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A new method was developed to determine glucosamine (GlcN) and N-acetyl glucosamine (GlcNAc)
in materials containing chitin and chitosan, such as fungal cell walls. It is based on two steps of
hydrolysis with (i) concentrated sulfuric acid at low temperature and (ii) dilute sulfuric acid at high
temperature, followed by one-step degradation with nitrous acid. In this process, chitin and chitosan
are converted into anhydromannose and acetic acid. Anhydromannose represents the sum of GlcN
and GlcNAc, whereas acetic acid is a marker for GlcNAc only. The method showed recovery of
90.1% of chitin and 85.7-92.4% of chitosan from commercial preparations. Furthermore, alkali
insoluble material (AIM) from biomass of three strains of zygomycetes, Rhizopus oryzae, Mucor
indicus, and Rhizomucor pusillus, was analyzed by this method. The glucosamine contents of AIM
from R. oryzae and M. indicus were almost constant (41.7 ( 2.2% and 42.0 ( 1.7%, respectively),
while in R. pusillus, it decreased from 40.0 to 30.0% during cultivation from 1 to 6 days. The GlcNAc
content of AIM from R. oryzae and R. pusillus increased from 24.9 to 31.0% and from 36.3 to 50.8%,
respectively, in 6 days, while it remained almost constant during the cultivation of M. indicus (23.5 (
0.8%).
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INTRODUCTION

Glucosamine (GlcN) and its acetylated form, N-acetyl glu-
cosamine (GlcNAc), are the building units of the biopolymers
chitin and chitosan. GlcN is the dominating monomer in
chitosan, while chitin contains more GlcNAc than GlcN. Chitin
is a characteristic component of the exoskeleton of the crusta-
ceans and fungi and is crucial for their shape. Furthermore,
chitosan, which is the deacetylated derivative of chitin, is found
in the cell wall of zygomycetes (1). Both chitin and chitosan
have GlcN and GlcNAc monomers that are connected together
by glycosidic bonds. At higher degrees of deacetylation, the
polymer is named chitosan. Chitin and chitosan are usually
found in association with other materials such as minerals in
crustacean shells and proteins and glucans in fungal cell walls.
The determination of GlcN and GlcNAc content has great
importance for the estimation of purity and composition of these
polymers (2). For measuring GlcN and GlcNAc contents, chitin-
and chitosan-containing samples are usually hydrolyzed to

cleave the glycosidic bonds between the monomers and to
remove the acetyl group from the GlcNAc residues to produce
GlcN.

Among different hydrolysis methods of chitin and chitosan,
hydrochloric acid hydrolysis has been preferred. The hydrolysis
is usually performed by 2.5-10 M hydrochloric acid at 80-140
°C for 1-23 h (2-7). The recovery of GlcN in this process
depends on the crystallinity of the chitin and chitosan materials
and reaction conditions (i.e., acid concentration, time, and
temperature). High crystallinity of the materials reduces access
of the acid to the polymer chains, resulting in lower hydrolysis
yield. In this case, very long hydrolysis time is necessary to
break the chains. However, prolonged hydrolysis under harsh
conditions of reaction leads to degradation of the liberated
monomers (6). We checked this method in our preliminary
experiments, which did not end up with complete hydrolysis
of commercial preparations of chitin and chitosan, and a
considerable amount of samples was retained at the end of
hydrolysis process (data not shown). Under such conditions,
HCl might not be the best acid for the hydrolysis process.

Nitrous acid has often been used for the detection of chitosan.
This acid causes depolymerization and deamination of chitosan
and converts it to anhydromannose (8-10). However, nitrous
acid is not able to cleave the bonds between GlcN and GlcNAc
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residues and depolymerization of chitosan stops when it reaches
GlcN-GlcNAc bonds (10). Consequently, complete depolym-
erization of chitin and chitosan chains is only possible when
the chains are fully deacetylated prior to treatment with nitrous
acid.

