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Abstract
We have developed a simple enzyme-linked immunosorbent assay (ELISA) for the direct determination of chitosan-like
polysaccharide (CP) produced in the cultures of Citrobacter strains. CP in sample solutions was reacted with anti-CP rabbit polyclonal antibody immobilized in a 96-well microtiter plate and sandwiched with horseradish peroxidase-conjugated
lectin, followed by color development by the enzyme activities. Using standard chitosan solutions, a good standard curve
(R2=0.977) was established between 0 and 250 μg l-1 with the average coefficient of variation of 7.0%, and CP in the diluted
culture supernatants could be directly determined. This method can apply for the direct determination of other polysaccharides in solution by selecting an inexpensive custom-made polyclonal antibody and an appropriate lectin, both of which
may be commercially available.
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Introduction
Several microbial polysaccharides such as xanthan, levan, and
curdlan have been practically produced in industrial scales and
used for the production of foods, medicines, and cosmetics [13]. To reduce the production costs, researchers have made their
best efforts to improve the productivity, which has been evaluated
as the wet weight or the dry weight of the target polysaccharide
produced per liter after the recovery as solid from the culture
supernatants [2, 3]. However, the recovered materials may still
contain large amounts of impurities. In addition, their biological
and physiological activities do not always respond to the weight
measured. Therefore, it is very useful if the major structures of
polysaccharides or structures essential for their activities can be
directly and easily evaluated in culture supernatant or solution.
We are studying a chitosan-like polysaccharide (CP) with the average molecular weight of >1.66 MDa produced from acetate by
Citrobacter strains, which has strong flocculating activity for suspended solids in water, and thus, can be used as a flocculant [4-6].
This biopolymer can be recovered as solid by ethanol precipita-

tion and re-solubilized with acidic solutions for the use. Analyses
of the dry weight and the sugar content of the recovered solid
may provide good information on the amount of the CP in the
original culture, but these analyses are not specific to the target
polysaccharide as described above. In addition, they require long
analytical time, laborious operational steps, and considerable
amounts of the culture. Therefore, in the production of other
microbial polysaccharides, more rapid and selective assays based
on specific protein binding have been employed to quantify them
[7-11]. Enzyme-linked immunosorbent assay (ELISA) is one of
such methods [12, 13] and can detect a biomolecule of interest
sensitively even in the presence of impurities, because it is based
on specific antigen-antibody reaction. ELISA is well automated
with the use of 96-well microtiter plates, a plate washer, and a
plate reader, and thus, it has been used in many laboratories and
facilities as a conventional analytical method [12]. Only the bottle
neck to use ELISA is preparation of specific antibodies, which
is a laborious work and very costly. Instead of antibody, lectins,
which are glycan-specific binding proteins without enzyme activity [14], have also been used in similar assays [called enzyme-linked
lectin or lectin sorbent assay (ELLA)] for the detection of poly-
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saccharides and glycoproteins [15-20]. Lectins can be obtained
from many biosources such as bacteria, plants, and animals [14],
and many lectins are commercially available. One of the representative lectins, wheat germ agglutinin (WGA), is known to preferentially recognize N-acetyl-D-glucosamine in polysaccharides
[14, 21, 22], the major constituent sugar of chitin/chitosan and
the CP. Therefore, WGA has been used for the detection of chitin/chitosan in fungal and yeast cells and environmental samples
[23-25].

sample was solubilized with a small amount of 1% (v/v) acetic
acid, mixed with an adjuvant, and used to immunize an SPF grade
rabbit (Japanese white) three times bi-weekly. After 56 days, the
rabbit was bleeded out and 53 ml of the antiserum was obtained
from the blood. The anti-CP IgG was purified from 10 ml of the
antiserum using a Protein A affinity column by the same company. The final concentration of the purified anti-CP IgG sample
(1.7 ml) was 20.5 mg-protein ml-1 and the sample was stored at
-20°C as 50 % (v/v) glycerol solution including 15 ppm ProClin
300 (Sigma-Aldrich, St. Louis, MO, USA) prior to the use.

In this study, to construct a rapid, selective, and direct determination method for the CP in solution, we employed a simple sandwich ELISA, in which a custom-made polyclonal antibody and
a horseradish peroxidase (HRP)-conjugated WGA were used as
a capture antibody and instead of a detection antibody, respectively. The established method recognized not only the CP but
also authentic chitin/chitosan from shrimp shells even in a low
concentration range. The CP amounts in samples could be determined as chitosan-mg unit using the standard curve of authentic
chitosan solutions.

