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Abstract The high crystallinity and the high micro-
fibrils aspect ratio of tunicate cellulose (TC) indicate
TC’s excellent chemical and material applications.
However, its quantity and quality from different
species have never been systematically reported and
compared. In this study, the tunics of Ciona intestinalis
(CI), Ascidia sp. (AS), Halocynthia roretzi (HR) and
Styela plicata (SP) were processed to TC after an
identical ~ prehydrolysis-kraft ~ cooking-bleaching
sequence, while the tunicate fibrils were chemically
and structurally characterized in situ and during the
sequence. All tunics studied were composed of crys-
talline cellulose embedded with protein, lipids, sul-
fated glycans and mucopolysaccharides. The native
composite structures are all very compact. However,
the tunics from Phlebobranchia order (CI and AS) are
soft, while those from Stolidobranchia, HR and SP, are
hard. Fibrous cellulose could be prepared after remov-
ing the lipids, sulfated glycans and mucopolysaccha-
rides through prehydrolysis, protein removal through
kraft cooking and a final purification by bleaching. The
final product is ~ 100 % pure cellulose which is in
large molecular masses, composed of highly crystal-
line Ig crystals, in elementary microfibrils form, with
high specific surface area and thermal stability. There
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were lower TC yields from the soft tunics than from the
hard ones. The cellulose fibrils had a section shape of
lozenges with higher crystallinity. This study demon-
strates that TC could be obtained in different yields and
exhibited different chemical and morphological struc-
tures depending on the species. There is a great
potential of tunicate resources for preparing excellent
chemical and material cellulose.
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Introduction

Cellulose is a well-known and important structure for
various applications in the society, including energy,
chemicals and materials. Representative applications
include ethanol production after cellulose hydrolysis
and fermentation, pulp and paper production after
kraft pulping of wood and regenerated cellulose from
dissolving pulps. Recently cellulose has been high-
lighted for further development due to its abundance,
renewability, sustainability and biocompatibility;
these qualities are in high demand by consumers,
industry and government. The production of new
cellulose-based products has become a major research
focus due to the high crystallinity and good process-
ability, as well as the high specific strength and
modulus, of cellulose. For example, after extracting
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nanoscale cellulose from natural resources, the pro-
duced nanocellulose will be a new “building block™
for the next generation of cellulose-based composites.
The applications of these materials would include
barrier films, antimicrobial films, transparent films,
flexible displays, reinforcing fillers for different poly-
mers, biomedical implants, pharmaceuticals, drug
delivery, fibers and textiles, templates for electronic
components, separation membranes, batteries, sup-
ercapacitors, electroactive polymers and others (Moon
et al. 2011).

Wood and annual plants are the commonly used
natural resources for cellulose. However, the produc-
tion would be limited by land resources. Although
cellulose can also be produced from the cell walls of
certain algae and bacteria (Habibi et al. 2010),
tunicates, which live in the oceans, are the only
known animal source for cellulose. The name ‘Tuni-
cata’ is derived from its unique integumentary tissue
called the ‘tunic’, which covers the entire epidermis of
the animal. The tunic is created to perform various
biological functions, such as phagocytosis, impulse
conduction, tunic contractility, bioluminescence, pho-
tosynthetic symbiosis and allorecognition (Hirose
2009). The cellulose acts as a skeletal structure in
the tunic tissues. Cellulose-synthesizing enzyme com-
plexes have been found in the plasma membrane of
their epidermal cells and are responsible for cellulose
synthesis. The enzymes also have two other functions:
proper formation of the tunic and a role in metamor-
phosis (Kimura and Itoh 2007).

Tunicates are a very plentiful resource; the sub-
phylum Tunicata includes three classes, and all of the
species in two of the classes, Ascidiacea and Thali-
acea, possess tunics. The third class Appendicularia do
not have tunic but secrete cellulosic materials (Kimura
et al. 2001). There are over 2,300 species in Ascid-
iacea alone. The appearance and function of the tunic
are very different within the class, depending on the
species. Within Ascidiacea, 116 species have been
investigated in detail for tunic morphological struc-
tures, specifically the cuticular protrusion structures,
and their possible links with the ascidian phylogeny
(Hirose et al. 1997). The earliest observation of highly
oriented cellulose in the tests of the tunicates was
conducted by Herzog and Gonell (1924), which was
further confirmed by the observations of Wardrop
(1970), Meyer et al. (1951) and Ranby (1952),
indicating among many other things that the cellulose
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present in the tunic is chemically identical with plant
cellulose. Tunicate cellulose (TC) is produced by the
cellulose synthesizing enzyme complexes in the
membrane of epidermis through different and poorly
understood mechanisms; TC performs different func-
tions in different tunicate families and species, result-
ing in differences in the TC structures. In the literature,
40 species of ascidian have been examined for their
TC structural diversity. Based on the structural data
(microfibril width, relative orientation factor and
relative crystallinity for similarity and dissimilarity),
a tree diagram of the studied ascidians has been drawn.
Unfortunately, no detailed data have been released by
the authors (Okamoto et al. 1996). However, TC is
generally a highly crystalline and high aspect ratio
cellulose (Larsson et al. 1995; Belton et al. 1989).
Typically, it is composed of nearly pure cellulose Ig
allomorph (Nishiyama et al. 1999, 2003; Belton et al.
1989). About 10 % of cellulose I, allomorph was
found for the cellulose from Halocynthia sp. using CP/
MAS "*C-NMR spectroscopy (Larsson et al. 1995).
Hundreds of cellulose microfibrils are bundled in the
tunic; the shape and dimensions of the microfibril
bundle vary depending on the species. The microfibril
bundles are deposited in a multilayered texture parallel
to the surface of the epidermis. The tunicate cellulose
microfibrils have a lozenge-shaped section (Habibi
et al. 2006; Helbert et al. 1998) with two lattice
parameters of @ = 0.801 nm and b = 0.817 nm (Sug-
iyama et al. 1991b). An earlier study found that
enzymatic degradation of the tunicin resulted in the
isolation of microfibrils of 120-130 A in width
consisting of two sub-units and the microfibrils were
found occurring in the tunicate as aggregates measur-
ing 2,000-4,000 A in diameter through staining and
freeze-etching techniques (Wardrop 1970). From
SEM study, the length of cellulose microfibrils ranges
from 100 nm to several micrometers, while the width
ranges from 15 to 30 nm; the aspect ratio falls between
3 and 67. TC has a high specific surface area ranging
from 150 to 170 m*/g, a high crystallinity (95 %) and
a reactive surface attributed to hydroxyl groups
(Kimura and Itoh 2007). The degree of polymerization
of tunicate cellulose was reported to be 700-3,500
(Krissig 1954). Therefore, tunicates should be excel-
lent resources for chemical and material cellulose.
Noticeably, the Ciona intestinalis tunicate species
could be farmed at very high densities in the ocean,
enabling TC production at a large scale and its
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practical use in chemical, materials or biofuel pro-
duction (Troedsson et al. 2013).

