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a  b  s  t  r  a  c  t

This  paper  reports  the  first successful  preparation  of  biotechnological  grade  agarose  from  Gelidium  aman-
sii found  in  Taiwan.  The  scale-efficiency  preparation  was  achieved  by  shortening  EDTA  treatment  time
through  dispersing  G. amansii  agar  in  water  in the  presence  of  heat  and EDTA,  removing  agaropectin
impurity  with  a heat-compatible  and  strong-anion  exchange  resin,  and  precipitating  agarose  with  a
cost-effective  isopropanol  method.  The  yield  of  agarose  from  prepared  G. amansii  agar  was  11.3%.  The
acquired agarose  has  a gel  strength  of 853  g  cm−2, a sulfate  content  of  0.14%,  a pyruvate  content  of  1.03%,
eywords:
elidium amansii
iotechnological grade agarose
DTA
trong-anion exchange resin
sopropanol precipitation

a degree  of  electroendosmosis  of 0.16  and  very  limited  binding  affinity  to DNA.  The  excellent  properties
of  agarose  from  G. amansii  of  Taiwan  confirm  its potential  diverse  biotechnological  applications.  This
innovative  agarose  preparation  method  with  the  significantly  improved  scale-efficiency  can  be modified
for large-scale  preparation  of agarose  for  use in biotechnological  industry  and  biochemical  research.

© 2011  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Agar and its sub-fraction, agarose, are two of the most com-
only used polysaccharide mixtures obtained from marine red

lgae (Rhodophyta), which includes the commercially important
enera Gelidium and Gracilaria.  Agarose preparations from both
enera have important biotechnological applications [1,2] and are
idely exploited in the food industry [2,3]. Gelidium and Gracilaria
ave played a key role in the field of biotechnology since Koch
emonstrated agar was a suitable solid medium for growing
icroorganisms [1]. For example, agarose gel electrophoresis is

urrently the predominant method for routine nucleic acid anal-
sis [1,2,4],  and has implications in studying nucleic acid–protein
nteractions [5,6], protein chemistry [7],  and viral structure [8]. In
ddition, agarose-based chromatography is the preferred method
n biomolecule separation [1,2]. Moreover, agars and agarose have

mportant applications in a variety of areas including pharmaceu-
ics, cosmetics, tissue engineering, cell-sized liposome preparation
nd cell encapsulation [2,9,10].

∗ Corresponding author. Tel.: +886 07 312 1101x2756; fax: +886 07 312 5339.
E-mail address: tzupinw@cc.kmu.edu.tw (T.-P. Wang).

359-5113/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.procbio.2011.12.015
The advantages of using agarose in science and industry derive
from its ability to form macroporous matrices with thermore-
versible hysteresis and a high gel strength, its non-toxicity after
hydrogel formation, and its maintenance of a minimal gel back-
ground after rapid staining and destaining [2,4,11]. These essential
agarose properties are attributed to the alternating 1,3-linked �-
d-galactose and 1,4-linked 3,6-anhydro-�-l-galactose repeating
units called agarobiose (Fig. 1; R1 = R2 = R3 = H) which polymerize
into a long chain [12,13]. The monosaccharide units of natural
agarose are often modified with charged groups such as sulfate
and pyruvate which transforms agarose into agaropectin (Fig. 1).
However, presence of agaropectin is undesirable for the agarose
prepared for biotechnological applications [4,14–16]. The nega-
tive properties of agaropectin are the consequence of unsaturated
chemical bonds in the sulfate and pyruvate substitutions; these
bonds bestow high UV absorption in agarose gels and interfere with
the detection of nucleic acids after electrophoresis [4,15]. Addition-
ally, these substitutions cause significant biomolecule adsorption
on agarose matrices [4,15].  Agarose used in fundamental research

and biotechnology is required to have a minimal amount of sulfate
and pyruvate modifications.