Standard Sandwich ELISA for the Determination of CP
In this ELISA, the exclusive solutions contained in the Protein
Detector HRP Microwell Kit, Anti-Rabbit (SeraCare Life Science,
Gaithersburg, MD, USA) were routinely used for convenience.
The standard ELISA (Figure 1) was conducted as follows; 100
μl of the anti-CP IgG solution (10 μg ml-1) diluted with Coating Solution was dispensed into each well of a 96-well microtiter
plate (MaxiSorp, Thermo Fisher Science, Yokohama, Japan), and
the plate was left overnight in a refrigerator for immobilization.
After removing the solution, 250 μl of BSA Diluent/Blocking
Solution was dispensed into each well. Then, the plate was kept at
37°C for 20 min for blocking. After removing the blocking solution, 100 μl of sample solutions including CP, chitosan (Low MW,
from shrimp shells, deacetylation 93.1%, Sigma-Aldrich), D-glucosamine (GlcN) (Nacalai Tesque, Kyoto, Japan), N-acetyl-D-glucosamine (GlcNAc) (Nacalai Tesque), chitopentose (Funakoshi,
Tokyo, Japan) or N, N’, N’’, N’’’, N’’’’-pentaacetyl chitopentose
(Funakoshi) was poured into each well. These sample solutions
were prepared by diluting the original samples appropriately with
Coating Solution. Antigen-antibody reaction was performed at
25°C for 1 h, and then, the solution was removed. Each well was
washed three times with 300 μl of Wash Solution. Then, a lectinHRP conjugate solution was prepared by diluting WGA-HRP
(J-Oil Mills, Tokyo, Japan) with BSA Diluent/Blocking Solution
at 0.5 μg ml-1. The lectin-HRP conjugate solution (100 μl) was
added to each well and kept at 25°C for 30 min to sandwich CP
or authentic chitosan (trapped by the anti-CP IgG immobilized

Materials and Methods
Preparation and Purification of CP and anti-CP Rabbit IgG
Citrobacter freundii IFO13545 (equal to NBRC13545) was cultivated at 30°C and 120 rpm on a rotary shaker for 2 d in acetate
medium [10.0 g CH3COONa, 1.0 g (NH4)2SO4, 1.0 g K2HPO4,
0.05 g NaCl, 0.2 g MgSO4•7H2O, 0.05 g CaCl2, 0.01 g FeCl3, and
0.1 g yeast extract in 1 l, pH 7.2] [4]. The culture supernatant was
prepared by centrifugation (8,000 x g, 4°C, 10 min). Two volumes
of ethanol was added to the supernatant and the mixture was
kept overnight at -20°C to precipitate crude CP, which was recovered by centrifugation (12,000 x g, 4°C, 20 min). The pellet was
solubilized with a small amount of HCl and then dialyzed against
large amounts of water in a refrigerator (at 4°C). This process was
repeated twice to purify CP. Finally, 7 mg (dry weight) of CP was
obtained from 100 ml of the culture supernatant. An antiserum
against CP was prepared in rabbit using the purified CP sample
as an antigen by Sigma-Aldrich, Tokyo, Japan. In brief, the CP

Figure 1. Schemes of ELISA Steps.
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on each well) with the lectin-HRP conjugate. After removing the
solution, 100 μl of ABTS [2,2’-azino-bis(3-ethylbenzthiazoline6-sulfonic acid)] Enzyme Substrate Solution was introduced into
each well and the solution was kept at 37°C for 15 min to develop color. Then, 100 μl of Stop Solution was added to each well
and the absorbance at 405 nm was measured after mixing. All the
measurements were carried out in triplicate.
The kit exculsive solutions can be replaced with the following
solutions; Coating Solution, 10 mM phosphate-buffered saline
(PBS) (pH7.2); BSA Diluent/Blocking Solution, 1% (w/v) BSA
in 100 mM PBS (pH7.2); Wash Solution, 100 mM PBS (pH7.2)
with 0.05% (v/v) Tween 20; ABTS Enzyme Substrate Solution,
1 mM ABTS, 2% (v/v) H2O2 in 100 mM citrate buffer (pH4.5);
Stop Solution, 1% SDS (w/v) in water. Except for dispensing the
samples, most processes (dispensing the reagent solutions, mixing
by shaking the plate, incubation at directed temperature, aspiration, and measurement of absorbance) were automatically carried out using a Crocodile Mini-Workstation (Titertek-Berthold,
Pforzheim, Germany). A stock chitosan solution was prepared at
100 mg l-1 by dissolving 5 mg of the authentic chitosan (SigmaAldrich) with 50 ml of 1% (v/v) acetic acid. Then, standard chitosan solutions were prepared between 0 and 250 μg l-1 by diluting
the stock solution with Coating Solution.

