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Compelling	  reasons	  to	  stay	  away	  from	  sugars:	  

•  	  Glycans	  are	  metabolic	  products	  without	  direct	  link	  to	  DNA	  

•  Glycans	  are	  composiIonally	  and	  structurally	  complex	  

•  Glycans	  are	  difficult	  to	  isolated	  in	  pure	  form	  

•  Glycans	  cannot	  be	  amplified	  

•  Glycans	  are	  difficult	  to	  sequence	  

•  Glycobiology	  is	  a	  nanoscale	  problem	  



The	  nanoscale	  dimension	  of	  “glycobiology”	  

•  Carbohydrates	  (or	  glycans)	  exert	  their	  funcIons	  over	  length	  scales	  
far	  beyond	  those	  of	  their	  individual	  building	  blocks.	  	  	  

POLYSACCHARIDES	   GLYCOCONJUGATES	  

STRUCTURE	  
INFORMATION	  
ENCODING	  

•  The	  study	  of	  glycobiology	  necessitates	  material	  science	  approaches	  



Part	  I.	  Polysaccharides	  –	  	  
structural	  moIfs	  that	  shape	  life	  	  



Polysaccharides:	  Nature’s	  structural	  materials	  



The	  basic	  building	  blocks	  of	  polysaccharides	  
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D-‐Glucose	  (Glc)	   D-‐Galactose	  (Gal)	   D-‐Mannose	  (Man)	  

D-‐Xylose	  (Xyl)	   D-‐Arabinose	  (Ara)	   L-‐Fucose	  (Fuc)	  

D-‐N-‐Acetylglucosamine	  	  
(GlcNAc)	  

D-‐N-‐Acetylgalactosamine	  	  
(GlcNAc)	  

N-‐Acetylneuraminic	  Acid	  	  
(Neu5Ac)	  	  	  

or	  Sialic	  acid	  (Sia)	  

D-‐Glucuronic	  Acid	  	  
(GlcA)	  

D-‐Ribose	  



The	  bonds	  that	  hold	  sugars	  together	  
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α-‐glycosidic	  bond	  

α-‐glucopyranosyl-‐(1,4)-‐glucopyranoside	  
Glcα1-‐4Glc,	  maltobiose	  
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β-‐glucopyranosyl-‐(1,4)-‐glucopyranoside	  
Glcβ1-‐4Glc,	  cellobiose	  

β-‐glycosidic	  bond	  



Branching	  out:	  it’s	  a	  wild	  world	  out	  there	  

β-‐glycosidic	  bond	  

α-‐glycosidic	  bond	  
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How	  does	  Nature	  make	  polysaccharides?	  
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How	  does	  Nature	  break	  polysaccharides?	  

exoglycosidase	  

endoglycosidase	  
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How	  do	  people	  make	  polysaccharides?	  
•  	  de	  novo	  chemical	  synthesis	  is	  challenging	  due	  to	  lack	  of	  chemo-‐,	  regio-‐	  

and	  stereoselecIvity	  of	  glycosidic	  bond	  formaIon:	  
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•  	  IsolaIon	  from	  natural	  sources	  via	  parIal	  hydrolysis	  (acidic	  condiIons)	  

•  chemoenzymaIc	  synthesis	  (running	  glycosidases	  in	  reverse	  or	  with	  

engineered	  glycosynthases)	  



Polysaccharide	  synthesis	  using	  glycosynthases	  
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Mackenzie,	  Wang,	  Warren	  and	  Withers	  JACS	  120,	  5583	  (1998)	  



CharacterizaIon	  of	  polysaccharides:	  challenges	  

•  	  Structure	  of	  polysaccharides	  is	  not	  encoded	  by	  genes.	  	  

•  Polysaccharides	  are	  composiIonally	  complex	  and	  ofen	  branched,	  

polydisperse,	  high	  molecular	  weight	  polymers.	  

•  Polysaccharide	  chains	  can	  be	  parIally	  organized	  but	  are	  mostly	  

amorphous.	  

•  Polysaccharides	  form	  higher	  order	  supramolecular	  assemblies	  

(semi	  crystalline	  or	  amorphous	  aggregates,	  gels,	  etc.).	  	  



CharacterizaIon	  of	  polysaccharides:	  methods	  

•  ComposiIon:	  	  

	  IR	  spectroscopy	  (idenIficaIon	  of	  funcIonality	  ,	  e.g.,	  amido	  or	  carboxy	  groups	  

	  Chemical	  or	  enzymaIc	  hydrolysis	  to	  monosaccharide	  building	  blocks	  followed	  	  

	  by	  LC/MS	  or	  MS	  analysis.	  	  

	  

•  Size:	  	  

	  Size	  exclusion	  chromatography	  or	  gel	  electrophoresis	  

	  SedimentaIon	  analysis	  	  

	  Light	  scahering 	  	  	  



CharacterizaIon	  of	  polysaccharides:	  methods	  

•  Molecular	  structure	  (atom	  connecIvity,	  anomeric	  configuraIon,	  conformaIon):	  	  

	  Nuclear	  magneIc	  resonance	  (1H	  and	  13C	  NMR,	  COSY,	  NOSY)	  

	  X-‐ray	  and	  neutron	  diffracIon	  of	  simple	  well	  defined	  oligosaccharides	  

•  Supramolecular	  structure	  and	  interacIons	  (crystal	  packing,	  hydrogen	  bonding):	  	  

	  Small	  angle	  x-‐ray	  scahering	  	  

	  Small	  angle	  neutron	  scahering	  

	  Solid	  state	  NMR	  techniques	  

	  AFM	  and	  EM	  imaging	  

	  ComputaIonal	  approaches	  (molecular	  dynamics)	  



Polysaccharide	  classes	  to	  be	  discussed	  

•  	  NEUTRAL	  

	  cellulose,	  hemicelluloses,	  starch	  
	  
	  
•  POLYCATIONIC	  

chiIn,	  chitosan	  
	  
	  

•  POLYANIONIC	  

•  	  glycosaminoglycans	  



Cellulose	  
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β-‐(1,4)-‐glycosidic	  bond	  
glucan	  =	  glucose	  polymer	  

•  Main	  component	  of	  plant	  cell	  wall	  
•  Most	  abundant	  organic	  molecule	  on	  Earth	  (1.3x109	  tons	  biosynthesized	  annually)	  
•  One	  tree	  generates	  ~	  14g	  of	  cellulose/day	  
•  100-‐200	  x	  106	  tons	  processed	  annually	  for	  industrial	  use	  (paper,	  texIles)	  
•  Natural	  cellulose	  is	  never	  pure	  and	  is	  typically	  contaminated	  with	  hemicelluloses,	  

pecIn	  and	  lignin.	  

•  Cohon	  fiber	  consists	  of	  94%	  cellulose.	  



Structure	  of	  the	  plant	  cell	  wall	  

•  Primary	  cell	  wall:	  ~	  8%	  cellulose	  the	  rest	  are	  
hemicelluloses,	  lignin	  and	  proteins	  

•  Secondary	  cell	  wall:	  ~	  95%	  cellulose	   – cellulose   
      fibril 

hemicellulose – 

lignin – 



Cellulose	  biosynthesis	  

cellulose	  synthase	  complex	  
(rosehe)	  

cellulose	  
microfibril	  

cellulose	  
synthase	  	  

36	  cellulose	  
strands	  

EM	  of	  a	  plant	  cell	  wall	  (top	  view)	  
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Molecular	  structure	  of	  cellulose	  
•  Degree	  of	  polymerizaIon	  (DP	  or	  n)	  	  	  	  	  	  

~	  1,000-‐15,000	  and	  depends	  on	  

cellulose	  source	  (cohon:	  DP	  ~	  10-‐15k).	  

•  Some	  degradaIon	  occurs	  during	  

isolaIon,	  therefore,	  Mw	  of	  naIve	  

cellulose	  can	  only	  be	  esImated.	  
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•  All	  subsItuents	  are	  in	  equatorial	  posiIons	  around	  
a	  ring	  in	  a	  stable	  4C1	  chair	  conformaIon:	  

•  Considerably	  rigid	  chain	  with	  restricted	  rotaIon	  
around	  diequatorial	  β-‐(1,4)	  glycosidic	  bonds	  	  
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Cellulose	  has	  an	  extended	  helical	  structure	  	  

•  Single	  2-‐fold	  helix	  	  

•  10.36	  Å	  periodicity	  

•  Stabilized	  through	  

hydrogen	  bonding:	  

O2H-‐O6	  H-‐bond	  (2.87	  Å)	  
in	  a	  tg	  conformaIon	  
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Three	  low	  energy	  conformaIons	  of	  C6	  hydroxyl	  group	  :	  

Newman	  projecIons	  
down	  C5-‐C6	  bond	  



Supramolecular	  structure	  of	  cellulose	  

•  Crystalline	  segments	  interrupted	  by	  
amorphous	  regions	  

•  Degree	  of	  naIve	  cellulose	  crystallinity	  
~	  60%	  (cellulose	  I)	  

cellulose	  Iα/β	  

cellulose	  helices	  form	  sheets	  
stabilized	  by	  H-‐bonding:	  



The occurrence of nonequivalent chains may provide
an explanation for the fine details displayed by the 13C
Cross Polarization-Magic Angle Spinning (CP-MAS)
spectra of cellulose Ih [70]. The resonances assigned to
the C1, C4, and C6 atoms exhibit distinct splitting. The
different conformations of the glycosidic linkages and at
the primary hydroxyl groups for the nonequivalent chains
provide a structural explanation for these splittings.