Preparation of agarose for biotechnological applications has
been extensively studied after the seminal work of Araki [12,13].

dx.doi.org/10.1016/j.procbio.2011.12.015
http://www.sciencedirect.com/science/journal/13595113
http://www.elsevier.com/locate/procbio
mailto:tzupinw@cc.kmu.edu.tw
dx.doi.org/10.1016/j.procbio.2011.12.015
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Fig. 1. The generic structure of agarose and agaropectin composed of repeating
units of the disaccharide, agarobiose. The structural differences between agarose
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grade requirements [0.99% sulfate content (w/w); 1.40% pyruvate
nd  agaropectin are indicated by substitutions with various functional groups at R1,
2 and R3.

arious methods have been developed to prepare high-grade
garose from either high quality agars or low-grade agarose. Prepa-
ation has included fractional precipitation methods [14,15,17–19]
uch as isopropanol (IPA) precipitation, adsorption methods [20,21]
uch as aluminum hydroxide treatment, or chromatography meth-
ds [14] such as DEAE ion exchange chromatography. Prepared
garose is generally evaluated using parameters which include gel
trength, the temperatures at which it solidifies and melts, sulfate
ontent, pyruvate content, and electrophoretic properties of the gel
1,15]. Typically, biotechnological grade agarose has a gel strength
f at least 1000 g cm−2, a gelation temperature of 36 ◦C, a melting
emperature of 85 ◦C, a sulfate content of 0–0.15% (w/w), a pyru-
ate content of 0–0.1% (w/w) and a degree of electroendosmosis
EEO) at 1.0% (w/w) agarose concentration of 0.04 or less [15].

As a potential source for high quality agarose, Gelidium amansii is
ery abundant in northeastern Taiwan and has long been a staple
n traditional Taiwanese diets. G. amansii agar is easily prepared
rom the alga by heating, filtering and cooling without chemi-
al treatments [4],  which is in sharp contrast to that of Gracilaria
gar preparation required more complicated procedures [22]. Var-
ous G. amansii applications underscore the importance of the algal
xtracts for the Taiwanese food industry and suggest a plausible
ole in the pharmaceutical industry [23]. However, to date, there
as been no attempt to use Taiwanese G. amansii to prepare high
uality agarose for biotechnological use.

In this study, high quality agarose was prepared from indigenous
aiwanese algae. The unique and scale-efficient method for agarose
reparation adopts three critical procedures: heat dispersion of
. amansii for efficient EDTA chelation while significantly reduc-

ng treatment time from 4 d to 1 d, effective separation of agarose
rom impurities by a heat-compatible anion exchange resin, and a
ost-effective IPA precipitation. Its low absorption under UV illumi-
ation, good electrophoretic properties, and lack of DNA adsorption

n the agarose gel are indicative of the excellent chemical and phys-
cal properties of agarose prepared using indigenous Taiwanese G.
mansii. Our successful method to prepare biotechnological grade
garose from G. amansii native to Taiwan with the scale-efficiency
eveals significant potential in biotechnology applications. Finally,
he innovative preparation method can be modified to accommo-
ate industrial-scale production.
. Materials and methods

The materials and detailed experimental methods are described in
upplemental data.
mistry 47 (2012) 550–554 551

3. Results

3.1. Temperature and concentration optimizations of EDTA
treatments for agarose preparation

Two  essential determinants of agarose suitability for biotechno-
logical applications are the concentration of sulfate and pyruvate
[15]. Kirkpatrick et al. based on their analysis methods to conclude
that agarose with a sulfate content of 0–0.15% (w/w) and a pyruvate
content of 0–0.1% (w/w) is required to qualify as biotechnological
grade [15]. Treating agar or low-grade agarose with EDTA effec-
tively reduces the concentration of both of sulfate and pyruvate
in the samples when used in combination with subsequent separa-
tion methods such as adsorption [21] and IPA precipitation [15]. The
original method of Barteling used 20 mM EDTA in the first agar wash
for 2 d and 10 mM EDTA in the second agar wash for another 2 d at
room temperature [21]. We  reasoned that higher concentrations of
EDTA in the presence of heat would result in more effective EDTA
chelation of divalent cations from the agaropectin and facilitate
preparation of biotechnological grade agarose.

