International Journal of Mass Spectrometry 290 (2010) 94-99

International Journal of Mass Spectrometry

journal homepage: www.elsevier.com/locate/ijms

Contents lists available at ScienceDirect

Application of matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) in preparation of chitosan oligosaccharides (COS)
with degree of polymerization (DP) 5-12 containing well-distributed acetyl

groups

Mian Chen, Xigiang Zhu*, Zhiming Li, Xueping Guo, Peixue Ling

Institute of Biopharmaceuticals of Shandong Province, Ji'nan, 250101 Shandong, PR China

ARTICLE INFO

Article history:

Received 9 September 2009

Received in revised form 8 December 2009
Accepted 14 December 2009

Available online 21 December 2009

Keywords:

Chitosan oligosaccharide

Polymerization degree

Acetyl group

Matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry

ABSTRACT

COS have many biological activities, and have been widely used as a health food. Molecular size is con-
sidered as a key parameter for COS’ activities. However, many criteria are used practically, and true
qualities of COS from different producers may not be always comparable. This can partly explain the dis-
agreement in COS’ functional researches, as resulting in COS, even with astonish effects, have not been
further developed as a drug for tumor patients. As anti-tumor activities have been studied based on DP
in pharmacological researches, we employed MALDI-TOF-MS to monitor fine structure, including DP, in
COS’ preparation and comparison. Then one of the COS products was analyzed with the composition
of DP 5-12, mainly 7-10. Moreover, that COS’ product contains well-distributed acetyl groups, while
typical Commercial COS sample nearly contains no acetyl groups. As fresh precise parameters, the DP
and the number of acetyl groups matching with special DP can be introduced in COS’ further study on
structure-activity relationships (SARs) as a new drug.

Structure-activity relationship

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

COS are linear polymers of 3-(1 — 4)-linked 2-amino-2-deoxy-
D-glucose (GIcN) and 2-acetamido-2-deoxy-D-glucose (GIcNAc)
residues with DP 1-20. COS are hydrolyzed from chitosan which
derives from chitin, a natural product existing in exoskeleton of
insect and crustaceans, fungal cell walls, etc. COS have reported
many astonish biological activities [1-3], such as anti-tumor,
antibacterial and antifungal effects by preclinical studies, due
to the smaller size and more soluble feature than chitosan or
chitin. COS have been widely used as a health or functional food
recently.

The biological activities of COS are related closely to the molecu-
lar size [4] that has been described by average molecular weight and
DP generally. The average molecular weight is commonly used in
COS production and transaction. And there are at least three kinds
of average molecular weight calculated by different methods: (1)
viscosity-average molecular weight (M, ) comes from the classical
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Mark-Houwink equation:
[7] = KmMy¥%;

where [n] is the intrinsic viscosity, which comes from viscos-
ity measured by Ubbelohde capillary viscometer [5], where Kp,
and « could be looked up from references, but various values
of Km and o may be found in various references without more
explanation [6,7]. (2) Weight-average molecular weight (M) and
number-average molecular (My) can be directly measured by Gel
permeation chromatography (GPC) (also known as size exclusion
chromatography) [8], light scattering measurements, or direct cal-
culation from MALDI or from electrospray mass spectrometry. For
GPC, applied widely in practice, the measuring process needs a
series of standards, such as dextran, not the same structure as COS,
which means My, and Mj, calculated here are relative values to spe-
cial standards in special molecular-weight range. Moreover, the
molecular masses of most of COS chain, with continuous DP and
uncertain acetyl groups, would be too close for the GPC separation
to show anything more than broad peaks. (3) Molecular-weight cut
off (MWCO) is the parameter of the filter membranes, used to sep-
arate COS from hydrolyzing products, in ultrafiltration. MWCO is
the molecular weight of the globular protein that is 90% retained
by the membrane, and the value of MWCO is hard to be unified
for membrane-manufacture. Another molecular-size criteria is DP
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that is mainly used in lab for COS preparation or pharmacological
research. For example, DP 6-8, or >5 [9], or >6 [4,10], are reported
the most effective part of COS for anti-tumor activity in animal
experiment. So many kinds of criteria are set for molecular size of
COS, and their values may differ a lot for the same object because
of their different calculating methods. As a result, the COS effects
are almost incomparable, when COS made by different manufac-
tures or labs were put into use in pharmacological researches, no
mention some COS even without any information about molecu-
lar size. Therefore, COS’ true qualities may differ from each other,
when values of their molecular sizes are the same while measured
in different ways. And this may partly explain the disagreement of
function-research results on COS activities [11-15].

