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Abstract Nano-crystalline cellulose (NCC) with high content
of I, domains are generated by treatment of cellulose micro-
fibrils from the algae Chaetomorpha antennina with 80 %
H,SO, followed by ethanolic precipitation. X-ray diffraction
and FT-IR analyses have revealed that the NCCs produced are
highly crystalline and predominantly composed of the I,
allomorph, which indicate the selective dissolution of I, frag-
ments. AFM images shows that the NCCs produced are of
60—70-nm thickness and of variable length depending on the
concentration. The well-dispersed suspension of 1-mg NCC
in 10-mL distilled water shows a highly networked structure,
which expand its applications over various fields especially in
nano-medicine.
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1 Introduction

Characterization of crystalline allomorphs of cellulose in dif-
ferent class of organisms having significant cellulose content
is still an arduous task in carbohydrate chemistry and hence
was the subject of several elegant studies. Cellulose micro
fibrils (CMFs) are minimal-sized crystalline fibres formed by
self aggregation of cellulose, the 3-1, 4-glucan polymer, in the
cell wall of plants, algae and tunica of animals [1-3]. Each of
these micro fibrils is composed of two crystalline allomorphs
with parallel arrangements of the molecular chains that are
generally accepted as cellulose I and Ig [4, 5]. The relative
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amounts of I, and Iz have been found to vary between
samples from different origins. I,-rich specimens have been
found in the cell wall of some algae and in bacterial cellulose
whereas Ig-rich specimens have been found in cotton, wood,
and ramie fibres [6].

Cellulose I, and I have one-chain triclinic and two-chain
monoclinic lattices, respectively [7]. The ultra structural lo-
calizations of the cellulose I, and I allomorphs in a single
microfibril had been investigated and two models were pro-
posed. In the first, the two crystalline domains are localized
laterally, while in the second, the two domains coexist alter-
nately longitudinally or laterally [4, 8].

Previous results indicated that cellulose I, was more sus-
ceptible to enzymatic degradation than cellulose Iz [9]. The
cellulose 14, having more intermolecular hydrogen bonding
interaction [10], may enable it to form more cavities in the
network. Therefore, the concentration of I, segments in the
sample may be important as it can be used for various appli-
cations, especially in medicine as drug delivery vehicle [11].

Therefore, the present study aims to characterise the nano-
crystalline cellulose (NCCs) concentrated with I, crystalline
domains obtained from the algal cellulose of Chaetomorpha
antennina using atomic force microscopy (AFM), x-ray dif-
fraction (XRD) and Fourier transformation-infrared (FT-IR)
spectroscopy.

2 Experimental

2.1 Preparation of Cellulose Substrates

The cell wall cellulose materials were isolated from the green
sea-weed Chaetomorpha antennina collected from
Puthuvypu, Kerala Coast. The substrate was purified by se-

quential extraction with 0.1-N NaOH at 100 °C for 3 h to
remove the organic materials present. The sample separated

@ Springer



424

BioNanoSci. (2013) 3:423-427

by centrifugation was further treated with 0.05-N aqueous
HCI at room temperature overnight [15]. Pure cellulose resi-
dues were collected as CMFs after homogenization and freeze

drying.
2.2 Preparation of Nano-crystalline Cellulose

The CMFs obtained were hydrolysed using 40 % (w/w)
aqueous H,SO, solution at room temperature for 3 h with
strong stirring and then washed by centrifugation to obtain
non flocculating aqueous suspension of micro crystalline cel-
lulose (MCC). This MCC was treated subsequently with 60,
80 % (w/w) H,SO4 at 60 °C by applying strong stirring. A
very small concentration remained as larger residues was
removed by centrifugation. An excess amount of 99 % ethanol
was added to the white-coloured supernatant to yield short
nano-crystalline cellulose. The residues which are obtained
after centrifugation at 12,000 rpm was thoroughly washed
with water and then centrifuged and freeze-dried. The larger
residues were repeatedly treated with 80 % H,SO, until the
total weight loss of the sample reached around 75 %. The
NCCs obtained were subjected to FT-IR, XRD and AFM
analyses to elucidate the composition, crystalline nature and
morphology of the sample.