Increasing both the temperature of the agar solution and
the EDTA concentration to 30 mM during incubation significantly
reduced the content of sulfate and pyruvate in the prepared agarose
(Fig. 2). First, 45 ◦C was selected as the incubation temperature
of the agar solution during EDTA treatment due to a concern of
energy consumption by the prolonged incubation. In addition, the
EDTA concentrations were changed from 20 mM to 40 mM for the
first wash and 10 to 20 mM for the second wash. The method of
Barteling requires 4 d to complete two EDTA washes [21], a pro-
cess too time-consuming for industrial processing requirements.
Therefore, the time of each EDTA wash was  shortened to only 12 h
to allow the overall EDTA treatment steps completed in 1 d. Results
indicated that the optimal conditions for agarose preparation were
30 mM EDTA for the first wash, 15 mM  EDTA for the second wash,
and an incubation time of 12 h for each wash at 45 ◦C (Fig. 2).
Since 45 ◦C might not be the optimal temperature for the EDTA
treatment, the 30 mM/15 mM EDTA wash steps were conducted at
several different incubation temperatures to determine the opti-
mal  temperature to further reduce sulfate and pyruvate contents.
Incubation of the agar solution at 50 ◦C during the 30 mM/15 mM
EDTA treatment step provided the lowest agarose sulfate and pyru-
vate content (Fig. 2). It is concluded that the 30 mM/15 mM EDTA
treatment with an incubation time of 12 h for each wash at 50 ◦C is
the optimal EDTA treatment method to prepare G. amansii agarose.

3.2. Biotechnological grade agarose preparation with excellent
electrophoretic properties

We further substituted the Al(OH)3 adsorption method with ion
exchange column chromatography to obtain agarose with lower
sulfate and pyruvate content to meet the demands of biotechno-
logical applications. A prerequisite to effectively removing more
of the extensively modified agaropectin from the agarose prepara-
tion during ion exchange column chromatography is to completely
dissolve agarose, generally required to maintain the solution tem-
perature over 80 ◦C, in an aqueous solution containing ion exchange
resin. The study was  thus motivated to exploit commercially avail-
able, heat-stable, and strong anion exchange resins. The properties
of the hydrophilic SuperQ-650M anion exchange resin are ideal
for preparing agarose suitable for biotechnological applications
(Table 1). However, the sulfate and pyruvate content in the pre-
pared agarose were still not low enough to meet biotechnological
content (w/w)].
The preparation of biotechnological grade agarose was achieved

by further purifying agarose using an improved IPA precipitation
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Method of Preparatio n

Fig. 2. Sulfate and pyruvate content in G. amansii, G. amansii agar and G. amansii agarose prepared by various methods. The content of sulfate (black bar) and pyruvate (gray
bar)  in samples were determined by the methods detailed in Section 2. Data are expressed as means ± standard deviations of triplicate determination.

Table 1
Chemical and physical properties of biotechnological grade agarose prepared from Taiwanese G. amansii compared to commercially available agarose. Data are expressed as
means  ± standard deviations of triplicate determination.

Agarose samples Sulfate content
(%, w/w)

Pyruvate content
(%, w/w)

Gel strength
(g cm−2)

Gelling temperature
(◦C)

Melting
temperature (◦C)

Degree of EEO

SuperQ-650 M (from this study) 0.14 ± 0.01 1.03 ± 0.07 853 ± 11 34 ± 0 75.8 ± 0.3 0.16 ± 0.01
SeaKem  LE (Lonza) 0.35 ± 0.01 1.07 ± 0.10 945 ± 16 36 ± 1.5a,b >90a,b 0.22 ± 0.01
BIO-41027 (Bioline) 5.36 ± 0.28 0.44 ± 0.04 154 ± 10 37–39a 88–90a 0.18 ± 0.01
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fate and pyruvate content, and a low degree of EEO of the agarose,
which further supports the potential of the G. amansii agarose for
diverse biotechnological applications.