Results and Discussion
The CP of C. freundii IFO13545 produced from acetate has a
very similar structure to that of chitin/chitosan [4, 26]. Therefore, commercially available authentic chitosan from shrimp shells
(Sigma-Aldrich) was used to make standard solutions for this assay. As shown in Figure 2, using the standard chitosan solutions,
a good standard curve (R2=0.977) was established between 0 and
250 μg l-1 with the average coefficient of variation of 7.0%, although the polyclonal antibody (anti-CP rabbit IgG) used was
prepared against the CP of IFO13545 in rabbit. This proves that
the CP of IFO13545 is very similar in structure to the authentic
chitosan.
From the 2-d cultures of C. freundii IFO13545, C. freundii IFO
13545∆bfpC (a CP-deficient mutant of IFO13545), and Escherichia
coli JM109 (Takara Bio, Kyoto, Japan), each culture supernatant

was prepared by centrifugation (12,000 x g, 4°C, 20 min), and
then, the 10-fold dilution series of the culture supernatants were
prepared with Coating Solution. The diluted samples were subjected to the established ELISA. A medium control (without the
inoculation of the bacterial cells) was also prepared and measured
in the same way. As shown in Figure 3, the absorbance of the
diluted samples of the C. freundii IFO13545 culture supernatant
started to decline at the 103-fold dilution, sharply decreased, and
reached an almost basal level at the 104-fold dilution (Run1). To
obtain the detailed data between the 103-fold and 104-fold dilutions, the culture supernatant of IFO13545 was again diluted
at narrow intervals and the diluted samples were measured as
the second trial. As a result, the obtained data points formed a
smooth declining curve in the dilution range (Figure 3, Run2). As
the absorbance at 405 nm of the 3000-fold diluted sample was
2.096 (Figure 3), the CP concentration was determined 155 μgchitosan l-1 from the standard curve of authentic chitosan (Figure
2), being equal to 464 mg-chitosan l-1 in the original culture supernatant. These results demonstrate that it is possible to quantify
CP in culture supernatant relatively as chitosan-mg unit. This is
very similar to the determination of protein concentrations in solution using bovine serum albumin as a standard. In contrast, the
absorbance of the medium control was consistent at a basal level
regardless of the dilutions (Figure 3), indicating that the medium
components did not affect the CP measurement significantly. In
addition, the diluted samples of the C. freundii IFO13545∆bfpC (a
CP-deficient mutant) and E. coli JM109 culture supernatants were
also at the basal level, although the non-diluted and the 10-fold
diluted samples showed somewhat higher values than the basal
level. Even this background absorbance could be completely ignored if the samples to be measured are more than 102-fold diluted with Coating Solution.
The polyclonal antibody used might contain a small amount of
IgG against impurities such as proteins, nucleotides, and other
polysaccharides, because the purified CP sample used for immunization still might contain a trace amount of the impurities. Therefore, in this ELISA, these impurities also might be caught on the
polyclonal antibody immobilized on the wells, nevertheless, the
background was low and consistent, compared to the detection
level of the CP (Figure 3). This is probably due to double selections by the polyclonal antibody and the lectin-HPR conjugate.

