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a  b  s  t  r  a  c  t

Building  structures  using  self-assembly  requires  an  understanding  of  interaction  amongst  the building
blocks.  We  make  use  of  the  natural  polysaccharide  Curdlan  and  polynucleotide  DNA  as  our building
blocks  to  create  a hybrid  liquid  crystalline  gel.  This  communication  demonstrates  a  new  method  for
synthesizing  a hybrid  liquid  crystalline  gel  system  of  DNA  and  Curdlan.  Using  polarized  light,  a trend  of
decreasing  crystallinity  is observed  in  mm  and cm  scale  architectures  as  the concentration  of  DNA  within
the Curdlan  matrix  increases.  Concentration  dependent  nano-structures  (5–20  nm)  and  microparticles
eywords:
,3-Beta-Glucan
urdlan
ouble stranded DNA
olynucleotide
elation

(1–10  �m)  are  also  synthesized  using  the  hybrid  system  and  characterized  using  TEM.  The  extension  of
crystallinity  is  observed  as  we  move  from  macro-  to nano-scale  structures.  These  systems  equip  us  with
powerful  tools  to  understand  the  self-assembly  of  macromolecules.

© 2011 Elsevier Ltd. All rights reserved.
iquid crystal gel

. Introduction

Self-assembly plays an indispensible role for the synthesis of
ovel materials with unique optical, electrical, magnetic, physi-
al, and thermal properties (Aggeli et al., 1997; Bissell, Cordova,
aifer, & Stoddart, 1994; Lehn, 1990; Li, Schnablegger, & Mann,
999; Lu et al., 2001; Zeng, Li, Liu, Wang, & Sun, 2002). Liquid
rystalline gels (LCG), one of the manifestations of self-assembly,
ave been used to characterize the interaction amongst molecules
heoretically and experimentally (Kato, Mizoshita, & Kishimoto,
006; Kempe, Scruggs, Verduzco, Lal, & Kornfield, 2004; Palffy-
uhoray & Meyer, 2004). Currently, small (Kato, 2002) and

arge molecules (Ikkala & ten Brinke, 2002) have been used for
eversible and environmentally sensitive LCG. Examples include
enzoic acids and pyridines forming rod-like complexes (Kato,
002) and biopolymers such as deoxyribonucleic acid (DNA) for

amellar structures (Safinya, 2001). Instances of polysaccharides
emonstrating LCG properties are rare (Dobashi, Nobe, Yoshihara,
amamoto, & Konno, 2004) but Curdlan, a linear 1,3-Beta-glucan
olds great potential. Here we show that Curdlan has enabled us to

xplore self-assembly at multiple length scales from nanometres to
entimetres.

∗ Corresponding author. Tel.: +1 519 888 4567x38605.
E-mail address: frank.gu@uwaterloo.ca (F.X. Gu).

1 These authors contributed equally to the work.
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Curdlan forms LCG when exposed to transition metal salts
(Dobashi et al., 2004; Dobashi, Furusawa, Kita, Minamisawa,
& Yamamoto, 2007). Curdlan forms triple helical crystallites
when re-natured from sodium hydroxide solution or heated in
water allowing the formation of macroscopic gels (Deslandes,
Marchessault, & Sarko, 1980; McIntire & Brant, 1998). The hydro-
gel matrix of Curdlan offers the possibility of creating a hybrid
system incorporating LCG macromolecules such as DNA. DNA has
previously been used to make gel particles in the millimetre scale
(Moran, Miguel, & Lindman, 2007) as well as the nanometre scale
(Moran, Baptista, Ramalho, Miguel, & Lindman, 2009) in different
studies with important applications in biosensing and stimuli-
responsiveness (Yang, Liu, Kang, & Tan, 2008). Here, we incorporate
DNA within Curdlan gel and create a controlled structural evolution
at widely different orders of magnitude. These structures provide
a means of studying the interactions between polysaccharides and
polynucleotides.