The crystal andmolecular structures of the cellulose Ia
allomorph have been established using synchrotron and
neutron diffraction data recorded from oriented fibrous
samples prepared by aligning cellulose microcrystals from
the cell wall of fresh water alga Glaucocystis nostochinea-
rum. The x-ray data recorded at 1 Å resolution were used to
determine the C and O atom positions. The position of

hydrogen atoms involved in hydrogen bonding was deter-
mined from a Fourier difference analysis using neutron
diffraction data collected from hydrogenated and deuter-
ated samples. The resulting structure is a one-chain triclinic
unit cell of dimensions: a = 6.717 Å, b = 5.962 Å, c =
10.400 Å, a = 118.08j, b = 114.80j, c = 80.37j, space
group P1. The resulting structure consists of a parallel
chain arrangement of the ‘‘parallel-up’’ type packed in
very efficient way, the density being 1.61. Contiguous
residues along the chain axis adopt a conformation re-
markably close to a twofold screw, which is not required by
the space group symmetry, all the hydroxymethyl groups
being in a trans–gauche conformation. The occurrence of
the intrachain hydrogen bond O3. . .O5 is found all over the
structure with an alternation of two slightly different
geometries. The hydrogen bonds associated with O2 and
O6 are distributed between a number of partially occupied,

Figure 12 Description of the three-dimensional structure of
cellulose Ia. (From Ref. 150.) (A) Details of the conforma-
tion of two cellulose chains, made up of the alternation
of slightly different conformations of the glycosidic linkages
(U = !98j, W = !140j) and (U =!98j, W = !138j), All
the primary hydroxyl groups are in a trans–gauche orienta-
tion. (B) Projection of the relative orientation of the parallel
chains of cellulose arranged in a parallel-up fashion in the
triclinic unit cell. (C) CPK representation and ball-and-stick
representation of the parallel layers of cellulose chains along
the fiber axis.

Figure 11 Description of the three-dimensional structure of
cellulose Ih. (From Ref. 68.) (A) Neutron fiber diffraction
pattern recorded on a hydrogenated sample (left) and on a
deuterated sample (right). (B) Corey, Pauling, Koltun (CPK)
representation and ball-and-stick representation of the layers
of cellulose chains packed in a ‘‘parallel up’’ fashion in the
monoclinic unit cell. (C) Details of the conformation of
the two crystallographically independent chains, along with
the hydrogen-bonding schemes. All the primary hydroxyl
groups are in a trans-gauche orientation.

Pérez and Mazeau50

Copyright 2005 by Marcel Dekker
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5 Allomorphs	  of	  natural	  cellulose	  I,	  α	  and	  β	  

The occurrence of nonequivalent chains may provide
an explanation for the fine details displayed by the 13C
Cross Polarization-Magic Angle Spinning (CP-MAS)
spectra of cellulose Ih [70]. The resonances assigned to
the C1, C4, and C6 atoms exhibit distinct splitting. The
different conformations of the glycosidic linkages and at
the primary hydroxyl groups for the nonequivalent chains
provide a structural explanation for these splittings.

The crystal andmolecular structures of the cellulose Ia
allomorph have been established using synchrotron and
neutron diffraction data recorded from oriented fibrous
samples prepared by aligning cellulose microcrystals from
the cell wall of fresh water alga Glaucocystis nostochinea-
rum. The x-ray data recorded at 1 Å resolution were used to
determine the C and O atom positions. The position of

hydrogen atoms involved in hydrogen bonding was deter-
mined from a Fourier difference analysis using neutron
diffraction data collected from hydrogenated and deuter-
ated samples. The resulting structure is a one-chain triclinic
unit cell of dimensions: a = 6.717 Å, b = 5.962 Å, c =
10.400 Å, a = 118.08j, b = 114.80j, c = 80.37j, space
group P1. The resulting structure consists of a parallel
chain arrangement of the ‘‘parallel-up’’ type packed in
very efficient way, the density being 1.61. Contiguous
residues along the chain axis adopt a conformation re-
markably close to a twofold screw, which is not required by
the space group symmetry, all the hydroxymethyl groups
being in a trans–gauche conformation. The occurrence of
the intrachain hydrogen bond O3. . .O5 is found all over the
structure with an alternation of two slightly different
geometries. The hydrogen bonds associated with O2 and
O6 are distributed between a number of partially occupied,

Figure 12 Description of the three-dimensional structure of
cellulose Ia. (From Ref. 150.) (A) Details of the conforma-
tion of two cellulose chains, made up of the alternation
of slightly different conformations of the glycosidic linkages
(U = !98j, W = !140j) and (U =!98j, W = !138j), All
the primary hydroxyl groups are in a trans–gauche orienta-
tion. (B) Projection of the relative orientation of the parallel
chains of cellulose arranged in a parallel-up fashion in the
triclinic unit cell. (C) CPK representation and ball-and-stick
representation of the parallel layers of cellulose chains along
the fiber axis.

Figure 11 Description of the three-dimensional structure of
cellulose Ih. (From Ref. 68.) (A) Neutron fiber diffraction
pattern recorded on a hydrogenated sample (left) and on a
deuterated sample (right). (B) Corey, Pauling, Koltun (CPK)
representation and ball-and-stick representation of the layers
of cellulose chains packed in a ‘‘parallel up’’ fashion in the
monoclinic unit cell. (C) Details of the conformation of
the two crystallographically independent chains, along with
the hydrogen-bonding schemes. All the primary hydroxyl
groups are in a trans-gauche orientation.
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The occurrence of nonequivalent chains may provide
an explanation for the fine details displayed by the 13C
Cross Polarization-Magic Angle Spinning (CP-MAS)
spectra of cellulose Ih [70]. The resonances assigned to
the C1, C4, and C6 atoms exhibit distinct splitting. The
different conformations of the glycosidic linkages and at
the primary hydroxyl groups for the nonequivalent chains
provide a structural explanation for these splittings.

The crystal andmolecular structures of the cellulose Ia
allomorph have been established using synchrotron and
neutron diffraction data recorded from oriented fibrous
samples prepared by aligning cellulose microcrystals from
the cell wall of fresh water alga Glaucocystis nostochinea-
rum. The x-ray data recorded at 1 Å resolution were used to
determine the C and O atom positions. The position of

hydrogen atoms involved in hydrogen bonding was deter-
mined from a Fourier difference analysis using neutron
diffraction data collected from hydrogenated and deuter-
ated samples. The resulting structure is a one-chain triclinic
unit cell of dimensions: a = 6.717 Å, b = 5.962 Å, c =
10.400 Å, a = 118.08j, b = 114.80j, c = 80.37j, space
group P1. The resulting structure consists of a parallel
chain arrangement of the ‘‘parallel-up’’ type packed in
very efficient way, the density being 1.61. Contiguous
residues along the chain axis adopt a conformation re-
markably close to a twofold screw, which is not required by
the space group symmetry, all the hydroxymethyl groups
being in a trans–gauche conformation. The occurrence of
the intrachain hydrogen bond O3. . .O5 is found all over the
structure with an alternation of two slightly different
geometries. The hydrogen bonds associated with O2 and
O6 are distributed between a number of partially occupied,

Figure 12 Description of the three-dimensional structure of
cellulose Ia. (From Ref. 150.) (A) Details of the conforma-
tion of two cellulose chains, made up of the alternation
of slightly different conformations of the glycosidic linkages
(U = !98j, W = !140j) and (U =!98j, W = !138j), All
the primary hydroxyl groups are in a trans–gauche orienta-
tion. (B) Projection of the relative orientation of the parallel
chains of cellulose arranged in a parallel-up fashion in the
triclinic unit cell. (C) CPK representation and ball-and-stick
representation of the parallel layers of cellulose chains along
the fiber axis.

Figure 11 Description of the three-dimensional structure of
cellulose Ih. (From Ref. 68.) (A) Neutron fiber diffraction
pattern recorded on a hydrogenated sample (left) and on a
deuterated sample (right). (B) Corey, Pauling, Koltun (CPK)
representation and ball-and-stick representation of the layers
of cellulose chains packed in a ‘‘parallel up’’ fashion in the
monoclinic unit cell. (C) Details of the conformation of
the two crystallographically independent chains, along with
the hydrogen-bonding schemes. All the primary hydroxyl
groups are in a trans-gauche orientation.
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The occurrence of nonequivalent chains may provide
an explanation for the fine details displayed by the 13C
Cross Polarization-Magic Angle Spinning (CP-MAS)
spectra of cellulose Ih [70]. The resonances assigned to
the C1, C4, and C6 atoms exhibit distinct splitting. The
different conformations of the glycosidic linkages and at
the primary hydroxyl groups for the nonequivalent chains
provide a structural explanation for these splittings.

