min  at 37 ◦C or 45 ◦C, to specific structures (Fig. 2B) with
hermal properties of alpha-2 inulin, gamma  inulin and DI, respec-
ively. Here there appears a race between complete solution of a
oorly crystallized/amorphous form and crystallization of a more
emperature-stable form. Initiation of freeze-thaw precipitation is
lowed by low levels of sucrose present during the thaw at hexose-
o-hexose similar ratios (Fig. 2C), implying the key involvement of
-bond formation during initiation; glucose, fructose, xylose and
lycerol were similarly inhibitory (data not shown) and so the effect
s not specific to sucrose.

Unfrozen replicates at 0.5 mg  mL−1 remain clear after 3
onths at 5– 37 ◦C, implying crystallization may  depend on sub-
icroscopic crystal nuclei formed in transient saturated solutions

s the thawing mass passes through its eutectic point. However, this
an be very fast (time to complete thaw from −70 ◦C to ∼5 ◦C < 60 s).
he first melt (<20 s) is very cloudy even while most remains frozen.
he question is how very low levels (0.5 mg  mL−1) of two indepen-
ent inulin chains of DPn ∼ 60 can randomly fall into specifically
rdered, complex structures in so short a time. Some form of rapid,
pecific initiation seems implicated as explored in the following
ections.

.3. Has glucose a role in inulin crystal structure?

Might inulin chains self-assemble rapidly because they have a
pecifically ‘sticky end’? In plant biosynthesis, fructose molecules
re sequentially added to the fructose of a sucrose molecule (Franck

 De Leenheer, 2002) and with few exceptions (De Leenheer &
oebregs, 1994) the sucrose is retained intact. A heterologous ter-
inal hexose (glucose) brings a novel aspect as André, Mazeau, et al.

1996) expressly consider only poly [2→1]-�-d-fructofuranan.
Sticky ends’ should include some extra affinity of glycosidic (ter-

inal) glucose for fructose because in antiparallel duplexed chains
lucose can only bond with fructose. Such bonding is found in
ucrose crystals, where adjacent molecules are connected by four

ntermolecular H-bonds (O2 g O6f, O3 g O3f, O6 g O3 g, O3f O4f;
erez, 1994). The two glucose-fructose links create a sucrose dimer
y a close chelate-like dual H-bond that should be strong (Fig. 3)
nd that joins a chain of such dimers in the crystal. The two
read at once. Readings were stable for 1 h but increased 10–50% over 6 days with
negligible relative change.

fructoses are in opposing orientation: they are in obligate antipar-
allel alignment.

We  consider in what follows the proposition that inulin crys-
tal initiation occurs by such fructose-glucose cross-linking. Such

bonding would provide a nucleus to accelerate formation of the
antiparallel helices proposed for inulin crystals, as amplified in Sec-
tion 4. The presence of lesser polyhydric alcohols (sucrose, glucose,
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ig. 3. Fructose-glucose hydrogen bonding between sucrose crystal molecules.
Perez, 1994).

ructose, xylose, glycerol; Section 3.2) would provide an obstacle
o such interaction but their inhibition of crystallization does not
ndicate any specific location for the initial bonding.

.4. Effect of proposed glucose cross-linkage on inulin structure -
he physical model

A feasibility study using a ball-and-stick (non-space-filling; Sec-
ion 2.3) physical scale model of the inulin monohydrate unit cell
replicating Fig. 11 of André, Mazeau, et al., 1996) explores both its
nternal structural strengths and the steric acceptability of sucrose-
ike cross-linking. The model involves only one molecule of water of
rystallization and hydrogen atoms are omitted for clarity. A fur-
her 11 molecules of water of crystallization are also omitted. In
he inulin crystal, more support is provided by space-filling effects,
djacent unit cells and these extra water molecules, while in the
odel the correct dimensions are maintained by struts (Section

.3). By ‘best-fit’ it is sterically feasible to insert a glucopyranose
ridging via O6g O2f, O3g O3f provided the two fructose residues

inked are those immediately below or above a unit cell in both
hains. These two act as ‘spacer’ molecules.

