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ARTICLE INFO ABSTRACT

Keywords: This is the first comparative of tunicate cellulose nanocrystalline (t-CNC) from colonial and solitary tunicates. The

Tunicate composite t-CNC from the colonial tunicate Eudistoma sp. (CL1) was compared with solitary tunicates Polycarpa reniformis

gfmocelh_ﬂfl’se (CL2) and Phallusia nigra (CL3). Tunicate samples were extracted by methanol. Residues from the methanol
iomaterials

extraction were then subjected to further cellulose purification using pre-hydrolysis, kraft-cooking, bleaching, and
sulfuric acid hydrolysis to yield t-CNC. The solitary tunicates yielded higher microfibril contents after the
bleaching step but obtained similar t-CNC content to the colonial one after acid hydrolysis. The isolated t-CNC
were characterized using Fourier transform infrared spectroscopy, X-ray diffraction, thermalgravimetric analysis,
and transmission electron microscopy. Both colonial and solitary tunicates yielded cellulose type I. The pure
cellulose type I was successfully isolated from solitary tunicates whereas high inorganic impurities were observed
in colonial tunicates. The isolate t-CNC showed high aspect ratios. The solitary and colonial tunicates provided t-
CNC with crystallinity indexes over 97% and 35%, respectively. The crystalline size of t-CNCs ranged from 55-124
A. The thermal stability of all isolated t-CNC was slightly decreased due to the sulfate functional groups gained

Natural product chemistry
Material characterization

after acid hydrolysis. We concluded that solitary tunicates were better than colonial tunicates as a source of t-CNC
preparation.

1. Introduction

Cellulose is the most abundant biopolymer on earth and ubiquitously
found in plants, marine animals, algae, and bacteria. Because of its
abundance, renewability, sustainability, and biocompatibility, cellulose
has recently been highlighted for further development, thus increasing
demand by customers and industry [1]. The goal for the development of
the cellulose-based product is to increase crystallinity and mechanical
properties. Searching for new sources of cellulose is one of the modalities
used for improving the quality of cellulose. Currently, plants are the only
source of commercially available cellulose. Bacteria are the other sources
that provide higher quality cellulose and the bacterial cultivation process
is more eco-friendly than plant-based cellulose [2]. However, the pro-
duction of both plant-based and bacterial-based cellulose is land-based.
Marine aquaculture for cellulose from tunicates (subphylum Tunicata,
class Ascidiacea), which are the only animals that can synthesize cellu-
lose, is an alternative that can decrease land requirements, be
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eco-friendly, and help in carbon sequestration back to the ocean floor [3,
4].

Besides the advantage of the mode of tunicate cultivation, tunicate
cellulose is high in quality. Tunicate cellulose forms complexes with
proteins to make their external protective structure or tunic. The cellu-
lose nanofibrils are bundled in a multiple-layered texture parallel to the
tunic surface. The shape and dimensions of nanofibrils vary depending on
species [5]; although the cellulose properties are expected to be com-
parable between species and to possibly have a slight difference in
microfibril formation [6]. Tunicate nanofibrils typically have lengths
ranging from 100 nm to several micrometers (2 pm), widths ranging from
10-30 nm, and aspect ratios ranging from 70-100 [7]. The highly reactive
surface area of tunicate cellulose makes it an excellent material to
cross-link with other devices and biomedical applications [8, 9]. The
tunicate cellulose is highly crystalline (85-100%) and contains I crystal
structure [10]. The quality of tunicate cellulose is superior to plant-based
cellulose in terms of molecular weight, mechanical properties, water
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holding capacity, permeability, and thermal stability [11]. Besides, the
crystallinity index (CI) of tunicate cellulose is comparable to the CI of
algal cellulose and higher than plant-based cellulose and bacterial cel-
lulose [5].

Because of the variation of tunicate cellulose in different tunicate
species, studies on the properties of tunicate cellulose from different
species are required. Based on body structure and functional organiza-
tion, tunicates are classified into colonial and solitary types. Solitary
tunicates live separately inside their tunic, whereas colonial tunicates are
physically connected with a common tunic that they budded off [12, 13].
Most of the research in tunicate cellulose focused on solitary tunicates
including Ciona intestinalis [5, 14, 15, 16], Ascidia sp. [5, 15], Halocynthia
roretzi [5, 15, 171, Styela plicata [5, 151, Styela clava [14, 18], Halocynthia
papillosa [19, 20], and Metandrocarpa uedai [6]. However, the study on
cellulose from colonial tunicates is limited. To the best of our knowledge,
this is the first study that compares cellulose characteristics from colony
tunicates, Eudistoma sp., to cellulose from solitary tunicates, Polycarpa
reniformis, and Phallusia nigra. The result from this study can be used as a
pilot in utilizing cellulose from other colonial tunicates, especially the
pestilence and invasive species such as Didemnum vexillum [21].