The crystal andmolecular structures of the cellulose Ia
allomorph have been established using synchrotron and
neutron diffraction data recorded from oriented fibrous
samples prepared by aligning cellulose microcrystals from
the cell wall of fresh water alga Glaucocystis nostochinea-
rum. The x-ray data recorded at 1 Å resolution were used to
determine the C and O atom positions. The position of

hydrogen atoms involved in hydrogen bonding was deter-
mined from a Fourier difference analysis using neutron
diffraction data collected from hydrogenated and deuter-
ated samples. The resulting structure is a one-chain triclinic
unit cell of dimensions: a = 6.717 Å, b = 5.962 Å, c =
10.400 Å, a = 118.08j, b = 114.80j, c = 80.37j, space
group P1. The resulting structure consists of a parallel
chain arrangement of the ‘‘parallel-up’’ type packed in
very efficient way, the density being 1.61. Contiguous
residues along the chain axis adopt a conformation re-
markably close to a twofold screw, which is not required by
the space group symmetry, all the hydroxymethyl groups
being in a trans–gauche conformation. The occurrence of
the intrachain hydrogen bond O3. . .O5 is found all over the
structure with an alternation of two slightly different
geometries. The hydrogen bonds associated with O2 and
O6 are distributed between a number of partially occupied,

Figure 12 Description of the three-dimensional structure of
cellulose Ia. (From Ref. 150.) (A) Details of the conforma-
tion of two cellulose chains, made up of the alternation
of slightly different conformations of the glycosidic linkages
(U = !98j, W = !140j) and (U =!98j, W = !138j), All
the primary hydroxyl groups are in a trans–gauche orienta-
tion. (B) Projection of the relative orientation of the parallel
chains of cellulose arranged in a parallel-up fashion in the
triclinic unit cell. (C) CPK representation and ball-and-stick
representation of the parallel layers of cellulose chains along
the fiber axis.

Figure 11 Description of the three-dimensional structure of
cellulose Ih. (From Ref. 68.) (A) Neutron fiber diffraction
pattern recorded on a hydrogenated sample (left) and on a
deuterated sample (right). (B) Corey, Pauling, Koltun (CPK)
representation and ball-and-stick representation of the layers
of cellulose chains packed in a ‘‘parallel up’’ fashion in the
monoclinic unit cell. (C) Details of the conformation of
the two crystallographically independent chains, along with
the hydrogen-bonding schemes. All the primary hydroxyl
groups are in a trans-gauche orientation.

Pérez and Mazeau50
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Cellulose	  Iα:	  

•  monoclinic	  unit	  cell	  
•  two	  parallel	  chains	  
•  close	  packing	  	  
•  2-‐fold	  screw	  
•  O6H	  in	  tg	  	  
•  intrachain	  O3-‐O5	  H-‐bonds	  
•  inter-‐chain	  H-‐bonding	  
•  no	  inter-‐sheet	  H-‐bonds	  

Cellulose	  Iβ:	  

•  triclinic	  unit	  cell	  
•  two	  parallel	  chains	  
•  different	  confromaIons	  
•  2-‐fold	  screw	  
•  all	  O6Hs	  in	  tg	  	  
•  intrachain	  O2-‐O6	  H-‐bonds	  
•  inter-‐chain	  H-‐bonding	  
•  no	  inter-‐sheet	  H-‐bonds	  

Nishiyama,	  Langan,	  Chanzy	  JACS	  2002,	  124,	  9074–9082.	  



Polarity	  of	  cellulose	  crystallites	  (Iβ)	  

aβ	  

bβ	  
γβ	  

(110)	  β	  

(200)	  β	  

(1-‐10)	  β	  

(110)	   (1-‐10)	  

(200)	  

(110)	   (200)	  

rough	  with	  exposed	  
OH	  groups	  
hydrophilic	  

smooth	  with	  exposed	  
C-‐H	  groups	  
hydrophobic	  



Supramolecular	  interacIons	  with	  cellulose	  surfaces	  	  
(110)	  

hydrophilic	  

Congo	  red	  cellulase	  
ac7vity	  assay	  

N
N

N
NNaO3S

NH2

SO3Na

H2N
Congo	  red	  

Molecular	  mechanics	  program,	  Assisted	  Model	  Building	  with	  Energy	  
Refinement	  (AMBER)	  Woodcock	  et	  al	  	  Biopolymers	  1995,	  36,	  201	  	  

(200)	  

hydrophobic	  

O

O
O

HO
O

OH

H

O

H H
O

O
OH

OO

OH
O HOHO

OH OHH

benzophenone	  

hydrophobic	  	  
C-‐H	  /	  π	  interacIons	  	   hydrogen	  bonding	  

between	  carbonyl	  
and	  OH	  grous	  

Monte	  Carlo	  and	  MD	  	  
Mazeau,	  K.;	  VergelaI,	  C.	  
Langmuir	  2001,	  18,	  1919	  



InteracIons	  of	  cellulose	  in	  biological	  sexngs	  

Heiner	  and	  Teleman	  Langmuir	  1997,	  13,	  511	  

indicate water structuring close to the surfaces. Because of
the interactions between cellulose and water, the dynamics
of the water molecules decreases by a factor of 2–3 close to
the surface. It is also found that monoclinic (110) and
triclinic (010) surfaces behave similarly just as the mono-
clinic (1–10) and triclinic (100) ones. These two last
surfaces have a larger hydrophilic character than the two
others. Hydrophilic character of the surface has been
shown to be dependent on hydroxyl group distribution
on the surface together with their ability to maximize
hydrogen bonds. Hydrophilic and lipophilic character of
the cellulose surfaces has been independently estimated by
Biermann et al. [134], using molecular dynamics calcula-
tions. The modelled systems consist of an interface of
cellulose, exposing their monoclinic (110) and (1–10)
surfaces, and water. Hydrophilic character was estimated
from local values of the chemical potential of water close to
the surface with respect to its value far from the surface, in
the bulk. Lipophilic character was estimated by using the

same approach, but for an argon atom, which is a model of
lipophilic molecules. Data showed that the two surfaces are
equivalent, nonhydrophilic, and mainly lipophilic. Water
molecules are not attracted by the surface.

D. Lignin

The hypothesis of association between lignin building blocs
on the surface of the cellulosic matrix was tested by
modelling. Houtman and Atalla [131] studied the dynam-
ical behavior of model compounds that are lignin precur-
sors (monolignols and trilignols) in the presence of a
hydrated surface of crystalline Ih cellulose. Although
initially located in the aqueous phase, at about 13 Å of
the cellulose surface, modelling evidenced a rapid adsorp-
tion of the monolignol on the cellulose surface. Results
showed that the driving force responsible for adsorption is
mainly of electrostatic nature. Interactions between the
monolignol and the cellulose chains are strong enough to
influence the dynamics of the adsorbate close to the
surface. Mobility of the monolignol is considerably de-
creased when the molecule reaches the surface. As a
consequence of this limited mobility, the preferred adsorp-
tion geometry of the lignols is parallel to the cellulose fiber
axis and the aromatic moieties of lignols are parallel to the
cellulose surface; thus, hydrophobic interactions are max-
imized through stacking-type interactions. Also, a fast
adsorption of the trilignol model was observed. It adsorbs
flat on the surface and two of the three aromatic rings are
oriented parallel to the surface. On the basis of those
results, authors confirm that the cellulose fibers and, more
generally, the polysaccharide matrix, can influence mono-
lignol polymerization and ultrastructural organization of
lignin in the plant cell walls. Such adsorption leads to a
reorganization of the lignin structural units before poly-
merization, which could influence the primary structure of
the lignin polymer through selected distribution of the
monomer units and also could influence the conformation
of the lignin polymer. Work performed by Jurasek [139]
also suggests that cellulose might influence the structure of
the lignin polymer. The growing of a bidimensional model
of the secondary cell wall is faster in the direction parallel to
the fiber axis than in the perpendicular direction. Spatial

Figure 24 Hydration of cellulose as seen from molecular
dynamics simulations. (From Ref. 132.)

Figure 25 Schematic representation of wood fiber structure.
P, primary cell wall; S2, middle secondary cell wall; S1, outer
secondary wall; S3, inner (tertiary) cell wall.
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•  Water	  	  
•  MD	  simulaIon,	  Gronengen	  Molecular	  SimulaIon	  System	  
(GROMOS)	  force	  field.	  

•  Only	  the	  surface	  layer	  of	  the	  crystalline	  phase	  interacts	  in	  water.	  
•  Water	  becomes	  ordered	  at	  the	  crystal	  

surface.	  
•  Similarly	  the	  upper	  most	  cellulose	  

molecules	  become	  disorganized	  due	  to	  
loss	  of	  intra-‐chain	  hydrogen	  bonding.	  



InteracIons	  of	  cellulose	  in	  biological	  sexngs	  

monolignols	  

HO

OH

HO

OHO

HO

OHO

O

polymerization

lignin	  
AdsorpIon	  of	  monolignols	  to	  	  
the	  cellulose	  fiber	  can	  catalyze	  
polymerizaIon	  to	  lignin.	  	  

•  Lignin	  

Houtman,	  C.;	  Atalla,	  R.J.	  Plant	  Physiol.	  1995,	  107,	  977	  



Chemical	  modificaIon	  of	  cellulose	  

O O
HO

OH
O

OH

1
4

2
3

6

=	  relaIve	  reacIvity	  

Hydroxyl	  groups	  involved	  in	  hydrogen	  binding	  	  
exhibit	  lower	  propensity	  for	  chemical	  modificaIon	  



Cellulosic	  nanomaterials:	  tunicate	  whiskers	  

6 

 

 

Figure S1.  Transmission electron microscopy image of tunicate whiskers. 

Cellulose whiskers isolated from tunicate mantles (scale bar = 1 Pm).  