The structure found is (GF8)2. The model’s rear elevation shows
he cross-link more clearly (Fig. 4A) but in this perspective view
nly some angles are accurately reproduced. In a front elevation
f one workable arrangement of the isolated bridging structure
Fig. 4B) the glucose is covalently attached to one fructose as a
ormal, sucrose-like terminal glycoside, the other fructose receiv-

ng the H-bonding. The link is equivalent to the addition of one
ucrose-fructose H-bonded dimer to either end of a unit cell.
nly one basic architecture is feasible for the cross-link whether
bove or below the unit cell, although the tolerances in bond
otational angles and H-bond lengths allow some variation. Cross-
-bonding lengths of 2.5–3.5 Å between glucose and fructose are

terically acceptable, while the length shown is 2.5 Å. This com-
ares with H-bond lengths in the rest of the unit cell of 2.5–3.4 Å
André, Mazeau, et al., 1996) and with 2.8–2.9 Å in the sucrose
rystal (Brown & Levy, 1973; Mathlouthi & Genotelle, 1998). The

ain rotational angles found are (at the glucose-fructose gly-

osidic link) gC2 gC1 gO1 fO2 = 10◦, gC1 gO1 fO2 fC3 = 100◦,
nd the H-bonded fructose C6 angle �0, fO5 fC5 fC6 fO6 = −160◦,
ll with feasible tolerances of about ±30◦. Other glucose/fructose
lymers 117 (2015) 964–972

H-bonding patterns are not considered. The antiparallel nature of
the two inulin chains is mandatory given the antiparallel orienta-
tion of the link.

The model of Fig. 4A is for illustration only, showing feasible
linkage above or below a unit cell, as the second glucose unit is
unlikely to link to the same chain in a polydisperse, long-chain
sample (Section 4). Also, the opposite-sense presentation of ter-
mini of geometry-minimized inulin chains (Section 3.5) would not
normally favour this but there seems sufficient flexibility to allow
the possibility.

3.5. In silico structural model

A single inulin chain with 8 fructose units (GF8) is modelled
in silico (Section 2.4) using known distances and angles of inulin
monohydrate crystals to take account of intramolecular H-bonds
(André, Mazeau, et al., 1996) and the monoformat DPn data (Cooper,
Barclay, Ginic-Markovic, Gerson, et al., 2014). This chain (degree of
polymerization, DP, 9, ‘inulin molecule’) serves as an example for
much longer isoform chains (DP > 60) during feasible assembly into
lamellar structures. Stick and space-filled virtual diagrams (Fig. 5A,
B) show the helical form of André, Mazeau, et al. (1996) and the
opposite-sense presentation of the glucose and fructose termini
after minimization to optimize atom spacing.

Also following these authors, seven parallel inulin molecules in
a hexagonal packing sheet simulate an inulin lamella, with alter-
nate molecules 3, 4 and 5 aligned antiparallel. Fig. 5C looks along
the helix axes of a stick diagram. While the AMBER force field is not
suitable for modelling intermolecular H-bonding, the steric prox-
imity of terminal glucoses and fructoses of antiparallel chains is
demonstrated for upper and lower lamellar surfaces (Fig. 5D,  E),
and a feasible form of the actual bonding between chains of DP
>20 is suggested in the physical model of Fig. 4. Such presenta-
tion and bonding can be repeated indefinitely (Fig. 5F) and the
additional strength from the proposed glucose-fructose cross-links
would favour extension length-wise to create fibres that could
then bond laterally into lamellar spherulites (Section 3.1). This
model treats chains of identical lengths but equally applies to non-
identical chains (Section 4).

3.6. The crystal unit cell as the energetic unit

Fig. 6 interprets the unit cell (X to Y both ways) in rear elevation
as in Fig. 4A, with the cross-links outside X and Y. In the unit cell
itself, the two, opposite-sense glycosidic (helix) backbones with the
hydrogen-bonding between them create three, interlocking ring-
like structures (domains B, C, D) providing a sturdy, internal and
self-sufficient lattice maintaining the unit cell’s centre. However,
the full strength of the unit cell requires building upon a preceding
cell and beginning the succeeding one, thus adding a fourth and
fifth ring domain E and A. Thus it is the completion of each unit cell
both top and bottom that confers the full internal energetic quota
of each unit. In a long, cross-linked pair of helical chains, domains
A and E would merge and repeat many times but the glucose link
only occurs at or near the terminus, where it can complete domains
A or E.