2. Experimental
2.1. Materials

The colonial tunicate Eudistoma sp. (CL1) was collected by hand from
a floating fish cage in the Sea Farming Demonstration Unit, Chanthaburi
in 2017. The solitary tunicates were collected from Srichang Islands,
Chonburi, Thailand. Polycarpa reniformis (CL2) was collected by SCUBA
diving at 15 m depth in 2017, while Phallusia nigra (CL3) [22, 23] was
collected by hand from a floating cage in 2016. Freeze-dried tunicates
were extracted exhaustively with methanol (1:20) approximately 3-4
times to remove all bioactive compounds. The residues were dried and
stored at -20 °C until used. All reagents used, including sulfuric acid
(H2SO4: RCI Labscan, Bangkok, Thailand), acetone ((CH3)2CO, ChemLab,
Belgium), sodium hydroxide (NaOH: Loba Chemie, India), sodium sulfide
(NagS, Loba Chemie, India), and sodium hypochloride (NaClO, Loba
Chemie, India), were analytical grade.

2.2. Extraction of nanocellulose

The freeze-dried tunicate residues were extracted by pre-hydrolysis,
kraft-cooking, bleaching (to obtain tunicate cellulose microfibril (t-
CMF) [5]), and acid hydrolysis (to obtain tunicate nanocrystal (t-CNC)
[18]). Briefly, the dried residue of each tunicate was pre-hydrolyzed by
refluxing with 1% aq HsSO4 for 2 h. The neutralized residue with
water:acetone (1:1) was further refluxed with 9%,/3% NaOH/NasS for 2
h. The sample was washed with water:acetone until a pH of approxi-
mately 7 was reached. The freeze-dried sample was bleached 2-3 times
by boiling with 3% NaClO at 75 °C for 1 h to yield t-CMF. The t-CMF was
homogenized with water and was treated with 60% sulfuric acid at 60 °C
for 60 min. The sample was filtered and neutralized with water:acetone
to obtain t-CNC. The sample was freeze-dried. Solid yields were calcu-
lated by comparing the weight of lyophilized sample weight with the
dried tunic weight.

2.3. Characterizations

The functional groups were determined using an ATR-FTIR Nicolet
6700 FT-IR Spectrometer (Thermo Fischer Scientific, USA) and recorded
with OMNIC FT-IR software. The surface morphology of isolated cellu-
lose was observed using a LEO1450VP Scanning Electron Microscope
(Zeiss, Germany) at 15 kV. The sample was coated with gold (Au) before
determination. The ash content was determined by heating the sample at
550 °C for 6 h. The value was calculated based on residue after the
gravimetric determination. The TEM image was obtained from a Philips
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Tecni20 (Thermo Fischer Scientific, USA). The t-CNC 0.1% w/v was
suspended in water and sonicated for 10 min and then was deposited
onto the TEM grid. The sample was stained with 2% phosphotungstic
acid. The diameter width and length of t-CNC were measured using a
two-point analysis, which calibrated length with the provided scale on
the TEM image (ImageJ 1.525v software, National Institute of Mental
Health, USA). The length-width aspect ratios were calculated from 50
measurements [24]. The zeta potential was determined by dynamic light
scattering using a Zetasizer Nano ZS (Malvern Instrument Ltd., Worces-
tershire, UK) at 25 °C. The crystallinity was carried out using Aeris XRD
diffractometer (Malvern Panalytical, Netherland) with monochromatic
CuKo radiation (A = 1.54060 A, 40.0 kV, 40.0 mA, 10°<20< 50°,
0.043466° at 2 s/step). The crystallinity index was calculated using the
following Eq. (1) [5, 25]:

I - Iam
Crystallinity index = (%) x 100 (€D)
200

where Iy is the intensity of the (200) lattice plane at 20 = 22.8°, and I,
is the intensity from the amorphous phase, which approximately 20 =
18°. The crystalline size was calculated according to the Scherrer equa-
tion [5, 26] (HighScore 5.0 software, Malvern Panalytical, Netherland).
The thermal decomposition profiles were investigated by PerkinElmer
TGA4000 (PerkinElmer, USA). The heating was from 50 °C to 800 °C,
increasing gradually at the rate of 10 °C/min, and was carried out under
an inert nitrogen atmosphere flowing at 20 mL/min.

