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a  b  s  t  r  a  c  t

An  anhydrous  type  of  paramylon,  the  micro-sized  granular  storage  carbohydrate  (�-1,3-glucan)  of
Euglena,  was  transformed  from  a  spheroidal  to a doughnut-like  shape  by  acetylation.  Fourier  trans-
form  infrared  spectroscopic  measurements  suggested  that  the  doughnut  formation  is  due  to removal
of accessible  regions  of  paramylon  particles  by  acetylation  of glucans.  A  time-course  observation  of  the
paramylon  granules  during  acetylation  by  using  field  emission  scanning  electron  microscopy  revealed
eywords:
aramylon
-1,3-Glucan
aramylon doughnuts
uglena gracilis
cetylation

that  the  doughnut-making  process  begins  with  the removal  of  an outer  membrane  of  the  granule  and
that  the  central  region  of  the granules  is  preferentially  removed  with  the  survival  of  a thick rim  part  to
give  the  doughnut-like  particles.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

Over the past few years, much attention has been paid to the pro-
uction of useful materials from microalgae. This interest primarily
inges on the fact that microalgae can produce chemicals through
arbon dioxide fixation and photosynthesis (Chisti, 2007; Kumar
t al., 2010; Kurano & Miyachi, 2005; Raja, Hemaiswarya, Kumar,
ridhar, & Rengasamy, 2008; Schenk et al., 2008; Sydney et al.,
010; Ugwu, Aoyagi, & Uchiyama, 2008). While the primary object
f current studies have been the production of biofuels, microalgae
re a source of materials for other interesting applications. Euglena,
icroalgae that belong to both the plant and animal kingdoms, have

een intensively studied as a possible source for various chem-
cals (Buetow, 1968; Chae, Hwang, & Shin, 2006; Hayashi, Toda,
shiko, Komatsu, & Kitaoka, 1994; Kott & Wachs, 1964; Rodriguez-
avala, Ortiz-Cruz, Mendoza-Hernandez, & Moreno-Sanchez, 2010;
amane, Utsunomiya, Watanabe, & Sasaki, 2001). Our own interest

n Euglena has focused on the use of paramylon, the storage car-
ohydrate (�-1,3-glucan) of the euglenoid algae (Barras & Stone,

968; Brandes, Buetow, Bertini, & Malkoff, 1964; Clarke & Stone,
960), for novel materials. Previous studies by other researchers
ave indicated that the paramylon of Euglena gracilis,  the most well-

∗ Corresponding author. Tel.: +81 29 861 4547; fax: +81 29 861 4547.
E-mail address: moto.shibakami@aist.go.jp (M.  Shibakami).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.08.012
researched euglenoid alga, has a micro-sized spheroidal shape and
high crystallinity (more than 90%) (Buetow, 1968; Booy, Chanzy, &
Boudet, 1981; Brandes et al., 1964; Clarke & Stone, 1960; Guttman,
1971; Holt & Stern, 1970; Kiss, Roberts, Brown, & Triemer, 1988;
Kiss, Vasconcelos, & Triemer, 1987; Marchessault & Deslandes,
1979; Tamura, Wada, & Isogai, 2009). Despite these unique fea-
tures, its applications have yet to be developed (Rodriguez-Zavala
et al., 2010). We  felt that while this granule is promising for
novel useful materials, the creation of paramylon-based materi-
als requires additional structural features and/or granule functions.
With this consideration in mind, we initiated a program aimed
at modifying the granule. In view of the spheroidal shape being
the most significant feature, we  originally thought that the best
approach for bringing added values to this granule would be surface
modification, which has previously been applied to other par-
ticles (Cigler, Lytton-Jean, Anderson, Finn, & Park, 2010; Huang
et al., 2008; Ismaili, Lee, & Workentin, 2010; Kobayashi, Kimura,
Togawa, Wada, & Kuga, 2010; Liu et al., 2008; Susumu et al.,
2007).

In the course of examining the feasibility of surface chem-
ical modifications, we found that the granules were uniformly
transformed from a spheroid into a doughnut-like shape under an

acetylation condition. We term the resulting granule a “paramylon
doughnut.” The main focus of this paper is a description of this find-
ing. We  also discuss the probable fabrication process for this unique
doughnut.

dx.doi.org/10.1016/j.carbpol.2011.08.012
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:moto.shibakami@aist.go.jp
dx.doi.org/10.1016/j.carbpol.2011.08.012
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. Experimental

.1. Materials

All chemicals and reagents were commercially available and
sed without further purification.