Fig. 3. Comparison of excellent gel electrophoresis properties of SuperQ-650M-
prepared agarose and SeaKem LE agarose. DNA used for gel electrophoresis
contained mostly 100-bp and 202-bp DNA fragments amplified from the pGEM-T
vector as described in Section 2. A DNA sample (32 ng of 202 bp and 36 ng of 100 bp)
was  loaded into each well of 3% gels prepared from the SeaKem LE (left) or from
a Data provided by the manufacturers (http://lonza.com/group/en.html and http
b Measured in 1.5% agarose gels.

ethod. Kirkpatrick et al. previously demonstrated that the addi-
ion of IPA to agarose solutions (2:1 volume ratio of IPA to agarose
olution) could selectively precipitate agarose [15]. With the goal
f developing a more cost-effective IPA precipitation procedure
y decreasing volume of IPA without sacrificing the efficiency
f agarose precipitation, the volume of IPA was systematically
educed to determine the smallest volume of IPA required to effec-
ively precipitate agarose (Fig. S1).  The results indicated that, by
sing a 1.5:1 volume ratio of IPA to agarose solution, the agarose
ields were comparable to that of a 2:1 ratio. Thus, a volume ratio
f IPA to agarose solution of 1.5 was determined to be the optimal
ondition for the IPA precipitation in preparing biotechnological
rade agarose. The prepared agarose had sulfate and pyruvate
ontents of 0.14% and 1.03%, respectively (Table 1 and Fig. S1).
hese levels were lower or comparable to two commercial biotech-
ological grade agarose products (Lonza SeaKem LE and Bioline
IO-41027). The low sulfate and pyruvate contents of the SuperQ-
50M-prepared agarose also contributed a good EEO value of 0.16,
hich is better than two commonly used, commercial biotechno-

ogical grade agarose products.
The excellent biotechnological properties of the SuperQ-650M-

repared agarose were demonstrated when DNA samples were
nalyzed simultaneously by electrophoresis in gels prepared from
ither the SuperQ-650M or the Lonza SeaKem LE agarose (Fig. 3).
he SuperQ-650M-prepared agarose gel provided better DNA res-
lution even through with a slightly higher background signal
hen compared to that of the gel prepared using Lonza SeaKem

garose (signal intensity, quantified by ImageQuant software, of

 × 105 in SeaKem gel and of 1.1 × 106 in SuperQ-650M-prepared
el). Moreover, net DNA band signals after electrophoresis in the
uperQ-650M-prepared agarose gel had higher intensity counts
nd, thus, better DNA detection sensitivity than that of the SeaKem
ine.gene-quantification.info/).

agarose (net signal intensity of 202 bp = 6.6 × 106 in the SeaKem
gel and 7.3 × 106 in the SuperQ-650M-prepared gel for 202 bp
DNA). Similarly, evidence of better electrophoretic properties of
the SuperQ-650M-prepared agarose gel was  provided when com-
pared with electrophoresis results of the Bioline agarose gel (results
not shown). The SuperQ-650M-prepared agarose gel also showed
no detectable DNA binding ability (Fig. S2). The outstanding elec-
trophoretic results obtained when using gels prepared using the
SuperQ-650M agarose are consistent with the relatively low sul-
the SuperQ-M650-prepared (right) agarose in TBE, and electrophoresed in both gels
simultaneously in the same standard electrophoresis unit. Triplicate DNA samples
were applied to each agarose gel to ensure result reproducibility. The top arrow indi-
cates the location of the 202-bp DNA marker; the bottom arrow represents migration
of the 100-bp DNA marker after electrophoresis.

http://lonza.com/group/en.html
http://bioline.gene-quantification.info/
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.3. Physical properties of the biotechnological graded agarose

The physical parameters for the SuperQ-650M-prepared
garose were compared to Lonza SeaKem LE and Bioline BIO-41027
garose (Table 1). While the gel strength was slightly lower than
hat of SeaKem agarose, the SuperQ-650M-prepared agarose had

ore desirable lower gelling and melting temperatures, critical
roperties to exploit agarose in nucleic acid gel electrophoresis
pplications. The appropriate physical properties of the SuperQ-
50M-prepared agarose meet the requirements for applications in
iotechnology.