Complete deacetylation of chitin and chitosan can be per-
formed by high concentrations of sulfuric acid (2.4-7.2 M) in
the presence of oxalic acid at high temperatures (110-155 °C).
This process is used for measuring the degree of deacetylation
of pure chitin and chitosan (11, 12). In preliminary experiments
with this process, we found that GlcN was largely destroyed
under such harsh conditions. Thus, this method is not useful
for simultaneous determination of GlcN and GlcNAc (data not
shown). On the other hand, sulfuric acid is widely used for the
hydrolysis of cellulosic materials and analysis of total sugars
in impure samples (13). Usually, a two-step sulfuric acid
hydrolysis employing concentrated sulfuric acid hydrolysis at
low temperature followed by dilute acid hydrolysis at high
temperature has been used for analyses of lignocelluloses. The
first step loosens the fibrils and initiates depolymerization that
proceeds during the second step with release of a high yield of
sugars, which can be quantified by, for example, high-
performance liquid chromatography (HPLC) (13). In preliminary
experiments, we tried this process on pure chitin and chitosan.
It resulted in complete deacetylation and became the basis of
the current work.

The aim of this work was to develop a simple and rapid
method for measuring the GlcN and GlcNAc constituents of
fungal cell walls. Pure commercial reference materials mainly
from crustaceous sources (chitin, chitosan, GlcN, and GlcNAc)
were first tested under different conditions. Then, the condition
giving the highest recovery was chosen for measuring GlcN

and GlcNAc in impure samples. As examples of the application,
alkali insoluble residues from biomass of three strains of
zygomycetes Rhizopus oryzae, Mucor indicus, and Rhizomucor
pusillus, were characterized by the new method.

MATERIALS AND METHODS

Materials. Our new method was first tested on seven commercial
preparations of chitin, chitosan, and amino sugars. Pure chemicals
including three commercial shellfish chitosans (Aldrich) of (i) low
molecular weight with 20 cP viscosity (1% solution in 1% acetic acid),
(ii) medium molecular weight with 200 cP viscosity and (iii) high
molecular weight with 800 cP viscosity, and (iv) chitosan from crab
shells (Sigma), (v) chitin from crab shells (Sigma), (vi) GlcNAc
(Calbiochem), and (vii) GlcN hydrochloride (Fluka) were used as
reference materials.

Measurement of GlcNAc and GlcN Content. The procedure
containing a two-step hydrolysis by sulfuric acid followed by one-step
nitrous acid depolymerization (Figure 1) was applied to all of the
reference materials. Sulfuric acid hydrolysis was carried out according
to laboratory analytical procedure developed by the National Renewable
Energy Laboratory (NREL) for lignocelluloses with some modifications
(13). Samples of 10 mg chitin-/chitosan-containing materials were
placed in 15 mL screw cap centrifuge tubes, and 0.3 mL of 72% (v/v)
sulfuric acid was added. The suspensions were then mixed every 15
min with a glass bar for 90 min at room temperature. At the end of
this step, all solid materials were dissolved in the concentrated sulfuric
acid. Shorter mixing times and smaller volumes of sulfuric acid resulted
in incomplete dissolution of chitin and lower recovery of this material.
Then, 8.4 mL of water was added to each tube, and they were then
closed tightly and placed in an autoclave at 121 °C for 1 h for the
hydrolysis with the diluted sulfuric acid. At the end of this hydrolysis
step, two samples of each 0.5 mL (named A and B) were taken from
each tube, while the solutions were still hot around 100 °C. It was
necessary to take the samples at high temperature, since chitosan

Figure 1. Procedure for the determination of GlcN and GlcNAc in chitin- and chitosan-containing materials.
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precipitates by cooling to room temperature, which results in a
nonhomogeneous solution (14). After the samples were cooled to room
temperature, 0.5 mL of 1 M NaNO2 or 0.5 mL of water was added to
samples A and B, respectively. All tubes were closed tightly, mixed,
and left for 6 h at room temperature. They were then opened and left
overnight under the hood to complete the depolymerization-deamination
reaction and to remove the NO2 that arose as a byproduct in the reaction
mixture of sample A. A shorter time for both closed and opened door
steps (6 h and overnight, respectively) resulted in lower recovery of
reference materials (data not shown). At the end of this step, both chitin
and chitosan were converted to anhydromannose, which was quantified
by the colorimetric method presented by Plassard et al. (15) with minor
modifications. Briefly, the excess nitrous acid was inactivated by the
addition of 0.5 mL of ammonium sulfamate (12 wt %) to samples A
and B and mixing for 4 min. Then, 0.5 mL of 0.5% MBTH (3-methyl-
2-benzothiozolone-hydrazone-hydrochloride) was added, and the tubes
were left for 1 h without mixing. It was followed by addition of 0.5
mL of 0.5% FeCl3 and mixing. MBTH and FeCl3 create a blue color
complex with anhydromannose. After 1 h, both A and B were diluted
100 times with water, and the absorbance of solution A was measured
at 650 nm against solution B (without NaNO2). A solution of pure
GlcN hydrochloride in 2.48% (v/v) sulfuric acid (8.4 mL of water mixed
with 0.3 mL of 72% sulfuric acid) was used as a standard, and the
concentration of GlcN in samples was measured. Because the samples
were taken at high temperature and the measurements were performed
at room temperature, the difference between the density of 2.48%
sulfuric acid at room temperature and 95 °C (1.027 and 1.003 g/mL,
respectively) was used to correct the calculations.