.2. Preparation of paramylon granules

E. gracilis NIES-48 (NIES Culture Collection) was cultured in an
queous medium (27 L) containing 675 g of glucose, 135 g of corn
teep liquor, 72.9 g of ammonium sulfate, 13.5 g of potassium dihy-
rogen phosphate, 13.5 g of magnesium sulfate heptahydrate, 5.4 g
f calcium carbonate, 1.35 g of sodium ethylenediaminetetraac-
tate, 1.35 g of ammonium iron (II) sulfate hexahydrate, 486 mg
f manganese (II) sulfate hydrate, 675 mg  of zinc sulfate heptahy-
rate, 67.5 mg  of vitamin B1, and 135 �g of vitamin B12 at 28 ◦C

n the dark (pH 4.5). After cultivation for 72 h, the cells were col-
ected by centrifugation (1500 × g, 10 min), redispersed in water
5.0 L), and sonicated for disrupting the cells. After centrifugation
1500 × g, 10 min), the pellet was dispersed in 20 L of water con-
aining 1% (w/v) sodium lauryl sulfate, and heated in boiling water
50 L) for 30 min  to remove proteins. The residual solid was  washed
ith ion-exchange water twice, followed by air-drying at 80 ◦C

o provide the desired product (165 g, yield 55%). The product
as determined to be an anhydrous type by comparing its X-

ay diffraction diagram with a previously reported one (Kobayashi
t al., 2010). Hydrated granules were prepared by soaking the
nhydrous ones in water for 10 days, and their successful prepa-
ation was confirmed by X-ray diffractometry (see Supplementary
ata).

.3. Preparation of paramylon doughnuts

The paramylon doughnuts were prepared using a method simi-
ar to those for synthesizing cellulose acetate previously described
Meireles et al., 2010). Typically, 62.8 mg  of the paramylon gran-
les and 1.25 mL  of acetic acid were placed into a round-bottomed
ask. After the mixture was stirred for 1 h at ambient tempera-
ure under a nitrogen atmosphere, 1.5 mL  of acetic acid, 1.5 mL
f acetic anhydride, and 10 �L of sulfuric acid were added to
his solution. After stirring for 4 h, the reaction mixture was
reated in a centrifuge to afford a white precipitate. The solid

esidue was then thoroughly washed sequentially with acetic acid
nd methanol, followed by concentration under reduced pres-
ure to give the desired product as a white powder (25.2 mg,
ield 40%).

ig. 1. Field emission scanning electron microscopic images of intermediate granules aft
igh  magnification image. Bar represents 25 and 5 �m for (a) and (b), respectively.
Polymers 87 (2012) 452– 456 453

2.4. Scanning electron microscopy

Scanning electron microscopy was  carried out under high vac-
uum at 5 kV accelerating voltage by using an S-4300 field emission
scanning electron microscope (Hitachi). Granular samples required
for observation were fixed on a microscope stage using a carbon
conductive double-faced tape and sputter-coated with Pt–Pd using
an E-1030 sputter coater (Hitachi).

2.5. Fourier transform infrared spectroscopy

Fourier transform infrared spectra of the granules were recorded
using a JASCO FT/IR-480ST spectrophotometer equipped with an
attenuated total reflectance accessory (ATR Pro 400-S, ZnSe prism,
JASCO). All spectra were recorded between 4000 and 650 cm−1 with
a resolution of 4 cm−1.

2.6. Determination of degree of substitution

The degree of substitution (DS), which is the average number of
acetyl groups attached to the glucose unit, was determined accord-
ing to a method previously described (Rodrigues et al., 2008). In
essence, ca. 50 mg  of acetylated paramylon and 2.5 mL  of ethanol
were placed in a 50 mL  conical flask. 2.5 mL of an NaOH aqueous
solution (0.25 N) was  added to the mixture and then it was  mechan-
ically stirred at ambient temperature overnight. After adding 5.0 mL
of an HCl aqueous solution (0.25 N) and subsequent stirring for
30 min  at ambient temperature, the mixture was titrated with the
NaOH aqueous solution (0.25 N) using phenolphthalein as an indi-
cator. This measurement was repeated in triplicate.