 

 

 

 

 

Tunicate	  

high	  aspect	  raIo	  ~	  26	  nm	  x	  2	  μm	  

crystallinity	  of	  nanowhiskers	  
decreases	  with	  diameter	  due	  to	  
increase	  in	  the	  proporIon	  of	  
disordered	  surface	  chains	  	  



Tensile	  storage	  modulus	  of	  PVA/whisker	  
film	  in	  cerebrospinal	  fluid	  at	  37°C:	  

Mechanically	  adapIve	  cellulose	  materials	  
whiskers	  

OAc

n
PVA

Tensile	  storage	  modulus	  of	  dry	  PVA/
whisker	  film	  as	  a	  funcIon	  of	  temperature:	  

Rowan	  et	  al	  Science,	  2008,	  319,	  1370	  



Hemicelluloses	  of	  terrestrial	  plants	  

PecIn	  is	  a	  major	  component	  of	  the	  middle	  lamella	  and	  the	  primary	  cell	  wall	  of	  
terrestrial	  plants.	  It	  helps	  bind	  cells	  together	  and	  allows	  for	  growth.	  	  

α-‐(1,4)-‐galacturonic	  acid	  
polymer	  
80%	  esterified	  	  
Mw	  ~	  60-‐13,000	  Da	  

PecIn	  is	  a	  gellator:	  
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Hemicelluloses	  of	  terrestrial	  plants	  
	  Hardwood:	  e.g.,	  birch,	  alder,	  balsa,	  hickory,	  mahogany,	  maple,	  oak,	  teak,	  or	  walnut.	  

xylan	  
β-‐(1,2)-‐glucuronyl-‐β-‐(1,4)-‐xylose	  
GlcA	  every	  10th	  residue	  

Sofwood:	  e.g.,	  cedar,	  fir,	  juniper,	  pine,	  redwood,	  spruce,	  or	  yew.	  
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galactoglucomannan	  
α-‐(1,6)-‐galactosyl-‐β-‐(1,4)-‐glucosyl-‐	  
-‐β-‐(1,4)-‐mannopyranoside	  



Hemicelluloses	  of	  marine	  algae	  
Agarose	  (Agar):	  Red-‐purple	  seeweed	  

n

O
O

OH

HO OH

O
O

O
HO O

2
3

4 5
1

O

OH

HO OH

O
O

O
HO O

soluIon	  

cool	  

heat	  

cool	  

heat	  

gel	  I	   gel	  II	  

Gelling	  of	  agarose:	  



Starch	  

•  Main	  component	  of	  human	  diet	  
•  2/3	  of	  carbohydrate	  calories	  come	  

from	  starch	  
•  Slow	  breakdown	  

O

O

HO

OH O
HO O

HO
HO O

OH

OHO

HO
O

OH

n

O

O
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OHHO
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HO O

HO
HO O

O

OHO

HO
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n

O

O
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OHHO

O O

HO
HO

OH

m

O O

HO
HO

OH

α-‐(1,4)-‐glycosidic	  bond	  

Amylose	  –	  linear	  polymer	  

AmylopecIn–	  branched	  polymer	  

α-‐(1,6)-‐glycosidic	  branch	  

•  Amylose/AmylopecIn	  raIo	  (~	  1:3)	  
is	  characterisIc	  for	  different	  grains:	  
	   	   	  	  	   	   	  %	  amylose	  

	  Potato	   	  	  	  	  18-‐23	  
	  Rice	   	  	  	  	  16-‐30	  
	  Rye 	   	  	  	  	  24-‐26	  



Amylose	  and	  amylopecIn	  form	  helical	  structures	  

	  Prof.	  Robert	  J.	  Lancashire,	  The	  Department	  of	  Chemistry,	  University	  of	  the	  West	  Indies,	  	  

Amylose	  ~	  35	  kDa	  –	  3.5	  MDa	  
AmylopecIn	  ~	  10	  –	  500	  MDa	  

•  amylose	  helices	  contain	  six	  α-‐Glc	  units	  per	  unit	  cell	  (helical	  turn)	  and	  
three	  to	  four	  molecules	  of	  water	  of	  hydraIon	  

•  	  lef-‐handed	  helices	  being	  slightly	  more	  energeIcally	  favorable	  	  
	  



AmylopecIn	  structure	  

	  
Chains	  in	  amylopecIn:	  	  
	  

A	  =	  no	  branches	  and	  linked	  via	  reducing	  end	  
B	  =	  contains	  branches	  but	  no	  reducing	  end	  
C	  =	  contains	  reducing	  end	  

reducing end-group (Fig. 3) [3,23,31,37,43]. The linear
outer branches of amylopectin (A chains) can also partic-
ipate in gel formation since they are essentially like small
amylose fragments. For relatively large molecular weights,
each model has a characteristic ratio of A/B chains [37].
The initial determination of the A/B ratio favored the
randomly branched structure [44], with most natural
starches having an A/B chain ratio in the range of 1.1–
1.5 [45].

The degree of branching and chain lengths between
branch points in amylopectin varies not only with the
source of the sample, but also within each sample [22].
Rye amylopectin has been shown to have branch points
about every 19–21 glucose units [39,46,47], which is similar
to wheat, triticale, and other amylopectins (every f20–25
glucose units) [26,39]. Hydrolysis of starch with a
debranching enzyme (such as isoamylase) and measure-
ment of the molecular weight of the resulting linear chains
by gel permeation chromatography (GPC) can give an
excellent profile of branch lengths. Amylopectin molecules
are thus very large, with molecular weights ranging from
10,000 to over 500,000 kDa [3,7,29,35,37,38].

The amylose/amylopectin ratio varies according to the
source of the starch and its maturity, but is f1:3 for most
general starches. One unusual genetic variety of maize
arose in China, whose starch granules contained essentially
only amylopectin (<2% amylose). When the maize kernel
was cut with a knife, the cut surface appeared shiny as
though it contained wax, and the maize was referred to as
waxy maize. This was developed into a high-yielding
hybrid in the United States [1,31]. Waxy sorghum and
glutinous rice are similar. Oppositely, high-amylose maize
(amylomaize) was also genetically developed in the United
States with starch amylose contents of 60–80% produced
commercially [31,44]. High amylose content mutant culti-
vars of pea and barley also exist. The majority of starches
contain f15–35% amylose, e.g., the amylose content of
potato, rice, and rye starches are f18–23%, f16–30%,
and f24–26%, respectively [39,46,48].

Most natural starches contain both amylose and am-
ylopectin; however, in some starches, significant amounts
of an intermediate that seems to be either a less-branched

amylopectin or a slightly branched amylose are also pres-
ent. This intermediate is typical for many cereal starches
but is not found in potato starch [37,49,50]. Besides
water, amylose, and amylopectin, natural starches also
contain some minor constituents (e.g., protein, lipids,
etc.). In potato starch, esterified phosphate groups are
present in the amylopectin fraction, attached tof1 in every
215–560 anhydroglucose units, with most (f60–70%) be-
ing attached via the C6 hydroxyl group and the other third
via the C3 hydroxyl, and f90% of them attached to B
chains [3,44].

B. Starch Granules and Crystallinity

Nature has chosen the starch granule as an almost univer-
sal form for packaging and storing carbohydrates in green
plants. Starch granules are quasicrystalline and cold-
water-insoluble. The shape of the granules is somewhat
characteristic of the source of the starch, and they range in
size from submicron elongated granules to oval granules
well over 100 Am [5,14,30]. A summary of starch granule
dimensions is provided in Table 1 [3,7,12–14,21,29,42,43].

The shapes of the granules include nearly perfect
spheres typical for small wheat starch granules; disks,
typical for the large granules of wheat and rye; polyhedral
granules, as in rice and maize; ‘‘oyster shell’’ (oval, egg-
shaped, ellipsoidal) irregular granules as often found in
potato starch; and highly elongated irregular filamentous
granules as in high-amylosemaize starch [51]. In the case of
potato starch, there is a gradual change from oval toward
spherical shape with decreasing granule diameter. As in
wheat and barley, rye starch consists of populations of
large and small granules [47]. The large granules increase in
size during maturation and, at maturity, vary in size from
10 to>35 Am in diameter. The distribution curve is broader
and the maximum diameter is larger than in wheat starch.
The small starch granules accumulate relatively late in
development and have diameters <10 Am [52]. Wheat
starch granules are lenticular and have a bimodal or
trimodal size distribution (>14, 5–14, and 1–5 Am) [3].

Amylose is found naturally in three crystalline mod-
ifications designated A (cereal), B (tuber), and C (smooth
pea and various beans) [25,31,37]. Precipitated starch
complexes (with iodine, long-chain alcohols, and fatty
acids) adopt the so-called V structure (Verkleisterung)
[31]. The so-called linearity is further complicated by a
twisting of the chain into a helix, and it is the different
degrees of hydration of the helix that give rise to the A, B,
and C forms [38]. B-amylose helices contain six a-D-Glcp
units per unit cell (helical turn) and three to four molecules
of water of hydration, with left-handed helices being
slightly more energetically favorable [44]. Proof for amy-
lose chains adopting left-handed double helical structures
has been obtained [53].

Starch granules are made up of amylose and/or amy-
lopectin molecules arranged radially. They contain both
crystalline and amorphous (noncrystalline) regions in al-
ternating layers. The clustered branches of amylopectin
occur as packed double helices. It is the packing together of

Figure 3 Representation of A, B, and C chains in amylo-
pectin.
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Starch	  granule	  

alternaIng	  crystalline	  
and	  amorphous	  layers	  	  

Sizes	  and	  shapes	  of	  granule	  range	  from	  
<	  1	  μm	  to	  >	  100	  μm	  and	  depend	  on	  grain.	  

posiIve	  birefringence	  due	  to	  a	  
radial	  organizaIon	  of	  the	  

crystallites	  



Starch	  granule	  and	  supramolecular	  structure	  



GelaInizaIon	  of	  starch	  of	  different	  botanical	  origin	  

ical or thermal shearing, and a starch paste results [30].
Pasting is defined as the phenomenon following gelatiniza-
tion in the dissolution of starch. It involves granular swell-
ing, exudation of molecular components from the granule,
and eventually, total disruption of the granules [12,20,34].