For measuring the GlcNAc, the concentration of acetic acid in cold
sulfuric acid hydrolyzates was measured by HPLC with an ion exchange
Aminex column (HPX-87H, Bio-Rad, Richmond, CA) at 60 °C with
0.6 mL/min eluent of 5 mM sulfuric acid with UV-vis detector (Waters
2486, Waters, MA). Moles of acetic acid in each sample were
considered to be equal to moles of GlcNAc.

Pure GlcN and GlcNAc were treated in the same way as chitin and
chitosan, and their recoveries were calculated according to the following
equations:

RGlcNAc )
C2,GlcNAc

C1,GlcNAc
(1)

RGlcN )
C2,GlcN

C1,GlcN
(2)

where RGlcNAc is the recovery of GlcNAc (mol/mol), RGlcN is the recovery
of GlcN (mol/mol), C1,GlcNAc and C1,GlcN are known respective concen-
trations of GlcNAc and GlcN before hydrolysis, and C2,GlcNAc and C2,GlcN

are their concentrations after hydrolysis as measured by HPLC and
spectrophotometric methods, respectively.

GlcNAc and GlcN yields as well as recovery of the reference
materials were calculated according to the following formulas:

YGlcNAc )
mAc × 203

RGlcNAc × W
(3)

YGlcN )

mGlcN

RGlcN
-

mAc

RGlcNAc

W
× 161 (4)

R) YGlcNAc + YGlcN (5)

where YGlcNAc is the GlcNAc yield (g/g), YGlcN is the GlcN yield (g/g),
and R is the total recovery from the chitin and chitosan reference
materials in the form of GlcNAc and GlcN (g/g). W is the sample weight
(g), mAc is moles of acetic acid, and mGlcN is total moles of GlcN. R,
YGlcNAc, and YGlcN of the reference materials are presented in Table 1.
The same equations were used for measurement of GlcN and GlcNAc
in the fungal materials.

Cultivation of Fungi and Preparation of Alkali Insoluble Material
(AIM). R. oryzae CCUG 28958, M. indicus CCUG 22424, and R.
pusillus CCUG 11292 were obtained from Culture Collection University
of Gothenburg (CCUG, Göteborg, Sweden). These fungi were main-

tained on agar slants containing (g/L): D-glucose (40), soy peptone (10),
and agar (20), at pH 5.5 by incubating them at 32 °C for 5 days.

Cultivations were performed in 200 mL working volumes in 500
mL cotton-plugged Erlenmeyer flasks in a shaker incubator at 32 °C
and 150 rpm. The medium contained (g/L): (NH4)2SO4 (7.5), KH2PO4

(3.5), MgSO4 ·7H2O (0.75), CaCl2 ·2H2O (1.0), yeast extract (5), and
glucose (50). It was autoclaved at 121 °C for 20 min. The pH was
adjusted to 5.5 ( 0.2 at the beginning of the cultivation. The medium
was inoculated with 1 mL of suspension containing 5 × 107 spores/
mL. At the end of the desired fermentation period, mycelia were
harvested by filtration, washed three times with water, and dried at 50
°C. Cell wall material was prepared according to the method presented
by Synowiecki et al. (5) with some modifications. Dry mycelia of each
strain were treated with 30 mL of 0.5 M sodium hydroxide per g of
dry mycelia at 90 °C overnight. The AIM was separated by centrifuga-
tion (10 min, 4000g) and washed 10 times with distilled water, dried
at 50 °C, weighed, and stored. All experiments were performed at least
in duplicate, and results are presented as averages.