Comparing those criteria for COS molecular size, DP deserves
more attention than average molecular weight [16], for some
prospective functions, such as anti-tumor, are discovered based on
DP. DP is the numbers of the residues in polymers, while molecu-
lar weight is the sum of mass of all residues in theory. When the
composition of COS including DP and the number of acetyl groups
changes, the change of DP may be not always parallel with that of
molecular weight. So the details of DP remain vague though aver-
age molecular weight has usually been marked on most commercial
COS package.

At the present stage, it is important to make clear the structure
details of COS product besides the molecular size before they are
applied in drug research and development. For the polymers, the
analyzing process would be a tedious and time-consuming work,
if attempt is trying to separate and identify each ingredient in
COS. Fortunately, matrix-assisted laser desorption/ionization time-
of-flight mass spectrometry (MALDI-TOF-MS) has recently been
introduced for analysis of carbohydrate mixtures [17-20] quickly
and sensitively. A great advantage of MALDI-TOF-MS is the pro-
cess of soft-ionization causes little or no fragmentation of analytes,
allowing the molecularions of analytes to be identified, even within
mixtures, like COS. Then MALDI-TOF-MS was employed for our COS
preparation, and gave some interesting information about the dif-
ferences on the composition and structure when compared with
Commercial COS samples, as would offer some new clues for fur-
ther study on COS SARs [21], and lead to COS precisely application
in medical field.

2. Materials and methods
2.1. Materials

Chitosan, with degree of deacetylation of 90%, was purchased
from Ji'nan Haidebei Co. Ltd. (Ji'nan, China). The enzyme BC487,
for hydrolysis of chitosan, had been preserved in our laboratory.
The standard compounds D-(+)-glucosamine hydrochloride (as
(GlcN)q ) and N-acetyl-D-glucosamine (as (GlcNAc); ) were obtained
from Sigma-Aldrich (St. Louis, MO, USA); Commercial COS sample,
with average molecular weight <3000 Da, was donated by a chi-
tosan factory. Anhydrous ethanol was analytical reagent available
on market.

2.2. COS preparation

Enzyme BC487, in enzyme/substrate ratio of 1/10 (w/w), was
added in 15% (w/v) chitosan solution at pH 7.0. The solution was
then incubated in the 30°C water bath for 24 h. The hydrolyzing
product was filtered with ultrafiltration (Mini Pellicon, Millipore
Corporation, USA) whose MWCO is 5000 Da. The filtrate from the
ultrafiltration membrane was concentrated. After that 90 mL of
anhydrous ethanol was added in the concentrated filtrate, cen-
trifuge it at 2700 x g for 10 min to collect Precipitate I. Then another

60 mL of anhydrous ethanol was added in the supernatant, cen-
trifuged at 300 x g for 20 min to collect Precipitate II. At last, the
rest supernatant was concentrated and precipitated with 200 mL
anhydrous ethanol, and then Precipitate Il was gotten by filtration
with medium speed filter paper.

2.3. COS analysis

COS prepared in our lab, including Precipitates I-III, together
with Commercial COS sample, were analyzed with MALDI-TOF-MS,
high-performance liquid chromatography (HPLC) and thin-layer
chromatography (TLC), respectively. With 2,5-dihydroxybenzoic
acid (DHB) as matrix, samples were prepared with the method
described by Zhao [22] for MALDI-TOF-MS (Autoflex III TOF MS,
Bruker Corporation, USA) analysis. HPLC analysis was done as
described previously [23]. COS were separated by TLC (silicon gel
60F;54, Merke, Germany), similar to].C. Cabrera’s method [ 7] except
the spots were visualized by ninhydrin.