A starch paste consists of a continuous phase of
solubilized amylose and/or amylopectin and a discontinu-
ous phase of granule remnants (granule ghosts and frag-
ments). A granule ghost consists of the outer insoluble
envelope of the granule (but is not a membrane). Complete
molecular dispersion can only be accomplished under
conditions of high temperature, high shear, and excess
water, which are seldom, if ever, encountered in most
applications [3]. However, in many instances of processing,
what is required is the breakdown of the granule structure
via gelatinization [61,62].

Not all starch granules in a sample burst at the same
temperature, but the range of temperature of gelatinization
is characteristic of starch from a particular source. Starch
gelatinization can be defined as the collapse (disruption) of
molecular orders within the starch granule manifested in
irreversible changes in properties such as granular swelling,
native crystalline melting, and starch solubilization. The
point of initial gelatinization and the range over which it
occurs is governed by starch concentration, method of
observation, granular type, and heterogeneities within the
granule population under observation [20–22,34]. The
length of double helices is proposed to be a determinant
of gelatinization temperature. Amylose double helices in,
for example, gels probably occur over a length scale of
f40–80 residues and melt at f150jC [63,64]. Typical
amylopectin-based double helices occur over f15–20 res-
idues and melt at f60–80jC. Gelatinized starches/starch
pastes can undergo retrogradation on cooling.

Detailed information on rye starch [47] and wheat
starch [65] physical properties (e.g., gelatinization/pasting)
has been published. The gelatinization temperature of rye
starch has been determined as being f55–60jC (by DSC
measurements) [66]. Examples of gelatinization of starches

of different botanical origin as a function of temperature
(determined by measurement of Congo red stain uptake by
gelatinized amyloplasts) are presented in Fig. 5.

III. HYDROLYSIS

A. Enzymolysis

The most diverse and numerous enzymes for carbohydrate
hydrolysis and modification are those that act on starch.
Enzymes that are capable of catalyzing the hydrolysis of
the (1!4)-linkages in amylose/amylopectin are called
amylases and are widely produced by plants, bacteria,
fungi, and animals [67]. In mammals, amylases are mainly
produced by the salivary glands and the pancreas [68]. a-
Amylase (1,4-a-D-glucan glucanohydrolase, EC 3.2.1.1) is
an endoglycosidase, attacking glucans away from the chain
ends at an internal glycosidic bond and producing a rapid
drop in viscosity [3,37,43,67,69–72,76]. Varying types of
oligosaccharides are produced, characteristic of the type of
a-amylase. Traditionally, a-amylase has been obtained
from Aspergillus oryzae, but the enzymes obtained from
various thermophilic Bacillus species (e.g., Bacillus amylo-
liquefaciens and Bacillus licheniformis) have the advantage
of temperature stability [5,71–74].

Dextrins produced by a-amylase action can be further
processed by a variety of enzymes including h-amylases for
the production of maltose syrups and glucoamylases for
the production of glucose syrups. h-Amylase (1,4-a-D-
glucan maltohydrolase, EC 3.2.1.2) attacks amylose/amy-
lopectin in an exo fashion from the nonreducing ends,
releasing h-maltose and a high molecular weight limit
dextrin when the enzyme reaches a (1!6)-linkage in amy-
lopectin [5,37,43,68–72,76]. h-Amylases occur widely in
many plants, with barley, wheat, sweet potatoes, and
soybeans being common sources [70].

Glucoamylase (g-amylase; amyloglucosidase; glucan
1,4-a-glucosidase; 1,4-a-D-glucan glucohydrolase, EC

Figure 5 Gelatinization curves for starches of different botanical origins.
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Charles	  J.	  Knill	  and	  John	  F.	  Kennedy	  



GelaInizaIon	  of	  starch	  

Heat	  	  
~	  60-‐80	  °C	  

1.	  reversible	  
swelling	  

2.	  gelling	  

3.	  pasIng	  

Heat	  GelaInizaIon	  of	  Wheat	  Starch:	  

(GuelphCerealLab,	  hhps://youtu.be/L6vYxYE1jOg)	  



EnzymaIc	  depolymerizaIon	  of	  starch	  

Ismaya	  et	  al,	  DOI:	  10.5772/51325.	  www.intechopen.com/	  



CaIonic	  polysaccharides	  chiIn	  and	  chitosan	  

•  ChiIn	  is	  the	  second	  most	  abundant	  organic	  molecule	  on	  Earth	  
•  but	  only	  10k	  tons	  produced	  annually	  

	  
	  
•  Copolymers	  of	  glucosamine	  (GlcN)	  and	  N-‐acetylglucosamine	  (GlcNAc)	  
•  Acetyl	  groups	  provide	  hydrophobic	  character	  

•  Amino	  groups	  (especially	  when	  protonated)	  impart	  hydrophilic	  character	  
•  Chitosan	  is	  an	  amphiphilic	  polymer	  	  

O
O

HO
NHAc

O
O

HO
NH2

O
O

HO
O

O

HO
NH3+

O
2

3

4
5 1

OH

OH

OH

NHAc
OH

6
n

β-‐(1,4)-‐glycosidic	  bond	  

FA	  =	  fracIon	  of	  GlcNAc	  
chiIn	  ……..	  FA	  =	  1	  
chitosan….	  FA	  =	  0	  –	  0.4	  

GlcNAc	   GlcN	  



The obtained B values are plotted in Fig. 6 together
with data given by Smidsrød and Christensen [42], where
the B values are correlated to the Kuhn statistical segment
length at h conditions. It is seen that the two chitosans with
the lowest FA have B values close to that of cellulose
derivatives, but the lower value of B for FA = 0.6 suggests
that these molecules are stiffer than any of the other single-
stranded molecules given in the figure. Alternatively, be-
cause the charge density of this sample is only 40% of the
fully de-N-acetylated chitosan, the effective charge density
(after Manning condensation) could be slightly less than
for the other two samples and cause the lower B value.
Smidsrød and Haug, however, found B to be independent
of the stoichiometric charge density for pectins and poly-
acrylic acids in a broader range of charge densities than in
the present chitosan samples. However, no chainmolecules
with the charged groups situated at position 2 of the sugar
ring were included in the study behind Fig. 6, and it is
possible that the empirical correlation between B values
and the stiffness of the polysaccharide could be different in
such cases.

The fact that the salt tolerance is quite different for
chitosans with FA = 0 and FA = 0.6 causes the intrinsic
viscosity to vary differently with the molecular weight with
increasing ionic strengths [39]. A double logarithmic plot of
the intrinsic viscosities against molecular weight for the
two samples at different ionic strengths gave curves cross-
ing each other. In Fig. 7 are given the number average de-
gree of polymerization, DPn, at which [g] is equal for
chitosans with FA = 0.6 and 0 vs. the ionic strength. It is
seen that the higher the ionic strength, the lower the DPn at
which the intrinsic viscosity of the chitosan with FA = 0.6
exceeds that for the chitosan with FA = 0. The figure
illustrates that for combinations of chain lengths and ionic
strength lying above the curve in Fig. 7, the chitosan with
the highest degree of acetylation (FA = 0.6) has the higher

intrinsic viscosities compared to the chitosan with FA = 0.
Similarly, for combinations of chain lengths and ionic
strength lying below the curve, chitosans with FA = 0 will
have the highest intrinsic viscosities. Such complex behav-
ior suggests that when hydrodynamic data of chitosans are
compared both chemical composition, molecular weight,
and ionic strength must be considered before comparison
are made at the molecular level of chain conformation and
the shape and hydration of the hydrodynamic particle.

A number of articles have been published to establish
the relationship between the intrinsic viscosity and the
molecular weight of chitosans in the form of a Mark–
Houwink–Kuhn–Sakurada (MHKS) equation [36,39,41,
43–51]

½g" ¼ KMa
v

Figure 6 Relationship between the Kuhn length and the B parameter.

Figure 7 Number average degree of polymerization (DPn)
at which the [g]I is equal for chitosans with FA = 0.6 and FA

= 0 vs. ionic strength. (From Ref. [39].)
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SIffness	  of	  chitosan	  is	  a	  funcIon	  of	  FA	  	  

hydrogen	  bonding	  

charge	  repulsion	  
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NH3+

O
O

HO
O

O

HO
NH3+

O
2

3

4
5 1

OH

O

OH

NH
O

6 n
O H

NH

O H

Smidsrød	  and	  Christensen	  



Affinity	  of	  chitosan	  for	  metal	  ions	  
•  SelecIvity	  of	  chitosan	  toward	  metals:	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Cu	  >	  Hg	  >	  Zn	  >	  Cd	  >	  Ni	  >	  Co	  =	  Ca	  
	   	  	  
ApplicaIons	  in:	   	  floculaIon/water	  treatment	  

	   	   	   	  biomineralizaIon	  and	  fabricaIon	  of	  hybrid	  nanomaterials	  
	   	   	   	  	  

Siglreitmeier	  	  et	  al.	  Beilstein	  J.	  Nanotechnol.	  2015,	  6,	  134–148.	  

magneIc	  nanoparIcle/chiIn	  composite:	  



ApplicaIons	  of	  chitosan	  in	  wound	  healing	  and	  drug	  delivery	  

•  PolycaIonic	  chitosan	  can	  serve	  as	  a	  bioadhesive	  and	  has	  coagulant	  
properIes.	  