RESULTS

GlcN and GlcNAc Measurements of Reference Materials.
The newly developed method shown in Figure 1 was applied
on reference samples of chitin and chitosan, and the GlcN and
GlcNAc concentrations as well as total recoveries of them are
recorded (Table 1). During the initial treatment with 72%
sulfuric acid at room temperature for 90 min, all of the materials
dissolved, indicating improved access to the polysaccharide
chains. After the subsequent treatment with 2.48% sulfuric acid
at 121 °C for 1 h, almost all of the GlcNAc residues had been
deacetylated. Depolymerization of chitin and chitosan chains
might also occur during the treatment with sulfuric acid. After
the sulfuric acid treatments, the samples were completely clear
in the hot sulfuric acid solution; however, after they were cooled
to room temperature, precipitation appeared. Because chitosan
is soluble in dilute sulfuric acid only when the solution is hot
(14), precipitation indicated that depolymerization of chitosan
was not complete after the sulfuric acid hydrolyses. Further
depolymerization of deacetylated chains of chitin and chitosan
was achieved with nitrous acid solution, which produced the
deaminated derivative of GlcN (10). The recoveries of the
reference materials varied between 86 and 92%. During hy-
drolysis with sulfuric acid, GlcN might be destroyed, and acetic
acid librated from the GlcNAc residues might be evaporated.
Therefore, pure GlcN and GlcNAc were treated at the same
conditions, and their recoveries were calculated according to
eqs 1 and 2 (0.920 ( 0.009 and 0.953 ( 0.018, respectively)
and were used as correction factors in the eqs 3 and 4. This
type of calibration has been developed and accepted for
hydrolysis of lignocelluloses with sulfuric acid (13). This method
was applied to study the chitin and chitosan contents of cell
wall preparations (AIM) of three strains of zygomycetes at
different growing times.

Table 1. Yields of GlcN (YGlcN) and GlcNAc (YGlcNAc) as well as Total
Recovery (R) of Various Chitin and Chitosan Reference Material

substrate Ra YGlcNAc
b YGlcN

c

chitosan, high MW 0.871 ( 0.019 0.209 ( 0.006 0.662 ( 0.014
chitosan, medium MW 0.924 ( 0.061 0.198 ( 0.010 0.726 ( 0.058
chitosan, low MW 0.864 ( 0.015 0.086 ( 0.003 0.778 ( 0.012
chitosand 0.857 ( 0.057 0.114 ( 0.003 0.743 ( 0.056
chitin 0.901 ( 0.058 0.709 ( 0.037 0.192 ( 0.095

a Recovery of reference materials in the form of GlcN and GlcNAc (g/g substrate).
b GlcNAc yield of reference materials (g GlcNAc/g substrate). c GlcN yield of
reference materials (g GlcN/g substrate). d This chitosan was provided as flakes,
from the supplier.
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Effect of Cultivation Time on Concentration of AIM. The
three strains of zygomycetes R. oryzae, M. indicus, and R.
pusillus were cultivated in shake flasks in a semisynthetic
medium containing 50 g/L glucose, and their biomasses were
harvested at 1 day intervals for 6 days. The AIMs were prepared
from the fungal biomasses, and the yields of AIM were
measured (Figure 2). The concentration of AIM in the biomass
of R. oryzae was 18.3% of the dry weight of the cells after the
first day of cultivation and was then around 20.0% during the
following days (Figure 2). The AIM of R. pusillus was 14.4%
of its biomass after the first day and increased with an increase
in the cultivation time up to 27.1% of the biomass after 6 days
of cultivation (Figure 2). The AIM in M. indicus was 16.0%
of the biomass after the first day and increased to 18.6% within
3 days and then remained almost constant until the sixth day
(Figure 2).

GlcN and GlcNAc Content of AIM. The newly developed
method for measuring GlcN and GlcNAc was used for the
determination of these two components in the AIM of the
zygomycetes described above. As shown in Figure 3, the GlcN
concentration of AIM of R. oryzae and M. indicus was almost
constant during the 6 days of cultivations, while in R. pusillus,
it decreased slowly. In contrast, the concentration of GlcNAc
in AIM increased markedly in R. pusillus and somewhat less
so in R. oryzae (Figure 3). For M. indicus, the GlcNAc
concentration of AIM remained almost constant during the
cultivation period (Figure 3). Throughout the cultivation
period, after 6 days of cultivation, GlcN and GlcNAc made
up 69.2 ( 3.6% of AIM of R. oryzae, 80.7 ( 2.6% of R.
pusillus, and 65.5 ( 2.4% of M. indicus within 6 days of
cultivation (Figure 3).

DISCUSSION

In this work, a method for quantifying the GlcN and GlcNAc
content of the AIM of zygomycetes biomass and other chitin-/
chitosan-containing materials was developed. This method is
based on the previous reports on deacetylation of chitin by
sulfuric acid (11, 12), the temperature-dependent solubility of
chitosan in sulfuric acid (14), and its unique degradability in
nitrous acid solutions, which is not shared with other materials
of fungal cell wall such as glucan and mannan (8, 10), in
combination with principles employed for the hydrolysis of
lignocelluloses (13).