. Discussion

Successful preparation of biotechnological grade agarose from
ndigenous G. amansii of Taiwan with scale-generated efficiency

as attained by decreasing EDTA treatment time, incorporating
 novel anion exchange resin to purify agarose from impurities,
nd decreasing the required volume of IPA to effectively precipitate
garose. Washing G. amansii agar in the presence of higher EDTA
oncentrations and elevated temperatures not only contributed
ecreases of the degree of EEO and the levels of sulfate and pyru-
ate in the prepared agarose but also significantly reduced the EDTA
ashing time from 4 d to 1 d which eliminates 3 d from previously

eported EDTA methods [15,21].
Ion exchange column chromatography was indispensable in this

tudy to obtain agarose suitable for biotechnological application.
ssential properties of the SuperQ-650M resin allowed for a more
ffective separation of agaropectin from solutions and resulted
n agarose with lower sulfate and pyruvate content and good
lectrophoretic properties (Table 1 and Fig. 3). However, special
recaution must be taken during the agarose-SuperQ-650M resin

ncubation to prevent damage during mixing. Unattended mixing
hile suspending the SuperQ-650M resin in the agarose solution

an rupture the resin beads. Resin debris can pass through the
lter disk, contaminate the agarose, and deleteriously affect the
lectrophoretic properties of the prepared agarose gel. As stated in
aterials and methods in Supplementary data, we  carefully stirred

garose mixtures by hand for 30 min  to ensure the anion exchange
esin remained suspended in solution while avoiding breakage of
he SuperQ-650M resin. We  never observed debris of the SuperQ-
50M resin in agarose preparation if the same vigilant measures
ere taken.

The development of a method to reduce the required IPA vol-
me  for effective agarose precipitation is also an important finding
f the current study. By using less IPA during the preparation of
garose, industry operation costs can be reduced. In addition, the
mproved IPA precipitation method can be a more environmen-
ally friendly process if IPA is accidentally released during industrial
garose preparation.

The SuperQ-650M-prepared agarose demonstrated physical
roperties comparable or better than two commercially available
garose products (Table 1). Specifically, the SuperQ-650M-
repared agarose has lower gelling and melting temperatures, and
omparable gel strength than those of SeaKem LE gel. Interest-
ngly, the gel strength and the sulfate and pyruvate content of
oth the Lonza and Bioline agarose, which were measured in the
urrent study, differed from those reported by the manufacturers.
iscrepancies in values between reported physical and chemical
arameters and those presented in this study may  be the result of
iffering measurement methods. No standard protocols for agarose

haracterization have been accepted by academia or industry. Cur-
ent results, therefore, provide no basis for disputing the accuracy
f agarose specifications documented by the manufacturers. Nev-
rtheless, the SuperQ-650M-prepared agarose unequivocally offers

[

[
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ideal properties for biotechnological applications. Research is pro-
ceeding to improve and refine the procedures to enable industrial
production of agarose from indigenous G. amansii of Taiwan as a
way to achieve its full economic potential.

Author contributions

T.-P. W.  designed, analyzed data and wrote manuscript; L.-L. C.
performed research and analyzed data; S.-N. C. provided expertise,
performed research and analyzed data; E.-C. W.  provided expertise;
L.-C. H. provided useful reagents; Y.-H. C. provided useful discus-
sions and analytic tools; Y.-M. W.  provided useful discussions and
analyzed data.

Conflict of interest statement

None declared.

Acknowledgments

The authors thank Yu-Zheng Su and Yi-Jhen Lin for technical
assistance, and Drs. Susan Fetzer and Scott Severance for critical
reading of the manuscript. The authors also thank Dr. Jenn-Shou
Tsai of the Department of Food Science at the National Taiwan
Ocean University for preparation of the G. amansii agar and the
National Kaohsiung Marine University, Kaohsiung, Taiwan for per-
mission to use the rheometer to measure gel strength. This work
was supported with a grant from the Small Business Innovation
Research (SBIR) program, Ministry of Economic Affairs, Taiwan
(1Z1000103) allocated to T.-P. W.  The funding agency has no
involvement in study design; in the collection, analysis and inter-
pretation of data; in the writing of the manuscript; and in the
decision to submit the article for publication.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.procbio.2011.12.015.

References

[1] Renn DW.  Agar and agarose: indispensable partners in biotechnology. Ind Eng
Chem Prod Res Dev 1984;23:17–21.

[2] Rinaudo M.  Main properties and current applications of some polysaccharides
as  biomaterials. Polym Int 2008;57:397–430.

[3] Mitsuiki M,  Mizuno A, Motoki M.  Determination of molecular weight of agars
and effect of the molecular weight on the glass transition. J Agric Food Chem
1999;47:473–8.

