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Abstract: Chondroitin sulphates belong to a group of naturally occurring glycosaminoglycans and
play a role in many physiological processes including ageing and the effects of various diseases.
Research into chondroitin sulphates has found that the most important analytes are 4- and 6-sulphated
disaccharides. We developed an HPLC method for the separation and quantification of underivatized
chondroitin/dermatan sulphates—unsaturated disaccharides (4- and 6-sulphated disaccharides). This
method is based on the separation of disaccharides by amido as well as amino columns under acidic
conditions. These columns enabled the successful separation of 4- and 6-sulphated disaccharides using
50 (amido column) and 25 mmol/L (amino column) phosphate buffer, pH 4.25 (detection at 230 nm),
at retention times of less than 10 min. The limit of quantification was 0.5 µg/mL. The applicability
of this method was demonstrated through analysis of unsaturated disaccharides produced from
the enzymatic digestion of chondroitin/dermatan sulphates of the solubilized extracellular matrix
produced from porcine urinary bladder and human umbilical cord.

Keywords: chondroitin; disaccharides; dermatan sulphates

1. Introduction

Chondroitin sulphates (CS) belong to a group of naturally occurring glycosaminoglycans and are
characterized by repeating disaccharide units formed by glucuronic acid and N-acetyl-galactosamine
residues linked by β-bonds [1]. CS, as a major component of the extracellular matrix of numerous
tissues such as central and peripheral nerves or connective tissues (bone, cartilage, ligaments, skin,
and tendons), is responsible for many important biomechanical properties such as elasticity, resistance,
stiffness, and resilience [2,3]. CS plays a role in many physiological processes including tissue
development, ageing or various diseases and pathologies [4], and it plays an important role inthe
elasticity of cartilage [5]. Currently, CSs derived from animal cartilage tissues are used for osteoarthritis
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and osteoarthrosis therapeutics [6]. However, CSs obtained from animal tissue can differ in their
proportions of 4- and 6-sulphated N-acetyl-β-D-galactosidase units (C4S or C6S) [7]. The sulphation
position plays a crucial role in CS biological activity and applications. For example, the C4S/C6S
disulphated motif can inhibit the activity of TNF-α, a proinflammatory cytokine involved in rheumatoid
arthritis, Crohn’s disease, and psoriasis [8]. Critical variations in the sulphation patterns of CSs have
been reported not only during embryonic development and maturation but also during ageing. The
increasing C4S/C6S ratio in glycosaminoglycans extracted from perineuronal nets of rat brains induced
by a large C6S reduction between 12 and 18 months of age and the simultaneous memory loss led
to the conclusion that C4S is inhibitory and C6S is a stimulating element of neural plasticity [9].
As peptides binding C4S neutralize several inhibitory functions of chondroitin sulfate proteoglycans,
C4S-binding peptides may be beneficial in repairing mammalian nervous system injuries [10]. After
neural injury, the upregulation of C6S makes the extracellular matrix even more permissive for axon
regeneration [11].

C6S is the most abundantly found CS in normal adult articular cartilage. As cartilage degradation
progresses in patients suffering from anterior cruciate ligament injury or osteoarthritis, C6S is replaced
with C4S of the newly synthesized proteoglycan [12]. More than four decades ago, CSs supply was
proposed as a therapeutic intervention to cartilage damage. CS supply could provide missing building
blocks for the synthesis of new matrix component, since increasing CS concentration could act in
favor of matrix regeneration and account for its beneficial effects [2]. CSs have been shown to have a
favorable long-term safety profile when taken orally for up to six years [13]. On the one hand, C4S
selectively promotes the tumor growth potential of BRAF V600E-expressing human melanoma cells in
patient- and cell line-derived xenograft mice and confers resistance to BRAF inhibitors [14]; in contrast,
clinical studies have shown that there is no association between chondroitin sulphate use and the risk
of prostate cancer [15].