2.3 Infrared Spectroscopy

Each sample was mounted on a KBr-thin plate of around 1-
mm thickness. FT-IR spectra were obtained from a circular
area of 100 um in diameter using an FT-IR spectrometer. The
wave number range scanned was 4,000-650 nm. The internal
standard band at 2,900 cm ', assigned to C—H stretching in
methyl and methylene groups in the crystalline region was
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commonly employed. The relative ratios in cellulose I, and I
were determined by the intensity ratios of their typical IR
bands namely 3,240 for I, and 3,270 for I [12].

2.4 X-ray Diffraction

X-ray diffraction serves as a non-destructive method for find-
ing the crystal structure and chemical composition of mate-
rials and thin films. The degree of crystallinity of the dried
NCCs was obtained from the XRD patterns using the x-ray
diffractometer (Analytical Xpert Pro.). The orientation of the
cellulose fragments also can be assessed based on the angle of
diffraction 26 [13].

2.5 Atomic Force Microscopy

A drop of NCC suspension at different concentrations was
deposited on to mica plate (§x8 mm) and then air dried. The
samples were observed using a multimode AFM (Agilent
5500) equipped with a scanner having 10-um range (E scan-
ner). All images (400%400 pixels) were obtained using a
tapping mode in air. The cantilever used was 140-pm in length
and has an unmodified silicon nitride tip with a spring con-
stant 40 Nm™'. The scan rate was 1.5 Hz and the scan angle
was varied to obtain optimum contrast.

3 Result and Discussion

3.1 Characterization of the Residues after Acid Hydrolysis

The cellulose micro fibril was acid hydrolysed sequentially to
produce nano-crystalline cellulose suspensions and it has been
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Fig. 2 IR Spectra of CMF before
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reported that rheological characterisation of cellulose suspen-
sions showed a viscoelastic solid-like behaviour even at lower
concentrations. The yield of these short elements depends on
the strength of the acid, stirring time, and the temperature. It is
observed that during acid hydrolysis, the yield reached 20-30 %
of the initial sample. The larger residues became thinner and/or
fibrillated after treatment with 80 % H,SO, for 5 h, similar to the
case for hydrolysis of Ig-rich cotton-ramie type cellulose [14].
The lengths of the obtained NCCs changed depending on the
concentration.

The x-ray diffractogram of the NCC is shown in Fig. 1. The
cellulose suspension obtained after acid hydrolysis exhibited a
high degree of crystallinity, indicating that non-crystalline
regions may not be present in newly produced NCCs. The
very well resolved and narrow peaks are the distinctive prop-
erties of the highly crystalline cellulose in XRD, especially at
20s of 14 and 16, which are not common for the native
cellulose obtained from higher plants. This indicated a specific
uniplanar orientation of the algal cell wall. The degree of
crystallinity is as high as 95 %, obtained from XRD. The
highly intense peak at 16 indicated the presence of high
amount of I cellulose compared to the Ig analogue. It has
already been investigated that two allomorphs I, and Ig
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coexist in the CMFs isolated from the algal cell wall, alternat-
ing either longitudinally or laterally. The transition zone be-
tween the two phases was found to be the interface between
adjacent H-bonded molecular sheets (viz., 0.39-nm lattice
planes) [15].

The cellulose I, and Ig contents in the samples were
calculated on the basis of the IR analyses. The initial sample
was found to contain around 30 % cellulose Ig (Fig. 2) as
obtained by comparing the peak areas. The NCCs obtained
after acid hydrolysis was found to have only 13 % of I3 which
indicated the selective dissolution of I, (Fig. 3). This result
also indicated that the acid did not attack the cellulose sus-
pension uniformly during the reaction time course since the I
content differed between the larger residues and NCCs. The
FT-IR results suggested that the NCCs were predominantly
composed of cellulose I, although a trace amount of cellulose
Ig was still remained, when the bands in the region of 3,450-3,
150 cm™ ' [16] were compared before and after the acid hy-
drolysis. The absorption bands at 3,270 cm ™' due to cellulose
I were drastically decreased after the sequential acid hydro-
lysis. A trace amount of unhydrolyzed cellulose Iz may still
remain at the ends of the NCCs. It is generally accepted that
certain treatments are able to convert cellulose I, to cellulose
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Ig, but they require a high pressure and high temperature
[17—19]. In the present study, such conversion could not take
place as the conditions applied are not enough for the
conversion.