To produce and use the cellulose from tunicates, the
quantity or production yield is important. Historically,
the tunic has been reported to contain approximately
60 % cellulose and 27 % nitrogen-containing compo-
nents by dry weight (Berrill 1947). Many studies have
been conducted to purify TC using different methods:
(1) treatment with a KOH solution at an elevated
temperature (Van Daele et al. 1992; De Leo et al.
1977); (2) the combined treatment with NaOH/KOH
solution at an elevated temperature, followed by
treatment with a NaClO, solution (Nakashima et al.
2008; Yuan et al. 2006; Khandelwal and Windle 2013;
Hirose et al. 2009; Sugiyama et al. 1991a; Kuga et al.
2002; Saito et al. 2013; Helbert et al. 1998; Kimura
and Itoh 1997); and (3) treatment with acetic acid and
nitric acid at an elevated temperature (so called
Updegraff method; Nakashima et al. 2008; Kimura
and Itoh 1997). Different species have been used; the
most frequently studied species include Halocynthia
roretzi (Yuan et al. 2006; Sugiyama et al. 1991a),
Halocynthia papillosa (Helbert et al. 1998) and
Metandroxarpa uedai (Moon et al. 2011). Ciona
intestinalis was also reported in literature (De Leo
etal. 1977). Additionally, 18 species from pyrosomas,
doliolids and salps have been investigated (Hirose
et al. 2009). Unfortunately, quantity values are rarely
reported. In most cases, the cellulose preparation
aimed only for the alkali-insoluble fibrous fraction
from the tunic, which is called tunicin, as a specimen
for SEM observation and XRD determination. The
cellulose purity of the tunicin obtained was not of
concern and was not determined. Noticeably, no
systematic investigation has been conducted to reveal
the quantity derived from different tunicate sources
based on the purity value of the cellulose.

In this study, the tunics from four different tunicate
species within two different orders and four different
families in the class Ascidiacea (Fig. 1) were inves-
tigated for cellulose preparation using an identical

prehydrolysis-kraft cooking-bleaching sequence. The
sequence was originally reported by Korean research-
ers (Koo et al. 2002); the general idea involved was
adopting the sequence for making dissolving pulp
from wood after some reaction condition optimiza-
tions. This sequence is considered by us as a more
suitable method than those mentioned above because
the original dissolving pulp process has proven very
effective and specific for cellulose preservation,
resulting in limited damage to cellulose, particularly
crystalline cellulose. In this study, the process princi-
ple was noticeably further clarified and corrected
based on the chemical structures and structural
changes to the tunicate. Our research focused on
cellulose diversity among different tunicate species
regarding production yield and quality characteristics
for chemical (e.g., purity, molecular mass and specific
surface area) and material applications (e.g., morphol-
ogy, crystal structure, crystallinity index and thermal
stability).

Experimental
Tunicate samples and chemicals

Four tunicate species (Ciona intestinalis, Ascidia sp.,
Halocynthia roretzi and Styela plicata labeled CI, AS,
HR, and SP, respectively) were used as raw materials,
and their taxonomic classification is shown in Fig. 1.
CI and AS were collected in the Norwegian Sea
(Norway), while HR and SP came from the Korea
Strait (North Korea) and the Yellow Sea (China),
respectively. All chemicals were of analytical grade
and were obtained from VWR International AB
(Stockholm, Sweden).