3. Results and discussion

3.1. Paramylon doughnuts formation

In our attempt to establish the paramylon surface modifica-
tion method, we  first examined acetylation as a model reaction to
explore the reactivity of the granular surface. Our choice of acetyla-
tion was based on the expectation that this reaction is applicable to
�-1,3-glucan because cellulose, which is structurally analogous to
�-1,3-glucan, is easily acetylated (Cerqueira, Rodrigues, & Meireles,
2007; Meireles et al., 2010; Rodrigues et al., 2008; Sassi & Chanzy,
1995). The applicability of this reaction to paramylon was exam-
ined through the use of procedures similar to those previously

described (Meireles et al., 2010). In brief, a reaction mixture made
from paramylon (anhydrous type), acetic acid, acetic anhydride,
and sulfuric acid was  a heterogeneous solution in an early stage
and then became transparent in approximately 10 h. Our original

er treatment with acetylating reagents for 4 h: (a) low magnification image and (b)
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Fig. 2. Fourier transform infrared spectra of (a) intermediate granules (4 h reaction)
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xpectation was that intermediate granules obtained by a centrifu-
al treatment of heterogeneous mixtures would have acetylated
urfaces with maintenance of the spheroidal shape.

To examine this issue, we observed intermediate granules (4 h
fter starting the reaction) under a scanning electron microscope
nd measured its Fourier transform infrared spectrum. A typ-
cal microscopic image is shown in Fig. 1. It should be noted
hat the intermediate granules did not maintain the spheroidal
hape inherent in the starting material but instead some granules
eveloped a doughnut-like shape (i.e., a “paramylon doughnut”).
he average major and minor axes of the doughnuts calculated
ased on the scanning electron micrographs were 2.92 ± 1.12 and
.25 ± 1.07 �m,  respectively, and those of the pore were 2.29 ± 0.73
nd 1.13 ± 0.56 �m,  respectively (average sample number was ca.
00). The infrared absorption spectrum of the doughnuts indi-
ate a characteristic absorption band due to a carbonyl stretching
ibration of acetyl groups at 1734 cm−1 (Fig. 2(a)). DS of the dough-
uts, which was determined by titration, was 0.18 ± 0.09. These
esults imply that the doughnuts have some acetylated glucans
n the granular surface. Unlike the anhydrous granules, hydrous
nes did not provide the doughnuts but gels. The Fourier transform
nfrared spectrum of a gel obtained from the translucent solution
1 h after the start) exhibited a characteristic absorption band due
o a carbonyl group at 1729 cm−1, indicating that the gel consists of
cetylated glucans (see Supplementary data). The high acetylation

ate of the hydrated paramylon may  be due to partial swelling of
he paramylon crystallites with water molecules. Thus, this result
ndicates that the anhydrous form is essential for the doughnut
abrication.

ig. 3. Field emission scanning electron microscopic images of (a) the starting material a
e)  2 h, (f) 3 h, (g) 4 h, and (h) 6 h after the start. Bar represents 5 �m.
and (b) a solid that was  obtained by pouring a soluble part of the reaction mixture
(4.5 h reaction) into methanol, followed by concentration under reduced pressure.

3.2. Glucan removal under acetylation condition

Our first basic question was  how was the doughnut shape formed?
Before attempting concrete discussions on this issue, we divided
the question into two  parts to clarify the nature of the problems
involved in answering it. One was  how were the glucans removed?
The other was  how was the central portion of the granule preferen-

tially removed? The former question, we  think, can be accounted
for by removal of a part of accessible regions of the paramylon
particle by acetylation. To confirm this idea, we  measured Fourier

nd paramylon granules in the process of acetylation, (b) 10 min, (c) 30 min, (d) 1 h,
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ransform infrared spectrum of solids obtained from a soluble
art of the reaction mixture (4.5 h after the start). As shown in
ig. 2(b), the spectrum revealed characteristic absorption bands
ue to an acetyl group at 1735 cm−1 (carbonyl stretching vibra-
ion), 1365 cm−1 (methyl in-plane bending), and 1208 cm−1 (C–O
tretching), indicating the glucans were acetylated to give soluble
olysaccharides. Further, we determined the DS value of the acety-

ated glucans to be 2.62 ± 0.11. Thus, these results, together with
he fact that the doughnuts have some acetylated glucans on the
urface, imply that acetylation induced removal of glucans from the
article.