3. Results and discussions

Cellulose composition was carried out on a colonial tunicate Eudis-
toma sp. (CL1) and two solitary tunicates including Polycarpa reniformis
(CL2) and Phallusia nigra (CL3) (Figure la-c). The three samples were
obtained as debris after chemical extraction (Figure 1d-f). The freeze-
dried debris was pre-hydrolyzed with acid and later subjected to alka-
line treatment in the kraft-cooking process to yield bleached tunic or
cellulose microfibrils (t-CMF). A large amount of weight was lost in these
steps for all samples (Table 1) due to the removal of lipid, ash, and
protein content [5]. Higher weight loss was observed in the colonial
sample, indicating that the colonial tunicate Eudistoma sp. was composed
of higher protein content than the other two solitary tunicates
(Figure 1g-i). After acid hydrolysis, the t-CMF mass of solitary tunicates
(CL2 and CL3) decreased more than the colonial tunicate, suggesting
microfibrils in solitary tunicates composed of an amorphous domain
more than in the colonial species.

The structure of cellulose during the isolation process was carried out
by FTIR spectroscopy (Figure 2). The tunic of tunicates was constructed
by cellulose-protein fibril which was cemented with sulfated poly-
saccharides and lipids [15]. The sulfated polysaccharide structure was
verified with FTIR which exhibited broadband of sulfate ester at
1220-1260 cm ' and the signal of S=O at 1240 cm ' The intense peak at
1,610 em ! and 1,540 em! was assigned as amide linkage [5, 27]. In
this study, the signals of stretching vibration of charged carboxylated at
1628 ecm ! and antisymmetric of SO3 stretching mode in a range of
1200-1450 cm™! were observed in untreated tunic. The signals were
reduced after NaOH treatment and the bleaching process (Figure 2b). The
bleached cellulose and isolated t-CNC showed similar FTIR spectra
meaning that the chemical structure of t-CNC, which was the type I
cellulose, was similar to their bleached cellulose. The spectrum of t-CNC
showed a broad peak at 3335 cm™!, indicating O-H stretching of
hydrogen bonding between functional groups, while absorbed water
showed O-H bending vibration at a wavenumber of 1634 cm™'. The
absorbances at around 2867-2967 cm™* and 1370-1428 cm ™! indicated
C-H stretching and C-H bending of the pyranose ring, respectively.
Glycosidic linkages were determined at the “anomeric region”, ranging
from 1200-950 cm ™!, and presented characteristic bands of C-O and G-C
groups. The peak at 1054 cm ™! was assigned as the C-O-C group of
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Figure 1. Appearance on the surface (a—c), freeze-dried debris for cellulose extraction (d—f), and 0.2 g purified cellulose nanocrystal (g-i) of tunicates Eudistoma sp.,

Polycarpa reniformis, and Phallusia nigra, respectively.

Table 1. Mass yield of the overall process.

Tunicate species Solid yield (%)

Pre-hydrolysis Kraft cooking Bleaching H,S04 hydrolysis
Eudistoma sp. 20.46 5.48 4.51 2.19
Polycarpa reniformis 33.69 24.82 23.42 1.32
Phailusia nigra 35.96 22.31 21.38 5.28

pyranose rings [28]. All three isolated nanocellulose samples were
assigned as p-linkage with peaks at 898 cm™! [29]. Absorption peaks at
3270 cm™! and 710 em™! indicated that all three isolated celluloses were
in cellulose I form [30, 31]. The absence of signals at 1240 em™!, 1267
crn’l, 1460 cm™!, and 1570 cm’l; 1640-1655 cm™!; and 1540 cm’l,
respectively, revealed that the isolated cellulose nanocrystals were free
from lignin and protein [32, 33].

After the purification process, the inorganic impurity components
were supposed to be removed. However, in this study, the t-CNC CL1 had
a high ash level, which represented the number of inorganic impurities,
of 50.97%, while CL2 and CL3 had a low ash level of 2.05% and 0.79%,
respectively. Sea salts and inorganic compounds were major components
in tunicate samples. Different salinity in the different seas could explain
the variances in inorganic matters [34]. The tunicates are non-selective
filter feeders that accumulate various inorganic compounds in their or-
gans and tunic. The high ash content was observed in colonial tunicates

CL1 which could be owing to the looser and softer tunic structure that
allows seawater to penetrate and retain in the tissue [15].