2. Experimental

2.1. Materials and equipment

Curdlan was obtained from Wako Pure Chemical Industries.
Sodium hydroxide was purchased from Caledon Laboratory Chem-

icals, calcium chloride anhydrous salt, phosphotungstic acid (PTA),
trisodium citrate salt and dialysis membrane (Flat Width 45 mm
and 12,000–14,000 Da MWCO) were purchased from Fisher Sci-
entific. DNA sodium salt from salmon testes was purchased from

dx.doi.org/10.1016/j.carbpol.2011.09.018
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:frank.gu@uwaterloo.ca
dx.doi.org/10.1016/j.carbpol.2011.09.018


1882 B.C. Lehtovaara et al. / Carbohydrate Polymers 87 (2012) 1881– 1885

F  Curd
n

S
(
c
T

u
u
t
T
a

2

c
a
A
e
s
d
u
i
f
b
f
g
t
c

2

C
t
a
s

ig. 1. Curdlan and DNA cylindrical liquid crystalline gel: cross-sections with 100%
icols  (bottom). Scale bars are 1 cm each.

igma–Aldrich. Formvar coated transmission electron microscopy
TEM) grids were purchased from Canemco & Merivac (100 mesh
opper grids). Linear polarizer sheets (2 × 2′′) were purchased from
horLabs, Inc. and used to create the crossed nicols effect.

The visible light images of the macroscopic gels were taken
sing a Sony Cyber-shot DSC-P150. Spherical gels were imaged
sing Olympus BX51-P Polarizing microscope using a 5× objec-
ive and 10× eyepiece and linear polarizer filters. Philips CM10
ransmission Electron Microscope was used for studying micro-
nd nano-structures.

.2. Macroscopic cylindrical gels

Curdlan was dissolved in 0.4 M sodium hydroxide solution at a
oncentration of 70 mg/mL. DNA was dissolved in deionized water
t a concentration of 15 mg/mL  to provide a very viscous solution.
queous DNA solution was mixed with Curdlan solution at differ-
nt volume ratios to obtain 5 wt%, 10 wt% and 20 wt%  DNA/Curdlan
amples. Thereafter, 12 mL  of these solutions were inserted into a
ialysis membrane, which was molded to form a cylindrical shape
sing two caps of diameter 29.6 mm.  The dialysis tube was  then

mmersed in 100 mL  of 10 wt% aqueous calcium chloride solution
or 3 days. The gels were extracted by cutting out the dialysis mem-
rane and cross-sectional slices of 5 mm thickness were obtained
or imaging. Polarized images were obtained by sandwiching the
el cross-section between two polarizer sheets placed orthogonal
o each other and placing the setup on a light source. This setup
reated a crossed nicols effect.

.3. Spherical gels

In order to synthesize smaller spherical gels of Curdlan–DNA,

urdlan was dissolved in 0.4 M sodium hydroxide at a concentra-
ion of 15 mg/mL  and DNA was dissolved in deionized water at

 concentration of 15 mg/mL  as previously mentioned. These two
olutions were mixed in various proportions to obtain samples of
lan, 5% DNA, 10% DNA, and 20% DNA as seen under visible light (top) and crossed

0%, 25%, 50%, 75%, 100% DNA. This mixture was  then slowly added to
magnetically stirring solution of 10 wt% aqueous calcium chloride
in a drop-wise manner. The solutions were allowed to stir for 1 h.
Spherical gels were formed in the presence of DNA, with decreasing
rigidity as DNA concentration decreased. Pure Curdlan sample did
not produce any visible structure. These samples were sandwiched
between a microscope slide and a cover slip and then imaged under
50× magnification with and without crossed polarizers.