.3. Preferential removal of granular central region under
cetylation condition

To gain insight into preferential removal of the central area,
e performed a time-course microscopic observation of the
aramylon granules during acetylation in the expectation that this
bservation might enable us to obtain evidence for successive and
referential glucan removals. Experimental procedures were as fol-

ows. Aliquots (300 �L–1.5 mL)  were withdrawn from a reaction
ixture, which were prepared by dispersing 207 mg  of paramylon

n a mixture of acetic acid (7.0 mL), acetic anhydride (3.0 mL), and
ulfuric acid (20 �L), as a function of time and treated in the cen-
rifuge to separate insoluble solids. The residual solids were washed
equentially with acetic acid and methanol and then observed by
eld emission scanning electron microscopy after air-drying. Typi-
al electron microscopic images of the solids obtained are shown in
ig. 3. Apparently, the granules changed their shape as the reaction
rogressed. Since there is a homogeneity in shape among the gran-
les in each micrograph, we think that the breakdown process did
ot randomly occur but progressed in a well-regulated manner.

By comparing the image of the starting material (Fig. 3(a)), the
econd snapshot shows that after 10 min  the granules more clearly
xhibited geometric patterns (i.e., shallow dimples or a whorl-like
tructure) in the middle of the granular surface (Fig. 3(b)). As shown
n the third and fourth snapshots, their clarity was enhanced by an
dditional stirring (Fig. 3(c and d)). A comparison among the first
our snapshots suggests that the doughnut-making process began
ith the removal of an outer membrane of the paramylon granule,

he presence of which has been pointed out by other researchers
Kiss et al., 1987). This comparison also suggests that the removal
rocess was almost completed within 60 min.

The fifth and sixth snapshots show that within 3 h the gran-
les obtained some deeply-etched patterns (i.e., deep dimples and

 coiled structure) in the middle region (Fig. 3(e and f)). Prolonged
ncubation allowed some granules to obtain a doughnut shape, as
hown in the seventh snapshot (Fig. 3(g)). A comparison of the gran-
les in the sixth and seventh snapshots suggests that the rims could
urvive for a few hours probably because of its thickness, while
he core moieties would be removed easier than the rim under the
cetylation condition. As shown in the final snapshot (Fig. 3(h)), the
urviving rim part became thinner with the progress of the reac-
ion. Although the detailed mechanism for the preferential removal
f the central portion remains to be resolved, possible explana-
ions, which are based on a series of the snapshots, are as follows;
i) small holes in the core would allow the glucan removal reac-
ion to progress outward from the center, (ii) the core part would
e removed from the granule immediately when a joint moiety
etween the core and rim is dissolved.
. Conclusions

The results presented in this paper highlight the fact that the
nhydrous paramylon granules can be transformed into unique
Polymers 87 (2012) 452– 456 455

doughnut-like ones by treatment with acetylating reagents. Micro-
scopic observations and infrared spectroscopic measurements
clearly demonstrate that the transformation hinges on the pref-
erential glucan removal of the central portion from the granule.
According to the terminology in euglenoid paramylon morphol-
ogy recently proposed, the paramylon doughnut is categorized as
a small link (Monfils, Triemer, & Bellairs, 2011). Although it has
been known that small links and structurally-related rings were
the result of the dissolution and digestion of intact grains in the
euglenoid cells (Gojdics, 1953; Heidt, 1937; Leedale, Meeuse, &
Pringsheim, 1965), the doughnut preparation by the chemical reac-
tion is significant in terms of mass and uniform production. In
a broader context, the preparation of the paramylon doughnuts
demonstrates the potential of Euglena as a resource for micro-sized
materials. We  are currently studying the preparation of materials
made from the paramylon doughnuts. The results of these studies
will be reported in due course.

Acknowledgement

We are grateful to Mrs  Natsuko Kibe (AIST) for technical assis-
tance in obtaining the field emission scanning electron microscopic
data.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.carbpol.2011.08.012.

References

Barras, D. R., & Stone, B. A. (1968). Carbohydrate composition and metabolism. In D.
E.  Buetow (Ed.), The Biolgy of Euglena. New York: Academic Press.

Booy, F. P., Chanzy, H., & Boudet, A. (1981). An electron-diffraction study of
paramylon storage granules from Euglena gracilis. Journal of Microscopy-Oxford,
121(February), 133–140.

Brandes, D., Buetow, D. E., Bertini, F., & Malkoff, D. B. (1964). Role of lysosomes in cel-
lular lytic processes. I. Effect of carbon starvation in Euglena gracilis. Experimental
and Toxicologic Pathology,  90,  583–609.