3. Results
3.1. Analysis with MALDI-TOF-MS

Fig. 1(a) and Table 1 show main ingredients of Commercial COS
sample with DP 4-19 (the range of DP, Rpp, is 16), and My, = 1499,
M,, =1711, polydispersity index (Pd, Pd = My,/Mp)=1.141. For m/z
2944 and 3104, there were two possible reasonable ion compo-
sitions explained in Table 1. And no matter which type has been
identified in Commercial COS sample, it would not change the fact
that most of them contain no acetyl groups.

From Fig. 1(b) and Table 2, COS of Precipitate I mainly contain
DP 4-24 (Rpp =21), containing 0-7 acetyl groups, respectively, and
My =1998, My, =2291, Pd=1.147.

From Fig. 1(c) and Table 3, main ingredients of Precipitate I are
DP 6-19 (Rpp = 14), containing 0-3 acetyl groups, respectively, and
Mp =2168, My, =2224, Pd =1.026.

Especially, the background of Fig. 1(d) is the clearest of these
four samples, and from Table 4, the component of Precipitate III is
the simplest of them. And main ingredients of Precipitate IIl are DP
5-12 (Rpp =8), containing 1-3 well-distributed acetyl groups, and
My = 1444, M, =1472,Pd=1.019.

3.2. Analysis with HPLC

Precipitates I-Ill contain no monosaccharides, including
N-acetyl-pD-glucosamine and D-(+)-glucosamine hydrochloride
(Fig. 2(b)). The retention time of N-acetyl-D-glucosamine is shorter
than p-(+)-glucosamine hydrochloride for the existence of acetyl

group.
3.3. Analysis with TLC

From Fig. 3, Precipitates I-III almost contain no N-acetyl-
D-glucosamine or D-(+)-glucosamine hydrochloride as results
showed in Section 3.2. The Rf value of D-(+)-glucosamine
hydrochloride is smaller than that of N-acetyl-D-glucosamine.

4. Discussions
4.1. Explanation from MALDI-TOF-MS

The COSion’s m/z database has been set up based on the possible
COS composition, including COS with DP 1-25 and COS containing
0-n(n, the number of DP) acetyl groups for each DP, in the ion forms
of [M+H]*, [M+NH4]*, [M+Na]* and [M+K]*, respectively. Then a
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Fig. 1. MALDI-TOF-MS spectrum of COS: (a) Commercial COS sample; (b) Precipitate I; (c) Precipitate Il and (d) Precipitate IIL.

measured peak value was used to find matching calculated m/z in
the database where corresponding COS ingredient, with certain DP
and acetyl groups, would be decided (Tables 1-4). As a result, the
mass spectrum offered more details other than the sole value of
average molecular weight.

The average molecular weight of MWCO of Precipitate I is
<5000 Da, and Commercial COS sample <3000 Da. But from MALDI-
TOF-MS, it is clear that the range of Precipitate I is far less than
5000Da, and Commercial COS sample is a bit beyond 3000 Da
(Fig.1).Indetail, the sequence of Rpp is the same with that of Pd, Pre-
cipitate III < Precipitate Il < Commercial COS sample < Precipitate L.
It is obvious that molecular-weight distribution of Precipitate III
is the narrowest in four samples. The narrower the range of DP in
this case, the higher the content of DP 6-8, or >5, or >6 (the effec-
tive part of COS for anti-tumor [4,9,10]) relatively. Then Precipitate

Table 1
Mass spectrometric data for Commercial COS sample.

Il contains more effective ingredients than the others when four
samples containing DP 6-8. It has been accepted that the relative
ion intensity can reflect qualification of each polymer in the prod-
uct, the mixture, and the spectrum of MALDI-TOF-MS reveals that
Precipitate III is mainly composed of DP 7-10 [24].