2.4. Micro and nano structures

Solutions of Curdlan and DNA were prepared at various concen-
trations, lower than previously used. These solutions were mixed in
a 50/50 ratio and added to calcium chloride as done in synthesizing
spherical gels. TEM samples were prepared by extracting a drop of
sample onto the TEM grid and letting the polymer absorb for 3 min
followed by filter paper blotting to remove excess solution. Stain-
ing was  performed by exposing the samples to 2 wt%  aqueous PTA
for 30 s followed by filter paper blotting. The samples were dried in
ambient conditions overnight and imaged the following day. Most
representative images were presented.

3. Results and discussion

3.1. Macroscopic cylindrical gels under crossed nicols

Ionotropic LCG can be formed by dialyzing a solution of Curdlan
in sodium hydroxide against calcium chloride. Calcium cations dif-
fuse into the cylinder and cross-link peripheral hydroxyls (Dobashi
et al., 2004) on the monomers leaving a concentration gradient of
polymer from highest to lowest from outside to inside (Dobashi
et al., 2004). A resilient, elastic, macroscopic LCG is formed with

concentric turbid rings observable in cross-section. When the ini-
tial solution contains aqueous DNA to obtain variable DNA weight
percentages, a similar gel is obtained with a different distribu-
tion of concentric rings. Fig. 1 shows the different macroscopic
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Fig. 2. Curdlan and DNA spherical gels: various ratios Curdlan and DNA obser

ylindrical gels formed when cut into cross-sections as well as the
ame gels viewed under double-polarized light.

The pure Curdlan system shows characteristic concentric rings
nder visible light where the outer semi-transparent peripheral
nd inner semi-transparent ring represents tightly packed LCG
urdlan and the white ring represents amorphous Curdlan, respec-
ively (Dobashi et al., 2004). When viewed under crossed nicols,
he outer peripheral shows alternating colors characteristic of
irefringence through an anisotropic crystal with the presence of
rthogonal dark lines (isogyres) visible across the region. The gels
ormed by Dobashi et al. (2004) were thought to contain a lower
ensity of Curdlan mesogens in the center due to the concentration
radient but these previously formed gels did not have the white
enter observed in the present study. Since the molecular weight
f the Curdlan in the present study is lower compounded with the
ower concentration in the center, less crystalline order results in
he center of the present gel, causing visible light to be obscured
nd the white center to be present.

Introduction of DNA into the macroscopic gels causes a par-
itioning of DNA into the amorphous and crystalline phases.
rystalline DNA forms a homogenous crystalline network with
urdlan along the periphery of the gels as seen by the darkening of
he isogyre lines under crossed nicols, indicative of an anisotropic
rystal. DNA is also present in an isotropic amorphous form as
een by darkening and expansion of the amorphous ring with
ncreasing DNA concentration and loss of the small degree of crys-
allinity previously indicated by the isogyres in the center of the gel.
his behavior of DNA partitioning into anisotropic crystalline and
sotropic amorphous has been observed in pure DNA LCG (Dobashi
t al., 2007) and this remains in co-gelation with Curdlan.

.2. Spherical gels under polarized microscope
Curdlan and DNA can self-assemble into elastic spherical LCG
n the millimetre length-scale when added drop-wise into stirring
queous calcium chloride. Mixing different ratios of less concen-
rated Curdlan solution and aqueous DNA causes the formation of
der visible light (top) and polarized light (bottom). Scale bars are 1 mm each.

different structures. The drop-wise addition of 100% DNA to the
aqueous calcium chloride causes the formation of spherical pre-
cipitates. When DNA/Curdlan mixture are added drop-wise, larger
spherical gels form that appear to have a white center similar in
appearance to the pure DNA and a semi-transparent outer coat-
ing of Curdlan. The 100% Curdlan system is not capable of forming
spherical gels. Fig. 2 shows the spherical gels under visible and
polarized light.