Buetow, D. E. (1968). The mitochondrion. In D. E. Buetow (Ed.), In the biolgy of euglena.
New York: Academic Press.

Cerqueira, D. A., Rodrigues, G., & Meireles, C. D. (2007). Optimization of sugarcane
bagasse cellulose acetylation. Carbohydrate Polymers, 69(3), 579–582.

Chae, S. R., Hwang, E. J., & Shin, H. S. (2006). Single cell protein production of Euglena
gracilis and carbon dioxide fixation in an innovative photo-bioreactor. Biore-
source Technology, 97(2), 322–329.

Chisti, Y. (2007). Biodiesel from microalgae. Biotechnology Advances, 25(3), 294–306.
Cigler, P., Lytton-Jean, A. K., Anderson, D. G., Finn, M.  G., & Park, S. Y. (2010). DNA-

controlled assembly of a NaTl lattice structure from gold nanoparticles and
protein nanoparticles. Nature Materials, 9(11), 918–922.

Clarke, A. E., & Stone, B. A. (1960). Structure of the paramylon from Euglena gracilis.
Biochimica et Biophysica Acta, 44,  161–163.

Gojdics, M.  (1953). The genus Euglena. Madison: University of Wisconsin Press.
Guttman, H. N. (1971). Internal cellular details of Euglena gracilis visualized by scan-

ning electron microscopy. Science, 171(968), 290–292.
Hayashi, M., Toda, K., Ishiko, H., Komatsu, R., & Kitaoka, S. (1994). Effects of shifting

Ph  in the stationary-phase of growth on the chemical-composition of Euglena
gracilis.  Bioscience Biotechnology and Biochemistry, 58(11), 1964–1967.

Heidt, K. (1937). Form und Struktur der Paramylonkörner von Euglena sanguinea
(Ehrbg.). Archiv für Protistenkunde, 88,  127–142.

Holt, S. C., & Stern, A. I. (1970). The effect of 3-(3,4-dichlorophenyl)-1,1-dimethylurea
on chloroplast development and maintenance in Euglena gracilis. I. Ultrastruc-
tural characterization of light-grown cells by the techniques of thin sectioning
and freeze-etching. Plant Physiology,  45(4), 475–483.

Huang, G., Zhou, Z., Srinivasan, R., Penn, M.  S., Kottke-Marchant, K., Marchant, R. E.,
et  al. (2008). Affinity manipulation of surface-conjugated RGD peptide to modu-
late  binding of liposomes to activated platelets. Biomaterials, 29(11), 1676–1685.

Ismaili, H., Lee, S., & Workentin, M.  S. (2010). Diazirine-modified gold nanoparti-
cle:  Template for efficient photoinduced interfacial carbene insertion reactions.
Langmuir, 26(18), 14958–14964.
Kiss, J. Z., Roberts, E. M., Brown, R. M.,  & Triemer, R. E. (1988). X-ray and dissolu-
tion studies of paramylon storage granules from Euglena. Protoplasma, 146(2–3),
150–156.

Kiss, J. Z., Vasconcelos, A. C., & Triemer, R. E. (1987). Structure of the euglenoid storage
carbohydrate, paramylon. American Journal of Botany, 74(6), 877–882.

http://dx.doi.org/10.1016/j.carbpol.2011.08.012


4 drate 

K

K

K

K

L

L

M

M

M

R

Ugwu, C. U., Aoyagi, H., & Uchiyama, H. (2008). Photobioreactors for mass cultivation
56 M. Shibakami et al. / Carbohy

obayashi, K., Kimura, S., Togawa, E., Wada, M.,  & Kuga, S. (2010). Crystal transition
of  paramylon with dehydration and hydration. Carbohydrate Polymers, 80(2),
491–497.

ott, Y., & Wachs, A. M.  (1964). Amino acid composition of bulk protein of Euglena
grown in waste water. Applied Microbiology, 12,  292–294.

umar, A., Ergas, S., Yuan, X., Sahu, A., Zhang, Q., Dewulf, J., et al. (2010). Enhanced
CO(2) fixation and biofuel production via microalgae: Recent developments and
future directions. Trends Biotechnology,  28(7), 371–380.

urano, N., & Miyachi, S. (2005). Selection of microalgal growth model for describ-
ing  specific growth rate-light response using extended information criterion.
Journal of Bioscience and Bioengineering, 100(4), 403–408.