Another important fact is Precipitate Il made in local laboratory
contains well-distributed acetyl groups, only 1-3 acetyl groups in
each detected ingredient; and Precipitates I and Il contain uneven
acetyl groups, from no acetyl group to at most 7 acetyl groups; while
Commercial COS sample nearly contains no acetyl groups. Another
commercial sample of COS contains nearly no acetyl groups, too,
according to MALDI-TOF-MS (the data not shown here), and that
feature containing nearly no acetyl groups is typical for commer-
cial available COS now. Chitin oligosaccharides and COS’ anti-tumor
activities in pharmacological researches were reported separately

mfz Relative error (%) Types DP Ion composition
Measured Calculated
680 680.6771 0.10 [M+NH4]* 4 (GIcN)4
842 841.83294 0.02 [M+NH4]* 5 (GlcN)s
1004 1002.98878 0.10 [M+NH4]* 6 (GlcN)s
1165 1164.14462 0.07 [M+NH,4]* 7 (GlcN),
1327 1325.30046 0.13 [M+NH4]* 8 (GlcN)g
1489 1491.40761 0.16 [M+Na]* 9 (GlcN)g
1651 1652.56345 0.09 [M+NaJ* 10 (GleN)1o
1812 1813.71929 0.09 [M+Na]* 11 (GIeN)14
1974 1974.87513 0.04 [M+Na]* 12 (GIcN)q2
2135 2136.03097 0.05 [M+Na]* 13 (GleN)q3
2297 2297.18681 0.01 [M+Na]* 14 (GIcN)14
2459 2458.34265 0.03 [M+Na]* 15 (GIcN)5
2620 2619.49849 0.02 [M+Na]* 16 (GlcN)16
2781 2780.65433 0.01 [M+Nal* 17 (GleN)q7
2944 2941.81017 0.07 [M+Na]* 18 (GlcN)g
2943.84974 0.01 [M+NH4]* 17 (GleN)13(GleNAC)4
3104 3102.96601 0.03 [M+Na]* 19 (GlcN)qg
3105.00558 0.03 [M+NH4]* 18 (GlIcN)14(GlcNAC)4
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Table 2
Mass spectrometric data for Precipitate I.

m(z Relative error (%) Types DP Ion composition
Measured Calculated

680 680.6771 0.10 [M+NH4]* 4 (GIcN)4

842 841.83294 0.02 [M+NH4]* 5 (GleN)s

1004 1002.98878 0.10 [M+NH4]* 6 (GlcN)g

1207 1206.1813 0.07 [M+NH4]* 7 (GIcN)g(GlcNAC);
1369 1367.33714 0.12 [M+NH4]* 8 (GlcN)7(GlcNAc),
1573 1575.48097 0.16 [M+Na]* 9 (GlcN)7(GlcNAc),
1735 1736.63681 0.09 [M+Na]* 10 (GlIcN)s(GIcNAc),
1896 1897.79265 0.09 [M+Na]* 11 (GlcN)g(GlcNAC),
2100 2100.98517 0.05 [M+Na]* 12 (GlcN)g(GlcNAC)s
2262 2262.14101 0.01 [M+Na]* 13 (GlIcN)10(GlecNAC);
2423 2423.29685 0.01 [M+Na]* 14 (GIcN)11(GlcNAc)s
2627 2626.48937 0.02 [M+Na]* 15 (GIcN)11(GlcNAC)4
2788 2787.64521 0.01 [M+Na]* 16 (GIcN)12(GIcNAC)4
2949 2948.80105 0.01 [M+Na]* 17 (GlIcN)13(GIeNAC)4
3154 3151.99357 0.06 [M+Na]* 18 (GlcN);3(GleNAc)s
3314 3313.14941 0.03 [M+Na]* 19 (GIcN)14(GlcNAc)s
3476 3474.30525 0.05 [M+Na]* 20 (GlIcN)15(GleNAc)s
3679 3677.49777 0.04 [M+Na]* 21 (GlcN);5(GlcNAc)g
3841 3838.65361 0.06 [M+Na]* 22 (GlcN)16(GlcNAC)s
4003 3999.80945 0.08 [M+Na]* 23 (GleN)17(GleNAc)s
4206 4203.00197 0.07 [M+Na]* 24 (GIcN);7(GlcNAc);

[25]. And the general structure difference between them is the con-
tent of acetyl groups. But still it remains unknown what kind of
function and how the acetyl groups matching with special DP work
in living body. Further study is needed to make sure the role of
acetyl group and special DP for anti-tumor activities based on fine
structure information offered by MALDI-TOF-MS.