Cellulose preparation process

The process for TC preparation from HR is depicted in
Fig. 2; the procedure for the other species was the

Fig. 1 A hierarchical tree Class Ascidiacea
diagram for the taxonomic |
classification of the | L
tunicates used in this S[udy Order Phlebobranchia Stolidobranchia
] ]
. | 1 I |
Family Cionidae Ascidiidae Pyuridae Styelidae
| | I I
Species Ciona intestinalis Ascidia sp.  Halocynthia roretzi  Styela plicata
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Fig. 2 Scheme of the
tunicate cellulose
preparation from
Halocynthia roretzi (HR)

dry tunic powder

whole tunicate
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same. Briefly, tunicate tunic was obtained by remov-
ing the interior organs of the animal with a knife; the
wet tunicate tunic was freeze-dried and milled into
powders using a Willey mill (<40 mesh). The
purification process followed that of Koo et al.
(2002), with some modifications. Briefly, the ground
powders were mixed with an aqueous H,SO4 (1 %)
solution in a glass vessel and heated at 180 °C for 2 h
with occasionally shaking. This step is called prehy-
drolysis. The insoluble residue was collected by
filtration, washed thoroughly with acetone/water
(1:1, v/v) until the filtrate was neutral, and freeze
dried. Afterwards, an alkaline treatment with aqueous
solution of NaOH/Na,S (9/3, %) was conducted at
180 °C for 2 h with occasionally shaking, followed by
filtration, washing and drying as described above. This
step is called kraft cooking. After the alkaline
treatment, a bleaching step was performed using
aqueous NaClO solution (3 %) in the vessel with
agitation at 75 °C for 1 h. This bleaching step was
repeated 2-3 times until the product was completely
white; the product was filtered, washed and dried using
the same procedure described above.

Characterization
Chemical composition analysis

The ash content of the tunics was determined by
heating the sample at 600 °C for 4 h; this value was
calculated based on the residue after gravimetric
determination. The lipid content was expressed as the
sum of the individual fatty acids that were identified
using gas chromatography (GC). Briefly, a ~20 mg
sample was weighed; afterwards, toluene (0.2 ml),
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methanol (1.5 ml) and 8 % HCI solution in methanol
(0.3 ml) were added sequentially to the sample. This
solution (~2 ml) was heated at 100 °C for 1 h. Next,
1 ml of saturated sodium chloride and 1 ml of hexane
were added, and the solution was shaken for 1 min,
followed by phase separation by letting the solution
standing still for a while. The supernatant containing
the fatty acid methyl esters was directly applied to GC
analysis. The carbohydrate composition was deter-
mined using ionic chromatography (IC) of the mo-
nosugars after complete sample hydrolysis: grinding
with 72 % H,SO, at room temperature before auto-
claving in 3 % H,SO, at 120 °C for 1 h (cf. TAPPI
Test Method T 249). Commercial monosaccharide’s
including glucose, galactose, mannose, xylose and
arabinose were used as standards and for calibration.
The sample used for nitrogen content analysis was
hydrolyzed using 6 M HCl for 24 h at 110 °C; the
hydrolysate was analyzed using Shimadzu’s TNM-1
Total Nitrogen Module (Shimadzu, Japan). The sys-
tem was calibrated using 1-100 ppm KNO; standard
solutions. The “crude protein” content was calculated
by multiplying the total nitrogen content by 6.25.

Scanning electron microscope (SEM)

The sample was coated with gold using a Cressington
208HR high-resolution sputter coater. The thickness
was controlled using a Cressington thickness monitor
controller (3-5 nm). Afterwards, the sample was
subjected to morphological analysis (Hitachi S-4800
FE-SEM). The diameter of the cellulose fibrils was
calculated as the mean after examining 50 individual
microfibrils using the Image J software.
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Fourier transform infrared spectroscopy (FTIR)

The spectra were obtained using a Perkin-Elmer
Spectrum 2000 FTIR spectrometer (Waltham, MA,
USA) equipped with an ATR system, Spectac MKII
Golden Gate (Creecstone Ridge, GA, USA). The
sample was analyzed from 600 to 4,000 cm™'. The
spectrum was obtained from a dry sample using 16
scans at a 4 cm ™' resolution and a 1 cm™" interval at
room temperature. Before data collection, a back-
ground scan was performed for background correction.

Size exclusive chromatography (SEC)

The obtained TC was first activated with deionized
water at 4 °C for 1 h before the excess water was
removed through filtration. Afterwards, a solvent
exchange with methanol was applied three times
before exchange with N,N-dimethylacetamide
(DMACc). The activated sample was dissolved in 8 %
LiCI/DMAc to a concentration of 0.8 % by sample
weight by stirring at 4 °C for 5 days and then diluted
with DMAc to a final concentration of 0.5 % relative
to the sample weight. The SEC system was equipped
with a Rheodyne injector, a DGU-20A3 degasser, a
LC-20AD liquid chromatography and a RID-10A
refractive index detector. The separations were
achieved using four 20 pm Mixed-A columns with a
guard column. The injection volume was 100 pL, and
the separations were performed at 80 °C with a flow
rate of 0.5 ml/min 0.5 % LiCl/DMAc. The calibration
was conducted using pullulan standards with nominal
masses from 320 to 800 kDa (Fluka/Riedel-de Haén,
Seelze, Germany). The LC Solution software included
with the SEC system (Shimadzu, Kyoto, Japan) was
used for data acquisition and evaluation.