SEM imaging was used to determine the morphological structure of
the bleached tunic before acid hydrolysis, and TEM imaging was used to
determine the morphological structure of t-CNC. The SEM image of
bleached tunics (Figure 3) shows that the cellulose was aggregated in the
form of microfibrils and the chains weaved together like a tight net. The
diameter size in a range of 52-90 nm for CL1-3. The microfibrils of CL1
and CL2 were more bundled than CL3. This was inconsistent with the
report from Zhao and Li [5], whose results show that microfibrils of hard
and thick tunics are more bundled than soft tunics. In this study, cellulose
microfibrils from the thick tunic of Phallusia nigra (CL3) showed less
bundled than the soft tunic, Eudistoma sp. The result was probably
because P. nigra produces sulfuric acid, SO%’, and Cl™ as major ions [35]
and some sulfate functional groups might be introduced into the surface
of microfibrils. Microfibril bundles aggregate less due to the surface
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Figure 2. a) FTIR spectra of nanocellulose isolated from Eudistoma sp. (CLINC), Polycarpa reniformis (CL2NC), and Phallusia nigra (CL3NC); b) FTIR spectra changes of
Phallusia nigra during isolation process. Similar FTIR spectra change trends were observed for all of the other samples.

Figure 3. SEM images of bleached tunic from Eudistoma sp. (a), Polycarpa reniformis (b), and Phallusia nigra (c).

negative charge, which might come from the incorporated sulfate group,
on their surfaces that leads to internal electrostatic repulsion [36].

The shape and dimension of isolated t-CNC were investigated using
transmission electron microscopy (TEM) (Figure 4). The TEM images of t-
CNC showed a well dispersed and less tendency to aggregate at a con-
centration of 0.1% w/v. The rod-like structure was observed with some
kink due to mechanical damage [37]. The dimensions of isolated t-CNC
are in the same range as typical t-CNC [10]. The width of CL2 (24.6 +
1.12 nm) was larger than CL1 (14.4 + 0.9 nm) and CL3 (12.2 &+ 0.9 nm)
and the length of CL2 (1.95 & 1.12 pm) was also longer than CL1 (1.08 +
0.69 pm) and CL3 (0.67 + 0.20 pm). The aspect ratios were calculated as
the length divided by the width for individual nanocellulose. All isolated
t-CNC showed high aspect ratios, ranging from 65-86. The aspect ratio
distribution is shown in Figure 5. According to these findings, the size
and aspect ratio of tunicate nanocellulose varied by species rather than
by the morphological type shown in a prior study [18].

The t-CNC were well dispersed in water (Figure 4) due to the sulfate
groups obtaining during acid hydrolysis [38]. The sulfate ester groups
influencing the surface charge of t-CNC suspensions with the zeta po-
tential of -27.7 4+ 0.79 mV, -31.8 & 1.01 mV, and -38.9 &+ 2.72 mV for
CL1-CL3, respectively. The suspension with a zeta potential value that is
not in the range of —30 mV to +30 mV is considered a stable colloid
system [39]. From these results, the nanosuspension of CL2 and CL3

showed a larger negative zeta potential value with more negative than
-30 mV. Therefore, the nanosuspensions systems of the sample CL2 and
CL3 were more stable than that of the CL1. These results corresponded
with previous reports showing that the higher surface charged of t-CNC
had sufficient electrostatic repulsion, resulting in better aqueous
dispersion [36, 39].

The crystalline characteristics of bleached specimens and t-CNC were
carried out using powder X-ray diffractometry. The diffractograms of all
bleached samples showed native cellulose type I peaks at 15.1°, 16.9°,
and 23.2° (Figure 6), which were correlated with (110), (110), and (200)
refractometry, respectively [5, 40]. In all the bleached samples, there was
no evidence of cellulose type II at 12° (110), 20° (110), and 22° (200)
[41]. The presence of cellulose type I in the bleached samples indicating
that methanol treatment of the samples before cellulose extraction did
not affect to cellulose allomorph conversion. Additional crystalline peaks
were only found in the bleached CL1 sample, which could be attributed
to mineral seawater trapping during the drying method. After sulfuric
acid hydrolysis, the t-CNC from CL2 and CL3 still showed the typical
reflection of cellulose I indicating that the crystal integrity had been
maintained with crystalline indexes of 99.1%, and 95.5%, respectively.
The main peaks of the t-CNC CL1 showed lower intensity and slightly
shifted to lower 26. After acid hydrolysis, the peaks at ~12° and ~20°
occurred, indicating the presence of cellulose type II that could be