Figure 2. Standard Curve using Authentic Chitosan from Shrimp Shell (Low MW, Sigma).
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Figure 3. Measurement of CP in the Culture Supernatants of C. freundii IFO13545 (Run1, closed circle: Run2, open circle),
C. freundii IFO13545∆bfpC (open triangle), Escherichia coli JM109 (closed triangle ), and medium control (closed square).
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In the competitive ELISA for the determination of 2-substituted
(1,3)-β-D-glucans in the cultures of lactic acid bacteria, polyclonal
antibody was used to detect the β-glucans [11]. This assay detected
the target β-glucans sensitively (in the range of 20 to 2500 μg ml1
), but competition with another β-glucan[6-substituted (1,3)-β-Dglucan] was observed in the lower concentration range (10 to 250
μg ml-1) [11]. Single use of polyclonal antibody in ELISA tends to
cause unexpected cross reactions, which result in the inaccurate
determination of the target polysaccharide. The sandwich assay
employed in this study can improve this problem by the additional
selection with WGA.
WGA has been frequently used to detect the biofilm components
(exopolysaccharides) of bacterial strains and the cell wall components (chitin/chitosan) in fungal and yeast cells [16, 17, 19, 23,
24], because WGA recognizes GlcNAc and its consecutive oligo
units in polysaccharides [14, 21, 22]. Due to this specificity, GlcNAc and the oligomers work as strong competitive inhibitors for
the binding of WGA to the target polysaccharides and glycoproteins [16, 21, 25, 27]. The acetate medium used for the cultivation
of the CP-producing strain contains yeast extract, which may provide GlcNAc and the oligomers from disrupted yeast cell walls. In
addition, in aged cultures, they may be released from the peptido
glycan of dead bacterial cells. Therefore, the presence of GlcNAc
and the oligomers in the culture should be considered.
To know the effect of GlcNAc and the oligomers, GlcN, GlcNAc, chitopentose [(GlcN)5], and N,N’,N’’,N’’’,N’’’’-pentaacetyl
chitopentose[(GlcNAc)5] were also measured at various concentrations by this sandwich ELISA. However, the absorbance of
these samples did not increase from the basal level even at >1 mg
l-1 (Figure 4). Therefore, these compounds are unlikely to affect
the measurement of the CP by this method.
In simple ELLAs, a target polysaccharide or a glycoprotein in
sample is first immobilized on microtiter plate wells, and then,
detected by a lectin conjugated with an indicator enzyme such as
HRP. In this case, the presence of the competitive inhibitors can
affect the binding of the lectin to the target molecule significant-

ly. In fact, in the detection of GlcNAc in the biofilm matrix of
Staphylococcus epidermidis by ELLA, GlcNAc inhibited the detection
strongly [16]. Since the present method did not detected GlcNAc
and the pentamer even at high concentrations (Figure 4), they
might be washed out through the first capture reaction with the
polyclonal antibody and the subsequent washing process.
In some ELLAs, in turn, a lectin is first coated on microtiter
plate wells to catch the target molecule in sample, and then, specific antibody against the target molecule is used to detect it [28].
This case would be also affected by the inhibitors, because the
inhibitors in sample compete with the target polysaccharide for
the binding to the coated lectin in the first capture reaction. Accordingly, we think that our sandwich style consisting of the first
capture reaction with polyclonal antibody and the second sandwiching reaction with lectin is most suitable to lower the effect of
the low molecular competitive inhibitors.
In many simple ELISAs and ELLAs, a target molecule in sample
is first coated on microtiter plate wells. This type needs enough
time to immobilize the target molecule on solid surface. For example, in the ELLA for the detection of the extracellular polysaccharides (EPSs) of Streptococcus mutans, Decker et al. employed a
20-h incubation time to immobilize the EPSs to the microtiter
plate wells [18]. Werning et al. also employed a 16-h incubation
time to immobilize the β-glucans of lactic acid bacteria in the
ELISA [11]. Such long times are not suitable for the monitoring of microbial polysaccharides in growing cultures. The present method can complete the measurement in approximately 2
h, if the polyclonal antibody is immobilized to the microtiter plate
wells prior to the test day.
Similar sandwich ELISAs containing lectin have been widely used
for the detection of biomarkers for cancers and glycoproteins in
medical samples [19, 20]. However, no reports on similar ELISA
(antibody/lectin sandwich method) could be found for the direct
determination of microbial polysaccharides in solution. The present method was established within 6 months including the antibody preparation period and at a low cost by using an inexpensive
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Figuer 4. Measurement of D-glucosamine (GlcN) and N-acetyl-D-glucosamine (GlcNAc) (A), and their pentamers (B).
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custom-made polyclonal antibody and a commercially available
WGA. The result shown here is only a case study, but this methodology can apply for the rapid establishment of the direct determination method for polysaccharides in solution, if an appropriate lectin specific to the target polysaccharide can be obtained.
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