In previous reports, hydrochloric acid was used for the
hydrolysis of chitin and chitosan prior to GlcN analysis (2-7).
However, hydrolysis by HCl is usually a time-consuming
process to achieve complete depolymerization and high yield.
Bosworth and Scott (3) reported that the maximum yield of

hydrolysis of chitosan with 5.5 N HCl at 102 °C was not reached
in less than 23 h. Chen and Chio (7) recovered only 63.7% of
chitin as GlcN after 60 min of hydrolysis with 2.5 M HCl at
140 °C. Wu et al. (6) used 6 M HCl at 110 °C and recovered
93.0% of chitosan after 3 h and only 68.7% of chitin after 12 h
as GlcN. Zhu et al. (2) got 85.3% recovery of chitin at 110 °C
after 4 h. In all of these works, the sum of free and acetylated
GlcN was reported. Our new method measures the GlcN and
GlcNAc concentrations separately. It is therefore difficult to
make a direct comparison between the results of the two
methods. The sum of the GlcN and GlcNAc yields from the
different chitin and chitosan reference preparations with our new
method were 86-92%, indicating high performance of the
method for the analysis of materials containing these polymers
(Table 1).

Figure 2. Yield (g/g biomass) of AIM in R. oryzae (gray), R. pusillus
(white), and M. indicus (black).

Figure 3. GlcN (black) and GlcNAc (white) concentration of AIM (g/g
AIM) in different harvesting times (1-6 days) for R. oryzae, R. pusillus,
and M. indicus.
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In earlier methods, GlcN has been quantified by hydrolysis
in HCl solutions. However, part of the sample that was not
depolymerized by HCl and stayed in the solid form was not
included in the measurement (2, 3, 6, 7). In the new method,
sulfuric acid deacetylates the samples and produces polyglu-
cosamine chains with different degrees of polymerization that
are completely soluble in hot dilute sulfuric acid (14). Because
the samples are taken from the hot hydrolyzates, the chitosan
is not precipitated from the solution. In this case, the whole
initial sample is considered for the estimation of GlcN content.

Characterization of AIM of cell wall preparations by the new
method showed conspicuous differences between the species
tested (Figures 2 and 3). During the 6 day cultivation period,
R. pusillus nearly doubled the AIM yield and increased the
concentration of GlcNAc in AIM by 40%, whereas the
concentration of GlcN in AIM decreased by 25%. In samples
taken from cultures of R. pusillus after 2 day or longer
cultivation periods, GlcNAc dominated, whereas in all remaining
samples, GlcN dominated. During the cultivation period, M.
indicus showed an increase of the AIM yield (Figure 2),
whereas in R. oryzae, there was a slight increase of the GlcNAc
yield (Figure 3). Taken together, there seems to be an increase
of the GlcNAc concentration of the biomass as the cultivation
proceeds. However, the differences were great between the
species. Whether they are due to dissimilarities with respect to
cell wall synthesis or caused indirectly as consequences of
differences in carbohydrate metabolism (16) needs further
investigation. The pathway of chitosan synthesis in the cell wall
appears to proceed by tandem action of chitin synthase and chitin
deacetylase. The former produces chitin chains, while the latter
deacetylates them as soon as they reach a critical length. In the
old cells, crystallization of chitin occurs in the cell wall to
increase the cell resistance against environmental stresses. This
process at the same time decreases the rate of deacetylation of
chitin, because chitin deacetylase is not able to deacetylate
crystalline chitin (17-20). Stopping the GlcN production in the
fungal cell wall skeleton in old cells in our work might confirm
this hypothesis. Among the three strains, the AIM fraction was
increased obviously in cultivation of R. pusillus during the 6
days (Figure 2). This might show the thickening of the cell
wall that is accompanied with increasing the GlcNAc content
and decreasing the fraction of other components such as GlcN
in the AIM.

A method has been developed using two steps of sulfuric
acid hydrolysis and one step of nitrous acid treatment to convert
chitin and chitosan into anhydromannose and acetic acid with
high yield. This procedure has been applied for the estimation
of GlcN and GlcNAc in AIMs of fungal cell walls from M.
indicus, R. pucillus, and R. oryzae showing great differences
between the species and the time of cultivation.
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