•  Syvek	  –	  trademarked	  material	  for	  surgical	  sutures	  and	  pads.	  

•  Biodegradability	  and	  drug	  loading	  can	  be	  tuned	  by	  opImizing	  FA	  and	  
through	  chemical	  modificaIon	  of	  free	  NH2	  groups.	  

•  Drug	  delivery	  to	  negaIvely	  charged	  mucosal	  membranes	  



ApplicaIons	  of	  chitosan	  in	  non-‐viral	  gene	  delivery	  
Chitosan:	  	  
	  
C(15,	  190):	  FA	  –	  0.15,	  Mw	  190	  KDa	  	  
C(49,	  98):	  	  	  FA	  –	  0.49,	  Mw	  98KDa	  	  
	  
increasing	  charge	  raIos	  and	  lower	  FA	  
provide	  more	  effecIve	  DNA	  packing	  

Chitosan	  with	  FA	  =	  0.15	  effecIvely	  
delivers	  the	  chloramphenicol	  acetyl	  
transferase	  (CAT)	  gene	  in	  HEK293	  cells.	  	  

Chitosan as a nonviral gene delivery system
M Köping-Höggård et al

1109based formulations of pDNA encoding for the reporter
gene beta-galactosidase gave a significant gene
expression after intestinal installation, providing evi-
dence that chitosan may, at least under certain con-
ditions, be an effective gene delivery system in vivo.17

More importantly, oral administration of the chitosan for-
mulation carrying a plasmid that encodes a peanut aller-
gen induced tolerance against peanut allergy in a chal-
lenge model.17 However, this study conflicts with several
other investigations, which have found chitosan to be a
relatively inefficient gene delivery system in vitro and in
vivo.18,19 Thus, the factors that determine the effectiveness
of chitosan-based gene delivery systems need to be
clarified.

This study was designed to provide further insight into
the in vitro and in vivo properties of chitosan as a DNA-
condensing nonviral gene delivery system. First, chitos-
ans of different, well-defined chemical structures were
produced in order to establish structure–property
relationships with regard to polyplex formation and in
vitro transfection efficiency. The chitosan formulation
having the most desirable properties was further charac-
terised with regard to biodegradability and stability.
Second, the morphology, toxicity and transfection
efficiency of an optimised ultrapure chitosan formulation
was compared with those of an optimised PEI-formu-
lation in vitro. Third, the distribution of the optimized
chitosan formulation after intratracheal administration
was investigated, and the kinetics of gene expression of
chitosan and PEI polyplexes were compared. As part of
this work, the target cells were identified. Finally, the
mechanism behind the differences in kinetics of gene
expression between chitosan and PEI polyplexes were
studied.

Results

Structure–property relationships
The chitosan structure can be varied in two ways, by
changing the degree of acetylation of the glucosamine
monomers, ie the charge of the polymer, or by changing
the molecular weight. The chitosans (C) were defined by
a previously published nomenclature in which C is fol-
lowed by two numbers within brackets.20 The first num-
ber gives the degree of acetylation in % and the second
number the molecular weight in kDa. Five chitosans hav-
ing mean molecular weights ranging from 31 to 190 kDa
with different degrees of de-acetylation, corresponding to
99%: C(1;31) and C(1;170), 85%: C(15;190), 65%: C(35;170)
and 51%: C(49;98) of the glucosamine monomers having
a primary amine, respectively, were produced to investi-
gate relevant structure–property relationships. The chito-
sans were complexed with pCAT at different charge
ratios and tested for complex stability and transfection
efficiency in 293 cells.

All five chitosans formed colloidal particles of similar
sizes when mixed with pDNA (Table 1). However, only
the chitosans with high charge densities, formed stable
complexes with pDNA in a gel retardation assay (Figure
1a). Thus, at charge ratios !1.8:1 (+/−), C(15;190) retained
most of the pDNA on the gel. Comparable results were
obtained with the most highly charged chitosan C(1;170)
(data not shown). In contrast, only partial retention of
pDNA was observed with C(49;98), a chitosan having pri-

Gene Therapy

Table 1 Transfection efficiency in 293 cells and particle size of
different chitosan/pDNA complexes at their optimal charge ratios

Chitosan Charge ratio Gene expression Particle size
(+/−) (pg/"g protein) (nm)

C(1;31) 3.6:1 6.0 ± 2.8 131 ± 9
C(1;170) 3.6:1 5.0 ± 2.0 174 ± 23
C(15;190) 3.0:1 7.2 ± 1.5 144 ± 12
C(35;170) 3.0:1 0.2 ± 0.04 195 ± 15
C(49;98) 3.6:1 0.1 ± 0.04 229 ± 2

Charge ratios covering the range 0.6:1–4.2:1 (+/−) were investi-
gated.
Cells were analyzed for CAT gene expression 48 h after transfec-
tion. Data are expressed as mean values ± s.d. from one representa-
tive experiment (n = 4) of three performed.

Figure 1 Impact of chitosan charge density on (a) polyplex stability and
(b) in vitro transfection efficiency. C(15;190) (upper gel) or C(49;98)
(lower gel) were complexed with 100 ng pDNA at increasing charge ratios
(0.6–4.2 +/−, lanes 2–8) and tested for stability in the agarose gel retar-
dation assay. Lane 1 shows naked DNA. Arrows indicate (1) loading pos-
ition, (2) open circle and (3) supercoiled form of pDNA. Agarose gel retar-
dation results are representative of three independent experiments. The
formulations in (a) were also incubated with 293 cells and the transgene
expression was investigated after 48 h (b). Only polyplexes that retained
pDNA completely, gave a significant CAT gene expression. (!),
C(15;190); ("), C(49;98). Results are expressed as mean values ± s.d. from
one representative experiment (n = 4) of three performed.

Artursson	  and	  co-‐workers	  Gene	  Therapy	  (2001)	  8,	  1108	  

Chitosan as a nonviral gene delivery system
M Köping-Höggård et al

1109based formulations of pDNA encoding for the reporter
gene beta-galactosidase gave a significant gene
expression after intestinal installation, providing evi-
dence that chitosan may, at least under certain con-
ditions, be an effective gene delivery system in vivo.17

More importantly, oral administration of the chitosan for-
mulation carrying a plasmid that encodes a peanut aller-
gen induced tolerance against peanut allergy in a chal-
lenge model.17 However, this study conflicts with several
other investigations, which have found chitosan to be a
relatively inefficient gene delivery system in vitro and in
vivo.18,19 Thus, the factors that determine the effectiveness
of chitosan-based gene delivery systems need to be
clarified.

This study was designed to provide further insight into
the in vitro and in vivo properties of chitosan as a DNA-
condensing nonviral gene delivery system. First, chitos-
ans of different, well-defined chemical structures were
produced in order to establish structure–property
relationships with regard to polyplex formation and in
vitro transfection efficiency. The chitosan formulation
having the most desirable properties was further charac-
terised with regard to biodegradability and stability.
Second, the morphology, toxicity and transfection
efficiency of an optimised ultrapure chitosan formulation
was compared with those of an optimised PEI-formu-
lation in vitro. Third, the distribution of the optimized
chitosan formulation after intratracheal administration
was investigated, and the kinetics of gene expression of
chitosan and PEI polyplexes were compared. As part of
this work, the target cells were identified. Finally, the
mechanism behind the differences in kinetics of gene
expression between chitosan and PEI polyplexes were
studied.

Results

Structure–property relationships
The chitosan structure can be varied in two ways, by
changing the degree of acetylation of the glucosamine
monomers, ie the charge of the polymer, or by changing
the molecular weight. The chitosans (C) were defined by
a previously published nomenclature in which C is fol-
lowed by two numbers within brackets.20 The first num-
ber gives the degree of acetylation in % and the second
number the molecular weight in kDa. Five chitosans hav-
ing mean molecular weights ranging from 31 to 190 kDa
with different degrees of de-acetylation, corresponding to
99%: C(1;31) and C(1;170), 85%: C(15;190), 65%: C(35;170)
and 51%: C(49;98) of the glucosamine monomers having
a primary amine, respectively, were produced to investi-
gate relevant structure–property relationships. The chito-
sans were complexed with pCAT at different charge
ratios and tested for complex stability and transfection
efficiency in 293 cells.

All five chitosans formed colloidal particles of similar
sizes when mixed with pDNA (Table 1). However, only
the chitosans with high charge densities, formed stable
complexes with pDNA in a gel retardation assay (Figure
1a). Thus, at charge ratios !1.8:1 (+/−), C(15;190) retained
most of the pDNA on the gel. Comparable results were
obtained with the most highly charged chitosan C(1;170)
(data not shown). In contrast, only partial retention of
pDNA was observed with C(49;98), a chitosan having pri-

Gene Therapy

Table 1 Transfection efficiency in 293 cells and particle size of
different chitosan/pDNA complexes at their optimal charge ratios

Chitosan Charge ratio Gene expression Particle size
(+/−) (pg/"g protein) (nm)

C(1;31) 3.6:1 6.0 ± 2.8 131 ± 9
C(1;170) 3.6:1 5.0 ± 2.0 174 ± 23
C(15;190) 3.0:1 7.2 ± 1.5 144 ± 12
C(35;170) 3.0:1 0.2 ± 0.04 195 ± 15
C(49;98) 3.6:1 0.1 ± 0.04 229 ± 2

Charge ratios covering the range 0.6:1–4.2:1 (+/−) were investi-
gated.
Cells were analyzed for CAT gene expression 48 h after transfec-
tion. Data are expressed as mean values ± s.d. from one representa-
tive experiment (n = 4) of three performed.