4.2. Comparing results from MALDI-TOF-MS, HPLC and TLC

The lower mass limit of MALDI-TOF-MS is around 500 Da due
to signals arising from molecular, fragment and adduct ions of the
matrix. Then no matter containing acetyl groups or not, monosac-

Table 3
Mass spectrometric data for Precipitate II.

charides and disaccharides whose molecular weights are less
than 500Da, cannot be analyzed by MALDI-TOF-MS. The exis-
tence of disaccharides is ambiguous without proper standards now.
But to monosaccharides, both HPLC and TLC offer evidence for
non-existence of them, when compared with available monosac-
charides’ standards, which would be a useful supplement for the
analysis of MALDI-TOF-MS.

On the other hand, based on the qualitative analysis of MALDI-
TOF-MS, it seems not accurate enough to infer DP from retention
time of HPLC, or Rf of TLC as previously referred [23]. Under partic-
ular chromatograph condition, the retention time would increase
when the molecular weight of (GIcN), increases. But the appear-

m/z Relative error (%) Types DP Ton composition
Measured Calculated

1044 1045.02546 0.10 [M+NH4]* 6 (GIcN)s5(GIcNAc);
1086 1087.06214 0.10 [M+NH4]* 6 (GIcN)4(GIcNAc),
1164 1164.14462 0.01 [M+NH4]* 7 (GIcN);

1206 1206.1813 0.02 [M+NH4]* 7 (GlIcN)s(GIcNAC);
1247 1248.21798 0.10 [M+NH4]* 7 (GIcN)s5(GIcNAc),
1326 1325.30046 0.05 [M+NH4]* 8 (GlcN)g

1368 1367.33714 0.05 [M+NH4]* 8 (GIcN)7(GIcNAc);
1410 1409.37382 0.04 [M+NH4]* 8 (GIcN)g(GIcNAC),
1426 1430.43366 0.31 [M+K]* 8 (GIcN)s(GIcNAC),
1529 1528.49298 0.03 [M+NH4]* 9 (GlIcN)s(GIcNACc);
1571 1570.52966 0.03 [M+NH4]* 9 (GIcN)7(GIcNAc),
1614 1612.56634 0.09 [M+NH4]* 9 (GIcN)s(GIcNAC)3
1690 1689.64882 0.02 [M+NH4]* 10 (GlcN)g(GIcNAC);
1733 1731.6855 0.08 [M+NH4]* 10 (GlIcN)sg(GIcNAc),
1775 1773.72218 0.07 [M+NH4]* 10 (GIcN)7(GIcNAc)s
1852 1850.80466 0.06 [M+NH4]* 11 (GIcN);9(GIcNAC);
1894 1892.84134 0.06 [M+NH4]* 11 (GIcN)o(GIcNAC),
2030 2033.02034 0.15 [M+K]* 12 (GlIcN)11(GleNAc),
2098 2096.03386 0.09 [M+NH4]* 12 (GIcN)9(GIcNAC)3
2156 2156.08582 0.00 [M+H]* 13 (GlIcN)12(GleNAc),
2216 2215.15302 0.04 [M+NH4]* 13 (GIcN)11(GleNAc),
2259 2257.1897 0.08 [M+NH4]* 13 (GIcN)10(GlecNAC);
2317 2317.24166 0.01 [M+H]* 14 (GIcN);3(GIcNAC);
2437 2436.36082 0.03 [M+H]* 15 (GleN)ss

2479 2478.3975 0.02 [M+H]* 15 (GlIcN)14(GleNAc),
2640 2639.55334 0.02 [M+H]* 16 (GIcN);5(GIcNAC);
2801 2800.70918 0.01 [M+H]* 17 (GlIcN)16(GleNAc),
2964 2961.86502 0.07 [M+H]* 18 (GlIcN)17(GleNAc),
3125 3123.02086 0.06 [M+H]* 19 (GlIcN)13(GleNAc),
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Table 4
Mass spectrometric data for Precipitate III.