X-ray diffraction (XRD) analysis

A PANalytical X’Pert PRO Materials Research Dif-
fractometer equipped with an X’ Celerator detector was
used to determine the crystallinity of the TCs. Briefly,
powder TC samples (<40 mesh) were mounted on a
low background silicon sample holder with a gentle
pressing to make the surface as flat as possible and
measured using a monochromatic Cu K, radiation at
30 mA and 40 kV. The March-Dollase parameter of
2.0, with orientation to (001) preferred reflection, was
set in the Mercury program to eliminate the

contributions of the (012) and (102) reflection peaks
to the crystallinity index of cellulose Ig (French and
Santiago Cintrén 2013; French 2014). After subtract-
ing the background from the obtained spectrums, the
crystallinity index was defined to evaluate the crystal-
linity and was calculated using the following equation:

Togo — I
Crystallinity Index = 2" % 100
oo

where I,q is the intensity of the (200) lattice plane at
20 = 22.8° and I, is the intensity from amorphous
phase approximately 26 = 18° (Reddy and Yang 2005;
Segal etal. 1959). Furthermore, the crystal’s size of each
TC was calculated out by Scherrer equation (Scherrer
1912; French and Santiago Cintrén 2013).

Specific surface area (SSA) analysis

The specific surface area was analyzed using the gas
adsorption properties of the sample via BET analysis.
First, approximately 0.1 g of sample was heated and
degassed at 115 °C under vacuum for >300 min,
removing all adsorbed molecules. Afterwards, con-
trolled amounts of nitrogen were introduced and
adsorbed. At the temperature of liquid nitrogen
(—196 °C) under vacuum, the sample was exposed to
varying pressures to generate adsorption isotherms. The
adsorbed molecules were measured using the pressure
variations caused by adsorption. A Micromeritics ASAP
2020 Surface Area and Porosity Analyzer (Micromer-
itics, USA) was used together with its software.

Thermo gravimetric analysis (TGA)

The thermo gravimetrical analyses were conducted on
a Mettler Toledo TGA/SDTA 851° equipped with the
STAR? software for data analysis. The samples were
subjected to a heating scan between 30 and 700 °C at
10 °C/min under an inert nitrogen atmosphere flowing
at 50 ml/min.

Results and discussion

Outward similarity and dissimilarity of different
tunicate species and their tunics

For the adult tunicate specimens from four different
species, CI, AS, HR and SP from Cionidae,
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Ascidiidae, Pyuridae and Styeldae, respectively
(Fig. 1), there were obvious outward diversities. The
size of the animals, in decreasing order, was
CI>HR >AS >SP, with a mean size of
13.3 x 43,127 x 6.2,7.5 x 44 and 3.6 x 2.9 cm
(length x width), respectively (Table 1). However,
the mean individual weight, in decreasing order, was
HR at 70.4 g, CI at 24.5 g, AS at 6.95 g and SP at
1.96 g. The cuticular layers of the animals, or their
tunics, are an external supportive and protective
skeleton that account for more than 50 % of the mean
weight percentages over the entire animal weight
(57-73 %), except for HR (only 30.3 %). The tunics
were composed of mostly water (81-95 %; Table 1).
All tunics were constructed from homogenous tissues,
while in contrast, the two tunicates from the order

Phlebobranchia, CI and AS, possessed soft, flexible,
thin and gelatinous tunics, in light yellow transparent
and slightly white almost transparent forms, respec-
tively. The two from Stolidobranchia (HR and SP) had
hard, thick and opaque tunics that varied from red to
brown and white in color, respectively (Fig. 3).

The SEM view of the surface layer of the tunics
showed microfibrils deposited in a multi-layered
texture with a bundled structure parallel to the
epidermis (Fig. 3). All microfibrils had similar mean
diameters (19-22 nm; Table 2), which is in agreement
with the data reported in the literature that there are
two types of membrane subunits present in tunicates:
one major type with large particles (14.5 nm in
diameter) on the periphery and one with small subunits
of 7.2 nm that fill the center; the latter was

Table 1 Animal size and weight and tunic weight and moisture percentage from different tunicates (analyzed number for each

species in parenthesis)

CI (5 AS (8)

HR (7) SP (1)

Animal size 133 £57 x 43 £2.1

(length x width, cm)

Animal weight (g) 245+ 103 6.95 + 3.13
Tunic weight (%) 57.6 + 9.92 69.7 + 13.1
Tunic moisture (%) 95.0 £ 2.43 85.6 +£ 6.37

75+£33 x44+£17 127+£45x62+26

36+28 x29+18

70.4 £ 16.7 1.96 £ 0.76
30.3 £4.35 73.0 £ 8.74
81.6 + 4.56 912 £3.92

Whole animal

Tunics--SEM

Produced
celluloses
--SEM

Fig. 3 Outward appearance of the whole animal and the tunic and produced cellulose morphologies of different tunicates observed by

SEM
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Table 2 Mean fibril diameter and specific surface area with standard deviation from the tunics and celluloses obtained from different

tunicates
CI AS HR SP
Mean fibril diameter® (nm)
Tunic 22.20 £+ 1.20 19.53 + 2.18 20.78 + 2.49 22.11 +£2.95
Cellulose 16.04 + 0.64 12.70 + 1.36 12.59 + 1.15 15.05 £+ 2.30
Specific surface area (m?/g)
Tunic 3.0 1.7 2.2 32
Cellulose 133 95.8 79.9 81.4