Figure 1 Impact of chitosan charge density on (a) polyplex stability and
(b) in vitro transfection efficiency. C(15;190) (upper gel) or C(49;98)
(lower gel) were complexed with 100 ng pDNA at increasing charge ratios
(0.6–4.2 +/−, lanes 2–8) and tested for stability in the agarose gel retar-
dation assay. Lane 1 shows naked DNA. Arrows indicate (1) loading pos-
ition, (2) open circle and (3) supercoiled form of pDNA. Agarose gel retar-
dation results are representative of three independent experiments. The
formulations in (a) were also incubated with 293 cells and the transgene
expression was investigated after 48 h (b). Only polyplexes that retained
pDNA completely, gave a significant CAT gene expression. (!),
C(15;190); ("), C(49;98). Results are expressed as mean values ± s.d. from
one representative experiment (n = 4) of three performed.



Anionic	  polysaccharides	  –	  glycosaminoglycans	  

Aggrecan	  

Mammalian	  Extracellular	  Matrix	  (CarIlage):	  

Protein	  fibers	  
(Collagen)	  

Proteoglycan	  

Hyaluronan	  



	  Buckwalter	  et	  al	  Bone	  Joint	  Surg	  Am,	  1997	  Apr;	  79	  (4):	  600	  -‐11	  

Aggrecan	  (and	  our	  carIlage)	  degrades	  with	  age	  



Structure	  of	  hyaluronic	  acid	  (HA)	  

β-‐(1,4)-‐glycosidic	  bonds	  

N-‐acetylglucosamine	  
(GlcNAc)	  

glucuronic	  acid	  
	  (GlcA)	  

charge	  repulsion	  provides	  	  
extended	  chain	  conformaIons	  •  Extensive	  intramolecular	  H-‐bonding.	  

•  Mw	  ranges	  from	  several	  kDa	  to	  10’s	  of	  MDa	  
	  
•  Biological	  acIvity	  of	  HA	  depends	  on	  Mw	  (or	  DP).	  	  

•  Low	  Mw	  HA	  fragments	  have	  pro-‐inflammatory	  properIes.	  

•  High	  Mw	  HA	  provides	  mechanical	  support	  and	  water	  homeostasis	  in	  Issues.	  

•  Tumor	  cells	  secrete	  hyaluronidase	  enzymes	  to	  break	  down	  the	  matrix	  and	  allow	  for	  
their	  invasion	  and	  tumor	  growth.	  
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Sulfated	  glycosaminoglycans	  

Proteoglycan	  

Hyaluronan	  

ChondroiIn	  Sulfate	  

provides	  protecIon	  to	  chondrocytes	  
against	  pressure	  and	  stress	  

carIlage:	  
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In	  neural	  Issues,	  CS	  either	  promotes	  or	  inhibits	  neural	  growth	  
depending	  on	  sulfaIon	  pahern:	  	  	  
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Surface	  proteoglycans	  modulate	  biological	  funcIons	  
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heparan	  sulfate	  glycosaminoglycan	  
(HS	  GAG)	  

•  GAGs	  control	  presentaIon	  and	  
delivery	  of	  growth	  factors	  and	  other	  
morphogens	  

•  Sulfate	  paherns	  span	  several	  
nanometers	  and	  encode	  protein	  
binding	  moIfs	  

	  

Proteoglycans,	  through	  their	  glycosaminoglycan	  	  
chains,	  regulate	  growth	  factor	  signaling	  



N-Acetylglucosamine!
(GlcNAc)!

Glucuronic Acid!
(GlcA)!

Iduronic Acid!
(IdoA)!

Galactose!
 (Gal)! = sulfate!S	  Xylose!

 (Xyl)!
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Sequences	  of	  HS	  glycans	  encode	  binding	  informaIon	  

Figure	  stolen	  from	  Esko	  



from	  The	  Textbook	  of	  Receptor	  Pharmacology	  
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GAG	  on	  proteoglycans	  organized	  receptor	  complexes	  

Schlessinger	  et	  al	  Mol.	  Cell	  (2000)	  

•  Unique	  sulfaIon	  paherns	  
may	  be	  necessary	  for	  
specificity	  of	  signaling	  

•  Nanoscale	  presentaIon	  
of	  sulfate	  paherns	  is	  
required	  for	  proper	  
funcIon	  

Yayon	  et	  al	  Cell	  (1991)	  
Rapraeger	  et	  al	  Science	  (1991)	  

heparan	  sulfate	  GAG	  



Johnson	  et	  al	  Stem	  Cells	  25,	  1913	  (2007)	  
Kraushaar,	  Yamaguchi,	  and	  Wang	  J.	  Biol.	  Chem.	  (2010)	  

HS	  GAGs	  are	  essenIal	  in	  vertebrate	  development	  

Erk1/2	  
P

gene transcription 
differentiation 

FGFR	  

FGF2	  

HSPG	  

HS	  GAG	  

wild type murine ESC Ext1-/- ESC 

cell remains 
pluripotent 

Erk1/2	  

active signaling 
differentiation 

neoproteoglycan	  

Erk1/2	  
P



Synthesis	  of	  neoproteoglycans	  	  
and	  their	  interacIons	  with	  FGF2	  

HN
CH3

O

TAMRAS

H
NO

H
N

O
~250

3

O N3

4

0.9 equiv.

1M Sodium Acetate
1M urea, pH 4.5, 50 oC ~ 15-70%, mostly β

N
CH3

O

TAMRAS

H
NO

H
N

O
~250

3

O N3

4

OHO

NHY

OX
OO

OXHO

HO2C

HO O

NHY

OX
OO

OXHO

HO2C

HO

X = H or SO3-, Y = H, Ac or SO3-

B, D0A6

O

NHAc

OSO3-

OO

OH
HO

-O2C

HO

C, D2A0

O

NHAc

OH

OO

OSO3-
HO

-O2C

HO

D, D2A6

O

NHAc

OSO3-

OO

OSO3-
HO

-O2C

HO

E, D0H0

O

NH2

OH

OO

OH
HO

-O2C

HO

F, D0H6

O

NH2

OSO3-

OO

OH
HO

-O2C

HO

G, D2H0

O

NH2

OH
OO

OSO3-
HO

-O2C

HO

H, D2H6

O

NH2

OSO3-

OO

OSO3-
HO

-O2C

HO

M, GlcNAc

O

NHAc

OH
HO
HO

N, GlcNAc-6S O, GlcN

O

NH2

OH
HO
HO

P, GlcN-2S

O

NHSO3-

OH
HO
HO

O

NH2

OSO3-

HO
HO

I, D0S0

O

NHSO3-

OH
OO

OH
HO

-O2C

HO

J, D0S6

O

NHSO3-

OSO3-

OO

OH
HO

-O2C

HO

K, D2S0

O

NHSO3-

OH
OO

OSO3-
HO

-O2C

HO

L, D2S6

O

NHSO3-

OSO3-

OO

OSO3-
HO

-O2C

HO

Q, GlcN-6S

A, D0A0

O

NHAc

OH

OO

OH
HO

-O2C

HO

O

NHAc

OSO3-

HO
HO

6" 7A" B"Cy5"(FGF2)"

C" D" E" F" G"

H" I" J" K" L"

M" N" O" P" Q"

6" 7A" B"TAMRA"(neoPG)"

C" D" E" F" G"

H" I" J" K" L"

M" N" O" P" Q"

6" B"Cy5/TAMRA"

C" D" E" F" G"

H" I" J" K" L"

M" N" O" P" Q"

7A"

7A, Hep-IV-A

O

NHAc

OH
OO

OH
HO

-O2C

HO

7B, Hep-II-A

O

NHAc

OSO3-

OO

OH
HO

-O2C

HO

7C, Hep-III-A

O

NHAc

OH
OO

OSO3-
HO

-O2C

HO

7D, Hep-I-A

O

NHAc

OSO3-

OO

OSO3-
HO

-O2C

HO

7E, Hep-IV-H

O

NH2

OH
OO

OH
HO

-O2C

HO

7F, Hep-II-H

O

NH2

OSO3-

OO

OH
HO

-O2C

HO

7G, Hep-III-H

O

NH2

OH
OO

OSO3-
HO

-O2C

HO

7H, Hep-I-H

O

NH2

OSO3-

OO

OSO3-
HO

-O2C

HO

7M, GlcNAc

O

NHAc

OH
HO
HO

7N, GlcNAc-6S

O

NHAc

OSO3-

HOHO

7O, GlcN

O

NH2

OH
HO
HO

7P, GlcN-2S

O

NHSO3-

OH
HO
HO

O

NH2

OSO3-

HO
HO

7I, Hep-IV-S

O

NHSO3-

OH
OO

OH
HO

-O2C

HO

7J, Hep-II-S

O

NHSO3-

OSO3-

OO

OH
HO

-O2C

HO

7K, Hep-III-S

O

NHSO3-

OH
OO

OSO3-
HO

-O2C

HO

7L, Hep-I-S

O

NHSO3-

OSO3-

OO

OSO3-
HO

-O2C

HO

S

HN O

O
N
CH3

O

H
N N3

n

3

FL

7Q, GlcN-6S



O

NHAc

OSO3-

OO

OSO3-
HO

HO2C

HO
D

O

NHSO3-

OSO3-

OO

OSO3-
HO

HO2C

HOL

D2A6	  

D2S6	  
O

NHAc

OSO3-

HO
HO

GlcNAc-‐6S	  

O

NH2

OSO3-

OO

OSO3-HO

HO2C

HO

D2H6	  

O

NHAc

OH
OO

OHHO

HO2C

HO

D0A0	  

Neoproteoglycans	  engage	  FGF2	  	  
in	  a	  sulfate-‐dependent	  manner	  



	  Lipid-‐terminated	  neoproteoglycans	  	  
remodel	  the	  glycocalyx	  of	  Ext1-‐/-‐	  mESCs	  	  