mfz Relative error (%) Types DP Ion composition
Measured Calculated

884 883.86962 0.01 [M+NH4]* 5 (GlcN)4(GlcNAc),
1046 1045.02546 0.09 [M+NH4]* 6 (GlcN)s(GlcNAc),
1207 1206.1813 0.07 [M+NH4]* 7 (GlcN)s(GlcNAc),
1250 1253.16929 0.25 [M+NalJ* 7 (GlcN)s(GIcNAc),
1369 1367.33714 0.12 [M+NH4]* 8 (GIeN)7(GleNAc),
1532 1533.44429 0.09 [M+Na]* 9 (GlIcN)s(GlcNAc),
1573 1575.48097 0.16 [M+NaJ* 9 (GlcN)7(GIcNAc),
1616 1617.51765 0.09 [M+Na]* 9 (GlcN)g(GIcNAC)s
1735 1736.63681 0.09 [M+Nal* 10 (GlcN)s(GlcNAc),
1897 1897.79265 0.04 [M+NaJ* 11 (GIcN)g(GIcNAC),
2058 2058.94849 0.05 [M+NalJ* 12 (GIcN)10(GlcNAC),

ance of acetyl group would decrease the retention time of GIcN
although it had increased the molecular weight, as has been con-
cluded from the analysis of HPLC for monosaccharides. This means
molecular weight and acetyl group influence the retention of COS
(containing GIcN and GIcNAc) with opposite trends, respectively.
Similar opposite trends are also fit for COS’ Rf of TLC. Another rea-
son for the inaccuracy of qualitative analysis is due to the lack of
a whole series of polymer standards, including DP 1-20, with and
without acetyl groups, and different positions of acetyl groups in
theory [22].

Yet in the direction of MALDI-TOF-MS, the method of HPLC and
TLC above remains useful for monitoring and comparing whether
great difference happening in COS production. Especially, HPLC can
offer relative rough content analysis, and TLC offers visual results
with less cost compared with HPLC or MALDI-TOF-MS.

(@)
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-1-9.036
—+-10.845

3.440

--15.39

L L L L
min
Fig. 2. HPLC chromatogram of COS: (a) Commercial COS sample; (b) COS products
preparing in the monitoring of MALDI-TOF-MS. (1) Commercial COS sample; (2) N-
acetyl-p-glucosamine; (3) p-(+)-glucosamine hydrochloride; (4) Precipitate III; (5)
Precipitate Il and (6) Precipitate I.

f aa b b ¢ ¢ d d e f

Fig. 3. TLC chromatogram of COS: (a) Precipitate I; (b) Precipitate II; (c) Precipitate
III; (d) Commercial COS sample; (e) N-acetyl-D-glucosamine; (f) b-(+)-glucosamine
hydrochloride. Spots are displayed at layers 1-7.

4.3. Type of the enzyme

The enzyme BC487, used in this experiment, could be endo-type
[26], cleaving the 3-1,4-glycosidic linkage of non-terminal group,
for there are no detected-monosaccharides released from chitosan
hydrolysis, based on analyzing of HPLC and TLC. Chitosan monosac-
charides are less mentioned for anti-tumor activity than COS with
DP 6-8, or >5, or >6 [4,9,10]. This suggests enzyme BC487 can cat-
alyze higher yield of useful COS than exo-type enzyme.

4.4. Conclusions

It takes several nanoseconds (ns) of MALDI-TOF-MS to analyze
COS sample in several nanograms (ng). Then the fine structure
information of COS, the DP and number of acetyl groups match-
ing with certain DP, could be easily read separately, by comparing
the mass spectrum data with COS ion database. Analyzing of
MALDI-TOF-MS offers not only My, M,y and Pd, the general COS’
information, but also the COS’ profiles that could be looked as their
own finger prints and be used to distinguish from other COS pre-
pared indifferent procedures. Under monitoring of MALDI-TOF-MS,
Precipitate III is also the first reported COS products with so con-
centrated DP 5-12 (Pd =1.019) containing well-distributed acetyl
groups. However, COS’ quantification analysis by MALDI-TOF-MS
still needs much effort to improve [17,27].
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In short, abundant information of COS has been analyzed by
MALDI-TOF-MS in one time. MALDI-TOF-MS can be applied to
choosing of hydrolyzing enzyme, quality control in COS produc-
tion efficiently. Moreover, MALDI-TOF-MS gives a simple way to
identify COS with different qualities before their SARs are studied
in biology and pharmacological research, as may be a considerable
factor contributing for COS development from health food toward
drug for needy patients.
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