# Based on 50 measurements

hypothesized to be an intermediate structure involved
in cellulose synthesis (Kimura and Itoh 1996). The
microfibrils were somewhat bundled, which was more
obvious for the hard tunics from HR and SP than for
the soft ones from CI and AS; the microfibrils were
embedded in a continuous amorphous matrix (more
obvious in CI and SP), and their lateral mutual
orientations were random except for HR. HR had an
ordered orientation (Fig. 3). Our results are consistent
with the previous study results on the morphology of
HR tunic which showed that the tunic surface was
entirely covered with a cuticular layer that had a very
dense structure of bundled fibres and the tunic matrix
was distributed between the fibres (Hirose et al. 2009).
To study the structural compaction of the tunics, their
specific surface areas (SSAs) were measured using
freeze-dried samples. During freeze-drying, the water
evaporated directly from the ice without or with few
collapse of the structure of the network. Therefore, the
SSA reflects the “original” compaction of the tunics.
All tunics from the 4 different tunicate species had
very similar and low SSAs, ranging from 1.7 to
3.2 m*/g (Table 2), indicating very compact net-
works; therefore, these structures provided good
physical protection against environmental influences,
such as sea waves and various biological attacks.

Principle of cellulose production process
Initial chemical structure of the tunic

Chemically, the principal constituents of the tunics are
proteins with amino groups and tryptophan, sclero-
proteins, collagen and elastic fibers as well as high
quantities of acid mucopolysaccharides and neutral
polysaccharides (Lunetta 1983). In our study, around

half of the dry weight of the tunics from CI and AS
(43-57 %) from the Norwegian Sea were ash, while
HR from the Korea Strait and SP from the Yellow Sea
had relatively lower ash contents of 11.55 and
16.32 %, respectively (Table 3). Because sea salt
and tunicate body inorganics were the main compo-
nents of the ash and all tunics had similar and high
moisture contents, the differences might be attribut-
able to the salinity difference in different sea water
(Reid 1979; Wang et al. 2003) in addition to the
different metal accumulation capacity of the tunicates
(Carlisle and Bernal 1968; Swinehart et al. 1974).
Additionally, 0.28-4.25 % fatty acids (representing
lipids) were detected in the tunics. Assuming that the
nitrogen content originated from proteins (see exper-
imental part and below), protein accounted for
25.82-38.08 % of the dry weights of SP, CI and HR,
while the lowest protein content (17.74 %) was found
in AS. The microfibrils present in the tunics are
cellulose-protein fibrils (Van Daele et al. 1992). The
carbohydrate compositions shown in Table 3 indicate
that the thick, hard HR and SP tunics contained a high
concentration of carbohydrates (46.52 and 48.27 %
dry weight) while the thin and soft CI and AS tunics
showed much lower carbohydrate contents (21.28 and
16.12 % respectively). It can be seen that for CI, AS
and HR, the ratio between protein and carbohydrate
was approximately 1:1 which agreed quite well with
the data of 50 % carbohydrate and 50 % protein in the
tunic of Halocynthia aurantium reported by Smith and
Dehnel (1970) though the ratio for SP was higher than
1:1. Furthermore, most of the monosugars after acid
hydrolysis were glucose with relative percentages of
94.22 and 86.95 in the HR and SP tunics, respectively.
The relative glucose percentages for CI and AS were
much lower but still exceeded 75 %. Other
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monosugars were observed, including arabinose, gal-
actose, xylose and mannose. Correspondingly to the
lower glucose contents, the soft tunics had higher
contents of these other sugars than the hard tunics,
especially the relative galactose contents (~20 vs.
<11.4 %). These other sugars did not originate from
any hemicelluloses, as they do in wood samples; they
arise from sulfated mucopolysaccharides (composing
of hexosamine, uronic acid and sulfate; Cassaro and
Dietrich 1977; Lunetta 1983), sulfated glycans
(Albano and Mourdo 1986; Mourao and Perlin 1987)
or sulfated O-linked glycans (Baginski et al. 1999). In
the literature describing SP tunics, sulfated glycans
were mainly found in the forms of sulfated galactans,
while glucose and mannose were also involved in the
sulfated glycans structures. Together with proteins,
they are essential for the maintenance of tunic
structural integrity (Albano and Mourdo 1986). Addi-
tionally, sulfated xylan was reported in green seaweed
(Percival and Wold 1963). Reasonably, the higher
contents of other sugars in the soft tunics implied
higher contents of sulfated glycans, making the
structures more flexible than the hard tunics. Notably,
some of the glucoses in the tunics were not from
cellulose structures but were from these sulfated
structures (Albano and Mourdo 1986).

Specifically, the tunic structures could be described
as cellulose-protein fibrils cemented by these sulfated
mucopolysaccharides or sulfated glycans and lipids.
These composite structures were verified by FTIR
(Fig. 4). The peak at 1,161 cm ™' arose from the C-O
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Fig. 4 FT-IR spectra changes of Ciona intestinalis (CI) during

chemical processing. Similar trends of FT-IR spectra changes
were also observed for all of the other samples (data not shown)

anti-symmetric bridge stretching. The shoulder band
at 1,112 ecm™ ! was attributed to the C—OH skeletal
vibration. The C—O-C pyranose ring skeletal vibration
gave prominent bands at 1,057 and 1,032 cm™". These
four peaks are characteristic of cellulose (Nakashima
et al. 2008). The small peak at 895 cm ™' corresponded
to the glycosidic —CH deformation with a ring
vibration and —OH bending, which is characteristic
of B-glycosidic linkages between glucoses in cellulose
(Nakashima et al. 2008; Sun et al. 2004). The broad
band at 1,220-1,260 cm~! revealed a sulfate ester
(Mohamed and Agili 2013) with a S=O band at
1,240 cm™! (Albano and Mourao 1986). The intense
bands at 1,610 and 1,540 cm™' were mistakenly
assigned as aromatic rings or lignin in the literature
(Koo et al. 2002); these bands should be attributed to
the mucin materials, specifically carboxylate ions,
water and amides (Pancake and Karnovsky 1971).
This assignation could be further supported by the
FTIR spectra for N-acetyl glucosamine in the literature
(Kovacs et al. 2008).