3.2 Surface Morphology and the Supramolecular Nature
of NCC

The surface morphology of the samples was obtained from
AFM which was employed in a tapping mode in air. The
NCCs were observed as nano-rods of thickness 60—70 nm.
The length of these rods was found to be varying depending
on the concentration of the sample. In the lower concentrated
samples i.e., 0.1 mg/10 mL, some fragments are found to have
a length of 100-200 nm, but some are found to be longer rods
of several 1,000-nm length (Fig. 4). This may be due to the
supramolecular aggregation of these crystalline cellulose frag-
ments. At concentration of 0.5 mg/10 mL, there was not much
difference (Fig. 5), whereas the dispersion of 1 mg of cellulose
powder in 10-mL distilled water by ultra-sonication has
showed a cluster formation. The nano-crystalline cellulose
fragments were produced by the selective dissolution of I
domains of short range order by treating the CMFs rich in I,
with 80 % sulphuric acid. The selective dissolution may be
due to the hydrogen bonding differences between two forms
of native cellulose which were already studied computation-
ally [20] and it was clear from O-H...O angles that the
hydrogen bonds in Iy are distributed over a region of better
geometry than those in I,. The more favourable intrachain H-
bonding in Iz must be due to the difference in cellulose chain
conformation between I, and Ig [21].

Micro crystalline cellulose, which is the purest form of
commercially available native cellulose, is one of the most
commonly used drug excipients. A recent study suggested that
MCC from fodder grass can act as a potential drug carrier for
an antituberculosis drug [22]. The large surface area of
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Fig. 4 AFM images of NCCs of concentration 0.1 mg/10 Ml
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Fig. 5 AFM images of NCCs of concentration 0.5 mg/10 Ml

Chaetomorpha cellulose and its inertness make this material
to be used as an alternative to MCC as a drug carrier. In order
to observe the changes while improving the concentration,
1 mg of the NCC was well dispersed in 10-mL distilled water
by continuous stirring for 30 min and the AFM images were
taken by drop casting the solution on mica sheet. The images
had shown a nano cluster formation and the fibres are found to
maintain almost the same thickness as the lower concentrated
solutions viz 60—70 nm (Fig. 6). These clusters, found to have
large space inside the network which may be beneficial for it
to be used as drug carriers and most probably for several other
industrial applications, for example, to improve the perfor-
mance of polyvinyl acetate as wood adhesive [23].

In conclusion, the controlled acid hydrolysis of
Chaetomorpha CMFs yielded short elements designated as
NCCs with high crystallinity. The NCCs were mainly composed
of a cellulose I, crystalline phase with a width of 70-80 nm and
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Fig. 6 AFM images of NCCs of concentration 1 mg/10 mL
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the length varied depending on concentration. Acid strength,
temperature, and mechanical force applied by stirring the sam-
ples during the process also assisted the formation of NCCs.
These NCCs have the potential to act as nano-ordered bioparticles
and these may be useful in the field of medicine as drug carriers
due to the vacant spaces they possess in cluster formation. Also,
exploration of the applications of Chaetomorpha cellulose is of
much importance as green algae so far have found only limited
industrial use compared to other classes of algae and these
findings may alleviate serious environmental problems associated
with seasonal algal blooms.

4 Conclusions

The controlled acid hydrolysis of Chaetomorpha CMFs
yielded short elements designated as NCCs with high crystal-
linity. The NCCs were mainly composed of a cellulose I,
crystalline phase with a width of 70-80 nm and the length
varied depending on concentration. Acid strength, temperature,
and mechanical force applied by stirring the samples during the
process also assisted the formation of NCCs. These NCCs have
the potential to act as nano-ordered bioparticles and these may
be useful in the field of medicine as drug carriers due to the
vacant spaces they possess in cluster formation. Also, explora-
tion of the applications of Chaetomorpha cellulose is of much
importance as green algae so far have found only limited
industrial use compared to other classes of algac and these
findings may alleviate serious environmental problems associ-
ated with seasonal algal blooms.
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