EXT1-‐/-‐	  +	  GlcNAc-‐6S	  neoPG	  

EXT1-‐/-‐	  	  +	  D2A6	  neoPG	  
lipid-‐terminated	  neoPG:	  

D2A6	  
O

AF488

NH

O

O

H
N

O
P
O

O O-

O

O
O

O

N
CH3

3

O

NHAc

OSO3-

O

OSO3-HO

-O2C
O
HO

n ~ 300

100µm 

100µm 

1	  µM	  neoPG	  
1	  hr	  @	  37	  oC	  



+ GlcNAc-6S + D2A6
  

+ D0A0 untreated control 

br
ig

ht
 fi

el
d 

A
F 

48
8-

ne
oP

G
 

A
F 

64
7-

A
b 

50	  μm	  

Phospho-Erk1/2 

Erk1/2 

α tubulin 

42/44 kDa 

42/44 kDa 

50 kDa 

FGF2 (25ng/ml)          -             +             +            +             +            + 
control D0A0 GlcNAc-6S D2A6 heparin control 

Neoproteoglycans	  enhance	  FGF2	  binding	  	  
and	  acIvate	  Erk1/2	  phosphorylaIon	  

O

NHAc

OSO3-

OO

OSO3-
HO

HO2C

HO
D

D2A6	  

O

NHAc

OSO3-

HO
HO

GlcNAc-‐6S	  

O

NHAc

OH
OO

OHHO

HO2C

HO

D0A0	  



Neoproteoglycans	  induce	  neural	  differenIaIon	  

GlcNAc-6S D2A6 D0A0 

DAPI Oct4 Nestin             Scale bars – 50µm 

E
X

T1
-/-

 - 
D

ay
 6

 N
2B

27
 

Control Heparin 

[D2A6 neoPG] / µM 

Huang,	  Smith,	  Trieger,	  Godula	  JACS	  (2014)	  



Cyclodextrins	  	  -‐	  cavitands	  with	  tunable	  sizes	  
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Fig. 2. X-ray crystallographic structure for the inclusion complex of α-CD (cyclodextrin) with hexa(ethylene glycol). Red and white balls denote oxygen
and carbon atoms in α-CD and blue balls means hexa(ethylene glycol).
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Fig. 3. Schematic illustration of the synthesis of polyrotaxane.

Hydrophobic Polymers
Later, we found that CDs also formed complexes with a variety of
hydrophobic polymers after heating mixtures with vigorous stir-
ring or sonication. α-CD formed complexes with poly(ethylene)
of molecular weights less than 1.0 × 103 whereas β-CD did
not.[28] In contrast, β-CD gave complexes with poly(propylene)
of molecular weights less than 1.0 × 103 while α-CD did not.[29]

β-CD and γ-CD yielded complexes with poly(isobutylene) (PIB)
whereas α-CD did not.[28,30] It is noteworthy that the effect
of the molecular weight of PIB on the yield of complex was
contrasting for β- and γ-CDs: the yield of complexation with
PIB of a higher molecular weight was lower for β-CD but
higher for γ-CD. There was also a good correlation between
the cross-sectional area of the polymers complexed and the cav-
ity size of the CDs. It was also reported that CDs interacted
with poly(butadiene),[31] poly(isoprene),[32] and polyesters (e.g.
poly(ε-caprolactone)[33] and poly(alkylene adipates)[34]) to form

inclusion complexes. Furthermore, poly-pseudo-rotaxanes of
β-CD and poly(thiophen) were synthesized by polymerization
of thiophen or bithiophen included with β-CD.[35]

CDs also formed complexes with inorganic polymers, e.g.
poly(dimethylsiloxane)[29,36] and poly(dimethylsilane).[37] Both
the polymers formed inclusion complexes with γ-CD in higher
yields, whereas the polymers of lower molecular weights formed
complexes with β-CD in lower yields. The complexation of
these polymers with γ-CD was stoichiometric and the poly-
mer chain took an extended conformation (close to an all-trans
conformation) in the CD channel.

Side-Chain Poly-pseudo-rotaxanes and Polyrotaxanes

Macromolecules in biological systems, such as proteins and
nucleic acids, recognize low-molecular-weight or macro-
molecular species with high selectivity to form well-defined
supramolecular complexes.[38] Here the high selectivity may be

Harada	  et	  al	  Chem.	  Soc.	  Rev.,	  2009,38,	  875-‐882	  

Polymers	  can	  be	  threaded	  through	  the	  cavity	  of	  CDs	  

head-‐to-‐head	  arrangement	  
	  (stabilized	  by	  H-‐bonding)	  

bulky	  
molecular	  
stopper	  
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cavities successively to give supramolecular alternating
copolymers (Fig. 14).41

5. Supramolecular [2]rotaxanes

Up to now, many kinds of [2]rotaxanes have been prepared
and reported using various cyclic molecules and linear
molecules. Some kinds of stopper groups are used for capping
both ends of the rotaxanes. There are some non-symmetric
[2]rotaxanes with different stopper groups at each end. If
both ends of the stopper groups are a host and a guest,
the [2]rotaxane would form supramolecular [2]rotaxane
polymers. We decided to use b-CD and a trinitrophenyl
group as stoppers and a-CD as the ring component. In this
case, we needed a tricky approach to prepare the [2]rotaxane.
First, p-aminohydrocinnamoyl b-CD was prepared. This
compound forms an intramolecular complex with the
cinnamoyl group being inside its own cavity. When adaman-
tane carboxylic acid (AdCax) was added to this aqueous
solution, AdCax was included in the b-CD cavity in place
of the aminocinnamoyl group. The aminocinnamoyl group
was released from the b-CD cavity to be exposed in
water. When a-CD was added to the solution, the cinnamoyl
group was found to be included into a-CD to give a pseudo-
[2]rotaxane. Then another stopper group (TNB) was attached
to the aminocinnamoyl group. The [2]rotaxane with a host
(b-CD) and a guest (TNB) has been obtained.42 Although
the [2]rotaxane exists as a monomer in organic solvents
(DMSO), the rotaxane formed supramolecular [2]rotaxane
polymers in water as proved by 1H-NMR spectra (Fig. 15).
The linear supramolecular polymers were observed by AFM
techniques.

6. Supramolecular polymers from a CD dimer and
a guest dimer

If a CD dimer is mixed with a guest dimer in a 1 : 1 ratio, they
might form a cyclic dimer or supramolecular polymer. When a
b-CD dimer and an adamantane dimer were mixed in aqueous
solutions, they formed a supramolecular polymer when the
linker is rigid, and gave cyclic supramolecular oligomers when
the linker is flexible (Fig. 16).43

When an a-CD–b-CD hetero-dimer was treated with a guest
dimer bearing an Ad group (a guest for b-CD) and a phenyl
group (a guest for a-CD), they gave supramolecular copoly-
mers as shown in Fig. 17.44 A 1 : 1 mixture of the a-CD–b-CD
hetero-dimer and the guest dimer with a t-Boc group forms a
pinching-type dimer structure, whereas a 1 : 1 mixture of the
a-CD–b-CD hetero-dimer and the guest dimer without a t-Boc
group forms a supramolecular polymer-type structure. The
selection of supramolecular complexes is caused by steric
effects, the association constants, and some interactions
such as the hydrophobic interaction and the hydrogen bond
interaction etc.

7. Supramolecular fibrils, films, and gels

In order to obtain supramolecular fibrils and films, larger
supramolecular polymers are required. We designed mono-
mers with two guests to give longer supramolecular polymers
(Fig. 18). In this case, the supramolecular polymers were
found to give viscous aqueous solutions and fibrils and films
have been obtained from this solution.45,46

When a trinitrophenyl group was attached to aminocinnamoyl
b-CD, the compound formed supramolecular gels at
concentrated solutions, although the dinitrophenyl derivative
did not form a gel. In this case, supramolecular polymers are
formed by host–guest interactions. Then, the supramolecular

Fig. 14 Preparation of a-, b-alternating supramolecular polymers.

(Reprinted with permission from ref. 41. Copyright 2004 American

Chemical Society.)

Fig. 15 [2]Rotaxane polymer.

Fig. 16 Supramolecular polymers consisting of CD dimer and guest

dimer. (Reprinted with permission from ref. 43. Copyright 2005

American Chemical Society.)

Fig. 17 A supramolecular polymer consisting of CD dimer and guest

dimer.

880 | Chem. Soc. Rev., 2009, 38, 875–882 This journal is !c The Royal Society of Chemistry 2009

Pu
bl

ish
ed

 o
n 

17
 F

eb
ru

ar
y 

20
09

. D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f C

al
ifo

rn
ia

 - 
Sa

n 
D

ie
go

 o
n 

23
/0

6/
20

15
 1

9:
27

:3
3.

 

View Article Online

α,β-‐AlternaIng	  supramolecular	  polymers	  of	  cyclodextrin	  



Helical	  supramolecular	  cyclodextrin	  polymers	  
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