[4] Serwer P. Agarose gels: properties and use for electrophoresis. Electrophoresis
1983;4:375–82.

[5] Serwer P, Hayes SJ, Moreno ET, Louie D, Watson RH, Son M.  Pulsed
field agarose gel electrophoresis in the study of morphogenesis: packaging
of  double-stranded DNA in the capsids of bacteriophages. Electrophoresis
1993;14:271–7.

[6]  Serwer P, Wright ET, Hakala K, Weintraub ST, Su M,  Jiang W.  DNA
packaging-associated hyper-capsid expansion of bacteriophage T3. J Mol  Biol
2010;397:361–74.

[7]  Easom RA, Debuysere MS,  Olson MS,  Serwer P. Size determination of multien-
zyme complexes using two-dimensional agarose gel electrophoresis. Proteins:
Struct Funct Bioinform 1989;5:224–32.

[8] Gabashvili IS, Khan SA, Hayes SJ, Serwer P. Polymorphism of bacteriophage T7.
J  Mol  Biol 1997;273:658–67.

[9] Horger KS, Estes DJ, Capone R, Mayer M.  Films of agarose enable rapid formation
of giant liposomes in solutions of physiologic ionic strength. J Am Chem Soc
2009;131:1810–9.

10] Hunt NC, Grover LM.  Cell encapsulation using biopolymer gels for regenerative
medicine. Biotechnol Lett 2010;32:733–42.

11] Arnott S, Fulmer A, Scott WE,  Dea ICM, Moorhouse R, Rees DA. The agarose dou-

ble helix and its function in agarose gel structure. J Mol  Biol 1974;90:269–84.

12] Araki C. Acetylation of the agar-like substance of Gelidium amansii. J Chem Soc
Jpn  1937;58:1338–50.

13] Araki C. Structure of the agarose constituent of agar-agar. Bull Chem Soc Jpn
1956;29:543–4.

http://dx.doi.org/10.1016/j.procbio.2011.12.015


5 ioche

[

[

[

[

[

[

[

[
1969;15:1002–5.
54 T.-P. Wang et al. / Process B

14] Duckworth M,  Yaphe W.  Preparation of agarose by fractionation from the spec-
trum of polysaccharides in agar. Anal Biochem 1971;44:636–41.

15] Kirkpatrick FH, Guiseley KB, Provonchee R, Nochumson S. FMC Corp., USA. High
gel  strength low electroendosmosis agarose for rapid electrophoresis. US Patent
4,983,268; 1991.

16] Rees DA, Welsh EJ. Secondary and tertiary structure of polysaccharides in solu-

tions and gels. Angew Chem Int Ed 1977;16:214–24.

17] Hegenauer JC, Nace GW.  An improved method for preparing agarose. Biochim
Biophys Acta 1965;111:334–6.

18] Hjertén S. A new method for preparation of agarose for gel electrophoresis.
Biochim Biophys Acta 1962;62:445–9.

[

[

mistry 47 (2012) 550–554

19] Russell B, Mead TH, Polson A. A method of preparing agarose. Biochim Biophys
Acta 1964;86:169–74.

20] Allan GG, Johnson PG, Lai YZ, Sarkanen KV. Marine polymers: part I. A new
procedure for the fractionation of agar. Carbohydr Res 1971;17:234–6.

21] Barteling SJ. A simple method for the preparation of agarose. Clin Chem
22] Upcroft P, Upcroft JA. Comparison of properties of agarose for electrophoresis
of  DNA. J Chromatogr 1993;618:79–93.

23] Chen YH, Tu CJ, Wu HT. Growth-inhibitory effects of the red alga Gelidium
amansii on cultured cells. Biol Pharm Bull 2004;27:180–4.


	Successful preparation and characterization of biotechnological grade agarose from indigenous Gelidium amansii of Taiwan
	1 Introduction
	2 Materials and methods
	3 Results
	3.1 Temperature and concentration optimizations of EDTA treatments for agarose preparation
	3.2 Biotechnological grade agarose preparation with excellent electrophoretic properties
	3.3 Physical properties of the biotechnological graded agarose

	4 Discussion
	Author contributions
	Conflict of interest statement
	Acknowledgments
	Appendix A Supplementary data
	Appendix A Supplementary data