Prehydrolysis step

This prehydrolysis step, as depicted in Fig. 2, caused
the largest weight loss for all tunics. For AS, only
20.85 % of the solid material was recovered; the
recovery yields were 39.80-53.05 % for CI, HR and
SP (Table 3). This step removed all lipids and ash
without largely reducing the protein content. Addi-
tionally, the highest total carbohydrate losses occurred
with reduction percentages of 7.35, 12.18, 23.33 and
19.31 for CI, AS, HR and SP, respectively. Almost all
of the sulfated mucopolysaccharides or sulfated gly-
cans were removed during this step as indicated firstly
by the removal of most of the other sugars than
glucose. This conclusion is supported by the results
from the literature using HR (Koo et al. 2002); the
sulfur content dropped from 3.58 % to zero. In this
study, this change was verified using its FTIR
spectrum; the broad band at 1,220-1,260 cm~! and
the intense bands at 1,610 and 1,540 cm™! were
eliminated (Fig. 4). The small reductions in nitrogen
content were in fact attributable to the removal of
those hexosamines from the mucopolysaccharides and
perhaps not from the proteins. This is supported by the
presence of 5 % hexosamine by dry weight found in
the tunic of Halocynthia aurantium (Smith and Dehnel
1970) and high quantity of acid mucopolysaccharides
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in the tunic of Molgula impura and Styela partita
(Lunetta 1983), which were involved directly in
protein-polysaccharide linkages in the tunic. There-
fore, almost all of the components other than the
cellulose-protein fibrils were removed. The majority
of the remaining carbohydrates were from cellulose
because no additional loss of carbohydrates was
observed during the following kraft cooking treatment
or bleaching step.

Kraft cooking step

After this alkaline treatment, approximately 12-22 %
more of the dry weight was removed for CI, HR and
SP, while only 12.03 % was removed for AS. This
weight loss was mainly attributed to the protein
eliminations because corresponding protein losses
were observed (Table 3). Although the treatment with
high concentrations of alkali and sulfide was very
harsh, 3.60-9.75 % proteins were resistant. Certain
proteins were difficult to hydrolyze using the alkaline
treatment. The protein removal was verified by FTIR
analysis, where the band at 1,540 cm™! (due to N-H
stretching from amide groups) was reduced (Fig. 4).
The sugars other than glucose specifically arabinose
(from mucopolysaccharides) were nearly completely
removed, leaving only mannose.

Bleaching step

Complete protein removal was achieved using this last
bleaching step, and no protein was present in the
bleached samples (Table 3). The protein band at
1,540 cm~! in the FTIR vanished after bleaching,
verifying the elimination of the proteins (Fig. 4).
Apparently, the alkaline resistant proteins were sen-
sitive toward NaClO oxidation. The further weight
losses (4-12 %) in this step were assigned to the
elimination of some chromophoric structures initially
present in the tunics or generated during the previous
steps. A small reduction in glucose was also observed
for all samples. All of the final products were highly
pure celluloses because the glucose accounted for
~100 % of the weight for the TCs (Table 3).

Cellulose quantity from different tunicate species

The production yields of chemically pure cellulose
following the sequence were 12.35, 2.54, 20.99 and

@ Springer

23.92 % for CI, AS, HR and SP, respectively.
Apparently, the yields from the harder and thicker
Stolidobranchia (the investigated HR and SP) tunics
were much higher than the soft and thin Phlebobran-
chia ones. However, after recalculation by removing
the ash content from the starting sample weights,
which was much higher in CI, CI was a comparable
source of cellulose, resulting in a comparable yield of
21.64 vs. 23.72 % (HR) and 28.59 % (SP), much
higher than 5.87 % (AS). Here the yield comparison is
based on pure cellulose and after an identical three-
step production sequence.

In the literature, much lower cellulose purification
yields were reported for CI (6.48 £ 0.55 % (w/w) of
the dry weight of the whole tunic; Nakashima et al.
2008), but different methods were used in that study. A
higher cellulose yield (32 %) for HR was reported using
the same sequence used in this study, while no purity
data were given in the literature (Koo et al. 2002). There
were also data reported for other tunicate species:
17.29 % for Cnemidocarpa finmarkiensis, 18.99 % for
Pyura haustor, 31.22 % for Corella willmeriana and
54.47 % for Ascidia paratropa (Nakashima et al. 2008).
The cellulose yield is different between the different
tunicate species, and the absolute yield depends on the
methods used, similar to the cellulose purity.