eedale, G. F., Meeuse, B. J. D., & Pringsheim. (1965). Structure and physiology of
Euglena spirogyra. I–IV. Archiv Fur Mikrobiologie, 50(1), 68–102.

iu, W.,  Howarth, M.,  Greytak, A. B., Zheng, Y., Nocera, D. G., Ting, A. Y., et al. (2008).
Compact biocompatible quantum dots functionalized for cellular imaging. Jour-
nal of the American Chemical Society,  130(4), 1274–1284.

archessault, R. H., & Deslandes, Y. (1979). Fine-structure of (1-3)-beta-d-glucans -
curdlan and paramylon. Carbohydrate Research, 75(October), 231–242.

eireles, C. D., Rodrigues, G., Ferreira, M.  F., Cerqueira, D. A., Assuncao, R. M.  N.,
Ribeiro, E. A. M.,  et al. (2010). Characterization of asymmetric membranes of
cellulose acetate from biomass: Newspaper and mango seed. Carbohydrate Poly-
mers,  80(3), 954–961.

onfils, A. K., Triemer, R. E., & Bellairs, E. F. (2011). Characterization of paramylon

morphological diversity in photosynthetic euglenoids (Euglenales, Eugleno-
phyta). Phycologia, 50(2), 156–169.

aja, R., Hemaiswarya, S., Kumar, N. A., Sridhar, S., & Rengasamy, R. (2008). A per-
spective on the biotechnological potential of microalgae. Critical Reviews in
Microbiology,  34(2), 77–88.
Polymers 87 (2012) 452– 456

Rodrigues, G., Monteiro, D. S., Meireles, C. D., de Assuncao, R. M.  N., Cerqueira,
D.  A., Barud, H. S., et al. (2008). Synthesis and characterization of cellu-
lose acetate produced from recycled newspaper. Carbohydrate Polymers, 73(1),
74–82.

Rodriguez-Zavala, J. S., Ortiz-Cruz, M.  A., Mendoza-Hernandez, G., & Moreno-
Sanchez, R. (2010). Increased synthesis of alpha-tocopherol, paramylon and
tyrosine by Euglena gracilis under conditions of high biomass production. Journal
of  Applied Microbiology, 109(6), 2160–2172.

Sassi, J. F., & Chanzy, H. (1995). Ultrastructural aspects of the acetylation of cellulose.
Cellulose,  2(2), 111–127.

Schenk, P. M.,  Thomas-Hall, S. R., Stephens, E., Marx, U. C., Mussgnug, J. H.,  Posten,
C.,  et al. (2008). Second generation biofuels: High-efficiency microalgae for
biodiesel production. Bioenergy Research, 1(1), 20–43.

Susumu, K., Uyeda, H. T., Medintz, I. L., Pons, T., Delehanty, J. B., & Mattoussi, H.
(2007). Enhancing the stability and biological functionalities of quantum dots
via  compact multifunctional ligands. Journal of the American Chemical Society,
129(45),  13987–13996.

Sydney, E. B., Sturm, W.,  de Carvalho, J. C., Thomaz-Soccol, V., Larroche, C., Pandey, A.,
et  al. (2010). Potential carbon dioxide fixation by industrially important microal-
gae. Bioresource Technology, 101(15), 5892–5896.

Tamura, N., Wada, M., & Isogai, A. (2009). TEMPO-mediated oxidation of (1-3)-beta-
d-glucans. Carbohydrate Polymers, 77(2), 300–305.
of  algae. Bioresource Technology, 99(10), 4021–4028.
Yamane, Y., Utsunomiya, T., Watanabe, M.,  & Sasaki, K. (2001). Biomass production

in mixotrophic culture of Euglena gracilis under acidic condition and its growth
energetics. Biotechnology Letters, 23(15), 1223–1228.


	Fabrication of doughnut-shaped particles from spheroidal paramylon granules of Euglena gracilis using acetylation reaction
	1 Introduction
	2 Experimental
	2.1 Materials
	2.2 Preparation of paramylon granules
	2.3 Preparation of paramylon doughnuts
	2.4 Scanning electron microscopy
	2.5 Fourier transform infrared spectroscopy
	2.6 Determination of degree of substitution

	3 Results and discussion
	3.1 Paramylon doughnuts formation
	3.2 Glucan removal under acetylation condition
	3.3 Preferential removal of granular central region under acetylation condition

	4 Conclusions
	Acknowledgement
	Appendix A Supplementary data
	Appendix A Supplementary data