Glucose cross-linking with a fructose of an adjacent chain is
thereby proposed to start crystallization, increasing overall stabil-
ity and in effect dictating the first ring domain. This process could
in principle begin at either end but a top start would soon complete
ring domain A (Fig. 6), rapidly followed by domain B and so need

fewer residues to establish stability than a bottom start at domain
E. Thus a top start should stabilize faster and so be favoured, when
the last domain completed is E or E1 merged with A2, involving the
most residues and largest energetic input.
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Fig. 4. The physical model of the inulin unit cell. The proposed glucose cross-link is included. Colour key: glucose C (red), other C (black), glycosidic O (red), other O (white), H
o ed), al
M ture f
o sion o

4

i
f
(
t
i

mitted, ascending inulin helix bonds (yellow), descending helix (white), H-bonds (r
azeau, et al. (1996). A: Rear elevation; B: Enlargement of the lower bridging struc

f  the references to color in this figure legend, the reader is referred to the web ver

. Synthesis and discussion

The crystalline portions of inulin isoforms differ by regular
ncrements of one unit cell, comprising one complete turn of six

ructose residues per chain in each of two antiparallel helical chains
Cooper, Barclay, Ginic-Markovic, Gerson, et al., 2014). Comple-
ion of each new structural unit ‘locks in’ the observed quantal
ncrease in aggregate strength of H-bonding (Cooper et al., 2013).
l other bonds (yellow). Insets show axis orientations using the convention of André,
rom the boxed area in A (front elevation). The bars show scale. (For interpretation
f this article.)

When considering the rapidity of specific inulin crystal initiation,
in this study we  asked whether the inulin terminal glucose could
initiate crystallization by a glucose–fructose cross-H-bonding such
as found in sucrose crystals. This would provide strong linking of

two initially dissolved chains that would compel their antiparal-
lel alignment. We  find that such glucose-fructose cross-linking is
sterically feasible but would require two  spacer fructose residues
for the first such link, extra to the unit cell. Finishing a set of five
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Fig. 5. In silico relation of inulin molecules. ‘Inulin molecule’ (GF8): A, stick diagram: O (red), C (grey), H (white), glucose (yellow), intramolecular H-bonds black lines; B,
space-filled diagram: electron spaces of fructose (grey) and glucose (yellow). Hexagonal packing of seven inulin molecules: C, stick diagram (top); D space-filled diagrams, top,
E  ditto under, 180◦ rotation of D. Inulin molecules have different colours while glucose has blue and yellow (arrows). H-bonds are black lines. Molecules No.3, 4 and 5 are
antiparallel. Glucose cross-linking proposed: F, Terminal glucoses (dots) H-bond with distal fructoses of antiparallel molecules (purple), and cross-linking repeated forming an
unlimited rod or, with lateral H-bonding, a lamellar multimer. (For interpretation of the r
this  article.)

Fig. 6. Diagrammatic outline of the ring-bonding domains of the inulin unit cell
(rear elevation, as in Fig. 4A). Inset shows axis orientation using the convention of
André, Mazeau, et al. (1996). The diagram includes the proposed glucose bridging
structures (Fig. 4B) to illustrate completion of domains A and E.
eferences to color in this figure legend, the reader is referred to the web version of

internal H-bonding ring-domains would lock in energetic proper-
ties on completion of each unit cell, top and bottom.

Supporting this, inulin oligomers also evidence H-bond cross-
linking. Uniquely confirming a stability point after completion of
one unit cell, the steady drop in molecular optical rotation with
increasing fructose content of all inulin oligomers from GF (sucrose)
to GF9 revealed a drastic difference in rate of change of rotation at
GF8 with changes in 3-H chemical shifts of all internal fructose,
interpreted as abrupt changes to more rigid conformations (Oka,
Ota, Mino, Iwashita, & Komura, 1992). This is improbable in the
absence of cross-linking. Single cross-links could produce stable,
almost complete unit cells and two make dimer structures identi-
cal to Fig. 4A, other types of cross-linked multimer being feasible. A
minor optical rotation discontinuity at GF4 coincided with stronger
interaction of Ba2+ ions with inulin oligomers GF3-5 than at other
hexose ratios (1H NMR  spectroscopy: Timmermans, Bitter, de Wit,
& Vliegenthart, 1997), suggesting a cyclic structure analogous to
cycloinulo-hexaose forming only at this level. These monodisperse
samples have chains of very similar lengths where exact chain
matching is frequent. Steric proximity in GF8 preparations will
encourage cross-linking of both termini that, once formed, would
be more stable and eventually dominant.

Glucose initiation satisfactorily explains rapid, precise inulin
crystallization. A glucose terminal group can feasibly seize a ran-
dom fructose residue in another chain to form a strong cross-link.
The antiparallel orientation of this glucose cross-link ensures that
the seized chain must also be antiparallel, either before or as a

result of the seizure. Just as a zip fastener requires exact initia-
tion, so glucose initiation provides an exact start to the sequential
formation of precisely located ring bonding-domains between two
antiparallel inulin chains. These allow orderly formation of a series
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f exact bonding-domains more rapidly than random cross-linking
nd also, ensure the fidelity between chains needed for long cross-
inked stretches that explain the isoforms’ thermal properties and
he long rod-like helices required to form lamellae. We have noted
Cooper, Barclay, Ginic-Markovic, & Petrovsky, 2014) that single-hit
amma  ray damage to MPI  structures can be approximately halved
y re-annealing surviving chains into the original type of struc-
ure, implying a pair-wise ‘special relation’ between chains. The
onding follows the chains, zipper-like, until meeting an anomaly.
he looser structure near the Tc allows ‘browsing’ where even such
omplex bonding could travel along both chains until reaching sta-
ility, possibly by shortening un-duplexed regions.