Cellulose characteristics from different tunicate
species

Molecular masses

Although the TCs were ~ 100 % pure, there were
variations in their molecular masses depending on the
original species. The highest weight average degree of
polymerization (DPy) (4,200) was found for CI,
followed by those for SP and HR (DP,, of 3,910 and
3,520, respectively); the cellulose from AS had the
lowest DP,, of 1,650 (Table 4). Additionally, the
molecular mass distributions display different pat-
terns. AS cellulose is a single fraction with a relatively
uniform molecular mass distribution (Fig. 5), which is
reflected by its low polydispersity index (PDI) value
(5.2) (Table 4). HR cellulose consists of one main
fraction with a long tail and a higher PDI (10.3),
implying that a wide range of molecular masses were
present in the sample. There were two major fractions
in the CI cellulose: a broader one in the higher My,
region (DPy, > 911) and a narrower one in the lower
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Table 4 Molecular mass distribution (weight average degree
of polymerization (DPy,), number average degree of polymer-
ization (DP,), polydispersity index (PDI)), crystallinity index,
crystal’s size of (200) diffraction, thermal degradation onset
(T,) and peak (T.x) temperature of the tunicate celluloses
from different tunicates

CI AS HR SP

Molecular mass distribution

DP,, 4200 1,650 3,520 3910

DP, 396 319 342 612

PDI 10.6 52 10.3 6.4

Crystallinity 89 70 95 95
index (%)

Crystal’s size of 60.6 60.2 73.2 81.0

(200) diffraction (;A)
Thermal degradation

T, (°C) 226 207 269 261
Tiax (°C) 354 367 363 369
—oacl
——AS
DPw=911 —HR
——sP

DPw=2452

Fig. 5 Molecular mass distributions of cellulose from different
tunicates

M,, region (DP,, < 911), with the highest PDI (10.6).
Two fractions were also observed for SP cellulose,
although the major fraction is in the lower M, region
(DP,, < 2,452), and the PDI was 6.4. The DP of
1,650—4,200 for tunicate cellulose in this work agrees
quite well with the DP of 700-3,500 reported by
Krissig (1954). The literature indicates that the My, of
the cellulose from HR was 4.13 x 10° Da when using
a viscometric determination method (Tamai et al.
2004), which was higher than the corresponding HR
sample in our study. However, the production methods
were not described (Tamai et al. 2004). Different

production methods and different molecular mass
determination methods can result in different values.
The differences might also arise from the differences
in sampling location, season, animal age, etc. Com-
pared to the DP, values of 1,615 and 1,408 for
dissolving pulp from softwood and hardwood, respec-
tively (Li et al. 2012), the DPy, value of AS cellulose
was comparable, while the other TCs in this study
exhibited much higher molecular masses than the
woody celluloses, implying better chemical and
mechanical properties.

Microfibril structure

The ultrastructures of the TC microfibrils also vary
depending on the original species. According to the
SEM images shown in Fig. 3, the microfibril struc-
tures from the original tunics were preserved after the
production sequence. After removing the other tunic
components, the composite structures of cellulose-
protein fibrils cemented by sulfated mucopolysacchar-
ides/glycans no longer existed. The pure cellulose
obtained presented as smaller microfibrils than those
in the tunics, with mean widths of 16.04 &+ 0.64,
12.70 £ 1.36,12.59 £ 1.15and 15.05 + 2.30 nm for
CI, AS, HR and SP, respectively (Table 2). The
celluloses from the soft and thin tunics of CI and AS
were less aggregated than those from the hard and
thick HR and SP tunics. Though all tunicate cellulose
microfibrils had a section shape of lozenges, the
former were in a random orientation within an
interwoven loose mesh, while the latter were arranged
in randomly orientated poly-lamellate deposits
(Fig. 3). Wide bundles were also observed in the
literature (Kimura and Itoh 1996, 2007; Kim et al.
2013). The obtained TC was still aggregated in the
form of microfibrils, and hundreds of cellulose
microfibrils were still bundled, similar to the original
tunics; the shape and dimension of the TC microfibril
bundles varied depending on the original tunicate
species (Okamoto et al. 1996). The lengths of the
obtained TCs could not be accurately measured using
SEM because no obvious breakpoints in the microfi-
brils could be found in the field of vision. These
microfibrils should be several micrometers or longer,
revealing their very high ratios of length to diameter
(aspect ratios). The literature indicated that the TC
fibrils have a cross-sectional diameter around
10-20 nm with a high aspect ratio, and our results
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agree (Koo et al. 2002). Compared to woody cellulose,
e.g., from Cryptomeria japonica [3.6 nm wide and
272 £ 127 nm long (Saito et al. 2013)], the obtained
TCs have larger diameters and aspect ratios.

Specific surface area (SSA)

The SSAs of the obtained celluloses after freeze-
drying (Table 2) are different between species: 133,
95.8, 79.9 and 81.4 m*/g for CI, AS, HR and SP,
respectively. The cellulose from CI was also subjected
to supercritical CO, drying (Sehaqui et al. 2011) and
the SSA was found as 154 m?/g, indicating that the
freeze-drying did not cause very significant collapse of
the network. Compared to the SSAs (1.7-3.2 m?/g) of
the starting tunics, the chemical processing procedure
significantly increased the SSAs of the samples due to
the purification of the cellulose fibrils from the other
cementing components in the native composite struc-
ture, the removal of the small filling subunits between
the large particles and the retention of the pure
cellulose network. Apparently, the celluloses from the
hard-tunic Stolidobranchia tunicates (HR and SP) had
much lower SSAs than the soft structures from the
Phlebobranchia species (CI and AS). Figure 3 shows
that the larger cellulose microfibril bundles were
preserved from the Stolidobranchia tunics, while the
loose network was a remaining feature for the
Phlebobranchia species (see above), giving the TCs
from HR and SP lower SSAs than those from CI and
AS. Generally, SSAs ranging from 81.4 to 133 m*/g
agree with the reported data (100-150 m%/g) for
tunicate cellulose (Kuga et al. 2002). These high
SSAs reveal their excellent adsorption capacity and
chemical reactivity at the surfaces, suggesting good
application potentials as functional or “smart” mate-
rials and as chemical cellulose for derivatization.