Figure 4. 2%w/v suspension and TEM images of 0.1%w/v tunicate nanocrystal from Eudistoma sp. (a), Polycarpa reniformis (b), and Phallusia nigra (c).
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Figure 5. The length-width aspect ratio distribution of nanocellulose isolated from Eudistoma sp. (a), Polycarpa reniformis (b), and Phallusia nigra (c).
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Figure 6. The X-ray diffractogram of the bleached tunic (a) and cellulose nanocrystals (b) isolated from tunicates Eudistoma sp. (CL1), Polycarpa reniformis (CL2), and

Phallusia nigra (CL3).
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Figure 7. Thermogravimetric curve of the bleached tunic (CL1-3) and nanocellulose (CL1-3 NC) from Eudistoma sp. (a), Polycarpa reniformis (b), and Phallusia nigra (c),

respectively.

converted from cellulose I under the acidic condition [42]. The cellulose I
crystallinity index of CL1 was decreased from 89.6% to 35.7% after acid
hydrolysis suggesting that the cellulose crystals were dissolved and
converted to an amorphous form with a broad signal between 17° and
28° (Figure 6b). The calculated crystal size of (200) diffraction of CL1-3
t-CNC was 55 [o\, 124 A, and 74 ;\, respectively. The crystal size of t-CNC
from the soft colonial tunicate was smaller than that from solitary tuni-
cates. Although no t-CNC from colonial tunicates has been reported, the
stiffness of tunic from solitary tunicates revealed a similar crystal size
trend. Soft tunics, Ciona intestinalis and Ascidia sp., had smaller crystal
sizes of 60.6 A and 60.2 A, whereas thicker tunics, Halocynthia roretzi,
and Styela plicata, had the crystal sizes of 73.2 A and 81.0 A, respectively
[5]. A similar pattern was observed in the analysis of nanocellulose from
soft tunics of vase tunicates and thick tunics of club tunicates with sizes of
94.0 A and 112.3 A, respectively [14].

The thermal decomposition profiles of t-CNC using TGA were
compared to the bleached sample and are shown in Figure 7. All t-CNC
showed small weight loss (0.7-1.8%) at a temperature between 60 °C and
80 °C due to the evaporation of adsorbed water. The TGA profiles of t-CNC
showed that the thermostability of t-CNC was lower than their bleached
sample. The preparation of t-CNC using sulfuric acid hydrolysis are well
known to introduce sulfate group into cellulose surface and decrease t-
CNC thermostability [43]. The onset degradation (Tp) of t-CNC was

increased in the following order CL3> CL1>CL2 (187 °C, 203 °C, and 265
°C, respectively). The TGA profiles of t-CNC showed similar profiles with
two distinct pyrolysis processes. All TGA of t-CNC had decomposition
temperatures (Tmax 237-294 °C) lower than the temperature of their
bleached samples (Tipax 324-352 °C). The lower degradation temperature
at approximately 200 °C corresponded to the degradation of the acces-
sible, highly sulfated, and amorphous region, whereas the higher degra-
dation temperature at approximately 400 °C related to the unsulfated
crystal interior. The t-CNC CL1 had lower thermal stability than the others
when compared to their bleached sample. The lower thermal deteriora-
tion could be attributed to an increase in amorphous content [36].

4. Conclusions

This study showed that both colonial tunicates, Eudistoma sp., and
solitary tunicates, Polycarpa reniformis and Phallusia nigra, comprised of
native cellulose type I. The cellulose nanocrystal (t-CNC) was prepared by
pre-hydrolysis, kraft-cooking, bleaching, and acid hydrolysis sequences.
Solitary tunicates yielded pure nanocellulose type I, whereas colonial
tunicates yielded t-CNC with significant inorganic impurities. The soft
tunic of colony tunicates, as well as the intact organ-to-tunic interface,
allows more sea salts and inorganic impurities to be retained than in
solitary tunicates. The size and aspect ratios of isolated t-CNC vary,
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depending on tunicate species. The t-CNC from solitary tunicates showed
better mechanical properties than colonial tunicates with a higher crys-
tallinity index and crystalline size. All isolated t-CNC nanosuspension is
stable with significant negative charges repulsion of sulfate groups which
decreased the thermal stability of t-CNC. However, both colonial and
solitary tunicates are the source of nanocellulose with high crystalline
and aspect ratios better than nanocellulose from wood.
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