How likely is the unoccupied terminal glucose on the initially
eized chain to seize in turn a distal fructose of the first chain?

e find this unlikely for polydisperse chains of 20-plus hexoses
ecause of opposite-sense presentation, low steric proximity and
any choices among competing chains. A looped, self-linking hair-

in shape is similarly unlikely. Thus, the seized chain is far more
ikely to extend to a third chain, eventually forming a monofilament
ssociating laterally into a fibre then a lamella.

MPI’s lamellar make-up is shown by SEM (Cooper & Petrovsky,
011) and small-angle X-ray scattering (Hébette et al., 2011), fur-
her supported by crystal shape (André, Putaux, et al., 1996) and
pherulite format (Section 3.1). Dispersion of inulin in DMSO at
0 ◦C produces rod-shaped bundles (viscosity and TEM charac-
eristics; Dan et al., 2009), and rope-like structures are seen in
reeze-thaw SEM (unpublished data). The most fitting picture of

PI  seems a regular assembly of parallel, long rod-shaped helical
olymers stacked with alternate antiparallel chains and axes per-
endicular to the axes of long monofilaments each bonded laterally

nto fibres aligned radially in a lamellar plane and all assembled
nto multilayered spherulites. Such a model suggests equating
amellar thickness directly to isoform chain length but because
ydration/volumes of aqueous MPI  can vary 2.5-fold while retain-

ng thermal properties of specific isoforms (Cooper & Petrovsky,
011), this relation is obscured by unknown water dispositions.

As mentioned, any lateral bonding of the helices will preferably
xtend via an unrelated third chain, and the models in Figs. 4 and 5
ill compel antiparallel alignment in entire alternate rows of new

hains. While the first seizure to that second chain would require
wo spacer fructose units before unit cell assembly can begin, no
uch constraint applies to a second cross-link to a third chain
ecause that link is not integral to unit cell development. A newly
eized third chain (Fig. 5F) is free to begin its own unit cell duplex
rom its distal glucose and may  well already have done so. Accord-
ngly, the two spacer fructoses are only required for alternate
lucose units. Unexpectedly confirming this, each isoform consis-
ently involved only one ‘extra’ fructose per chain (Cooper, Barclay,
inic-Markovic, Gerson, et al., 2014).

H-bonded water molecules also provide lateral bonding
etween adjacent helical duplexes (André, Mazeau, et al., 1996).
he two linked chains may  be unequal lengths, and Hébette et al.
2011) have suggested an amorphous layer between lamellae fol-
owing classical thermoplastic polymer theory (Strobl, 2007) that
ould comprise un-bonded ‘loose ends’ of inulin chains. Bond
rowsing should continue slowly until the duplex matures into the

ongest (most stable) cross-linked structure for the DP and tem-
erature. Such slow, small transfer into higher isoforms is usual in

ong-term storage of inulin samples (unpublished data) and anneal-
ng is essential for stable monoformat preparation (Cooper, Barclay,
inic-Markovic, Gerson, et al., 2014).

Other known properties of inulin isoforms follow readily from

hese concepts. Heat-conversion and spontaneous crystallization
Cooper et al., 2013), in both cases into specific isoforms at par-
icular temperatures, are seen as re-arrangements of ring-bonding
omains into new, longer structures more stable at the new, more
lymers 117 (2015) 964–972 971

disruptive environments (higher temperatures). Shorter chains not
reaching this stability requirement are released into solution. The
strictly polymorphic forms, where longer chains are assembled into
lower phenotypes at lower energy environments, can be visual-
ized to have shorter ring-bonded stretches which are then enabled
by greater energy input (temperature) to browse into longer and
more stable ring-bonded stretches. The aggregate number of these
stretches determines the phenotype (Tc or MP).

5. Conclusions

We accordingly propose the structural concepts of glucose
cross-link initiation, H-bonding ring-domain closure and progres-
sive unit cell completion to account in molecular terms for all the
known properties of the inulin isoforms, with additional glucose
cross-linking at the distal termini accounting in part for lateral
lamellar assembly.
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