Crystallinity

From the X-ray diffraction (XRD) patterns shown in
Fig. 6, all the TCs obtained had a cellulose I structure:
adoublet peak at 26 14.7° and 20 16.8° associated with
the (110) and (110) reflections, respectively, and a
singlet peak at 26 22.8° attributed to (200) diffraction.
No representative cellulose type II peaks were
observed, including those at 20 12° (110), 20° (110)
and 22° (200) (Nakashima et al. 2008; Oh et al. 2005;
Kim et al. 2013). Therefore, the TCs were nearly pure
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Fig. 6 X-ray diffractograms of tunicate celluloses from differ-
ent tunicates

cellulose I allomorphs, which is consistent with other
studies (Koo et al. 2002; Nakashima et al. 2008).
Noticeably, as observed in the FTIR analyses con-
ducted during the production sequence (highlighted
square regions in Fig. 4), they are cellulose Ig
allomorph structures which were originally present
in the tunics and were not generated during the
production sequence; no shifts were observed from
3,240 to 750 cm ™! (for I, allomorphs) to 3,270 and
710 cm™" (for Ig allomorphs), respectively (Sugiyama
et al. 1991a). An alkaline treatment at an elevated
temperature could change I, allomorphs into Ig
allomorphs (Sugiyama et al. 1991b).

The crystallinity index calculated from the XRD
spectra of TCs was 89, 70, 95 and 95 % for CI, AS, HR
and SP celluloses, respectively (Table 4). The two
celluloses from the hard and thick tunic species from
the Stolidobranchia order showed higher indexes than
those from the Phlebobranchia order, indicating the
diversity of the TCs between the different species.
Kim et al. measured the crystallinity index of the
cellulose from HR, and the value (74 %; Kim et al.
2010) was lower than that from the same species in this
work. Again, different TC could be obtained from an
identical species when different production methods
were used. The crystallinity index of the TCs obtained
is comparable to that of algal cellulose (>80 %), larger
than that of bacterial cellulose (6579 %) and much
larger than the celluloses from wood or other plants
(44-65 %; Klemm et al. 2005), indicating that TCs
have very compact cellulose molecules packages,
which implies excellent mechanical properties and
great potential for applications in the next generation
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Fig. 7 Thermogravimetric analysis diagrams of the celluloses
obtained from different tunicates

of cellulose-based materials, such as those used for
reinforcing composite films. In addition, the calcu-
lated crystal’s size of (200) diffraction was 60.6, 60.2,
73.2 and 81.0 A for CI, AS, HR and SP celluloses,
respectively (Table 4), and this size range is consistent
with the crystal’s size of 72.3 A reported for the
cellulose from tunicate Styela clava (Pullawan 2012).

Thermal stability

From the thermogravimetric analyses, the degradation
onset temperature (T,) increased in the following order:
AS <CI <SP ~ HR (207, 226, 261 and 269 °C;
Table 4; Fig. 7). This order of thermal stability for TCs
is consistent with that of their crystallinity (Table 4).
The higher the crystallinity index of the cellulose, the
better the packing of the cellulose chains will be; thus,
the initiation of decomposition will require more
energy. However, all celluloses had a similar peak
decomposition temperature (T,,.) (354-369 °C).
Therefore, once decomposition began, similar mecha-
nisms will be followed because their purities and
fundamental structures were almost identical. Appar-
ently, all TCs showed very good thermal stability,
especially those from HR and SP, making them good
candidates for producing thermally stable materials.

Conclusions
Cellulose synthesis is a characteristic common to all

tunicates. In the investigated tunics, a supramolecular
organization was observed that involves cellulose-

based microfibrils containing or associating with other
components, such as proteins, lipids and sulfated
mucopolysaccharides or sulfated glycans. The micro-
fibrils are initially bundled, and the dimensions of the
microfibril bundles and their orientation are different
between species. The prehydrolysis-kraft cooking-
bleaching sequence is very effective at removing
lipids, sulfated mucopolysaccharides, sulfated gly-
cans, proteins and chromophores, resulting in chem-
ically pure cellulose. This sequence is generally
applicable for all tunicate species. Both the chemical
and morphological structures of the cellulose from the
initial tunics are largely preserved following the
sequence. For example, the celluloses are almost
entirely Ig allomorphs. The elementary -1,4 glucan
chains are still packed in crystalline states, while the
width, arrangement and crystalline states of fibrils still
differ between species. Tunicate celluloses are excel-
lent for various chemical and material applications
because they have high purities, large molecular
masses, low polydispersity indexes, high surface
areas, high crystallinities, large widths and high aspect
ratios. Almost all of the above structural and morpho-
logical characteristics of tunicate celluloses are better
than those of the celluloses from wood or annual
plants. Tunicates are therefore better cellulose
sources; additionally, they will not compete with
agriculture or forestry for land resources. With the
knowledge acquired here regarding the removal of
lipids, proteins and sulfated glycans or mucopolysac-
charides during the cellulose production sequence, the
recovery of other useful components from tunicate
becomes possible during the production of tunicate
cellulose on a large scale, thus expanding the appli-
cations of tunicate resources.
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