Gel system composed of 100% DNA forms a highly dense, opti-
cally opaque spherical gel. Under crossed nicols the system is
revealed to be amorphous due to the lack of birefringence pat-
terns. The structure is markedly different when 25% Curdlan is
incorporated. No longer optically opaque, the gel now shows the
characteristic isogyre pattern representative of an anisotropic crys-
talline structure. The center of the gel under polarized light shows
a blurring of the orthogonal isogyres, representative of a more
isotropic, amorphous core. This unique DNA-Curdlan structure sug-
gests DNA acts as a nucleating center for the formation of the
spherical gel as the pure Curdlan samples could not adequately
hold their shape. Further incorporation of Curdlan in the 50/50
sample shows a darkening of the isogyre pattern and more def-
inition in the central region, characteristic of an overall increase
in crystallinity. Therefore, it is concluded that spherical gels are
formed with DNA/Curdlan mixtures with a tendency for amor-
phous, isotropic DNA to localize to the center and increasing levels
of Curdlan increases the overall crystallinity.

3.3. TEM of micro and nano structures

Lower concentrations of DNA allow the formation of nano- and
micro-structures observable through TEM when stained with PTA.
Using varying Curdlan concentrations (0, 10, and 30 mg/mL) and

DNA concentrations (0, 0.1, 0.5, and 2.5 mg/mL) equal volumes of
respective solutions are mixed and added drop-wise to stirring 10%
aqueous calcium chloride. This allows the formation of the struc-
tures shown in Fig. 3.



1884 B.C. Lehtovaara et al. / Carbohydrate Polymers 87 (2012) 1881– 1885

F m add
b

r
w
C
m
r
p
d
s
I
t
t

s
o
p
s
D
w
l
a
i

(
h
a

4

i
m

ig. 3. TEM of Curdlan and DNA nano- and micro-structures: these were formed fro
ars  are 500 nm and black scale bars are 2000 nm.

As illustrated in Fig. 3, at the 30 mg/mL  Curdlan level, TEM
eveals the presence of a fibrous network of Curdlan with a fiber
idth of 20 nm.  When repeated with 0.1 mg/mL  DNA mixed with
urdlan before addition to calcium chloride, 1.75 �m core–shell
icroparticles are observed with a white center and a dark outer

ing. The white center is postulated to be a solid core of amor-
hous DNA and outer ring is thought to be more crystalline Curdlan
ue to the presence of fibrous striations on the periphery. This
tructure would be the microscale analogue of the spherical gels.
ntroduction of higher concentrations of DNA causes a characteris-
ic increase in the average microparticle size to 4 �m and upwards
o 9–10 �m.

At the 10 mg/mL  Curdlan level the pure Curdlan system shows a
imilar fibrous network with smaller features and a fiber diameter
f 5–10 nm.  Incorporation of DNA typically yields the formation of
articles and in the case of 0.1 mg/mL  DNA, the presence of globular
pheres within the fiber network is observed. Further increases in
NA concentration cause the formation of discrete nanoparticles
ith a fibrous nature and eventually the formation of a rigid rod-

ike structure wherein individual rods have a hydrophilic periphery
nd a hydrophobic core as observed by the contrast from PTA stain-
ng.

Without Curdlan, DNA initially forms small particulates
∼200 nm). Higher concentrations of DNA cause the formation of
ighly crystalline structures beginning with hexagonal crystallites
nd evolving to DNA crystallites forming fractal patterns.

. Conclusions
The demonstration of the co-gelation of Curdlan and DNA
n the formation of unique structures ranging from nano- and

icro-particles to millimetre scale spherical gels and macroscopic
ition of equal volumes of Curdlan and DNA at different concentrations. White scale

cylinders controllable by concentration illustrates the creation of
a new multi-phase gel system. Using the macroscopic cylinders,
the nature of the system as a LCG is verified. Since similar behav-
ior is observed at the millimetre scale, it is believed that even the
nano- and micro-scale systems are LCG’s. In light of current Curdlan
research into polynucleotides inclusion complexes, this represents
a new means to combine polysaccharides and polynucleotides. The
systems developed here have the potential of creating an enhanced
delivery device for bioactive molecules such as DNA, where the
crystalline regions prevent degradation and amorphous regions
maintain functionality.
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