Thus, research into chondroitin sulphates has found that the most important analytes are 4- and
6-sulphated disaccharides. These compounds can be analyzed by using HPLC methods (propylamine
bonded silica gel [16], strong anion exchange [5,7], or ion pair reversed-phase [17]) or capillary
electromigration methods [1] (capillary zone electrophoresis, capillary isotachophoresis). We have to
mention that, recently, Raman spectroscopy has been performed for the quantitative identification
of isomeric chondroitin 4- and 6-sulphate [18]. However, all of these analytical methods are not only
influenced by the matrix of the analyzed samples but also by the samples, that frequently cannot be
analyzed, such as in capillary electromigration methods where salts in the sample can cause the results
to deteriorate.

In this study, we wanted to develop a novel and simple method for separating 4-sulphated and
6-sulphated disaccharides using HPLC. We assume that this method can be applied for chondroitin
analysis of biological tissues as well as of therapeutics.

2. Materials and Methods

2.1. HPLC Analysis

Analysis was performed on an HPLC Agilent 1100 LC system (Agilent, Palo Alto, CA, USA)
consisting of a degasser, binary pump, autosampler, thermostatted column compartment, and
multi-wavelength detector. The amido column used here was a core-shell particle column with
amide polyol and TMS end-capping (2.6 µm particles, 150 × 2.1 mm, bioZen Glycan, Phenomenex,
Torrance, CA, USA). The amino column was a 3-aminopropyl silica SilaSpher Amine (5 µm, 12 nm
pore, 100 × 3 mm, Silicycle, QC, Canada). The detection wavelength was 230 nm, and the separation
temperature was 25 ◦C. The mobile phase was 50 (amino column) or 25 mmol/L (amido column)
phosphate buffer, pH 4.25 (NaH2PO4·2H2O titrated by H3PO4), at a flow rate of 0.25 mL/min.

A phenylboronate-modified amino column (using the SilaSpher Amine) was prepared using
a Ugi four-component reaction [19] based on a “one-pot” reaction of an equimolar mixture of
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primary amine (3-aminopropyl silica), aldehyde (benzaldehyde, Sigma-Aldrich, St. Louis, MO,
USA), isocyanide (tert-butyl isocyanide, Sigma-Aldrich, St. Louis, MO, USA), and carboxylic acid
(4-carboxyphenylboronic acid, Sigma-Aldrich, St. Louis, MO, USA) in methanol (Penta, Praha,
Czech Republic).

2.2. Standards

Standards (chondroitin disaccharides ∆di-4S and ∆di-6S) were obtained from Dextra Laboratories
Ltd. (Reading, UK).

2.3. Sample Preparation

Porcine urinary bladder was obtained from a slaughterhouse (Cesky Brod, Czech Republic); the
age of the animals was 6 months. Tissue decellularization was performed according to previously
described protocols [20,21]. Tissues were frozen at −80 ◦C immediately after harvesting, thawed before
use, and connective tissue was removed from the serosal surface of the bladder. The tunica serosa,
tunica submucosa, and majority of the tunica muscularis mucosa were mechanically delaminated,
which left the basement membrane and tunica propria intact. Luminal urothelial cells were dissociated
from the basement membrane by soaking in deionized water. The extracellular matrix (ECM) was
then agitated in 0.1% peracetic acid in 4.0% ethanol (v/v; 120 min; 300 rpm, 10 xG) followed by a
series of phosphate buffered saline (PBS; IKEM, Praha, Czech Republic) rinses, deionized water rinses,
lyophilization for 24 h (FreeZone® 2.5; Labconco Corporation, Kansas City, MO, USA), and milling
(Mini-Mill Cutting Mills; Thomas Scientific, Swedesboro, NJ, USA).

Human umbilical cords were decellularized following previously described protocols [22]. The
native tissue was obtained from healthy full-term neonates after spontaneous delivery. Informed
consent of donors was obtained adhering to the guidelines approved by the Institutional Committee at
University Hospital (Pilsen, Czech Republic). About 10–15 cm of umbilical tissues was frozen (>16 h at
−20 ◦C), aseptically transported into the laboratory, and subsequently thawed and transversely cut
into sections (<0.5 cm length). Tissue sections were agitated in a 0.1 mol/L phosphate-buffered saline
(PBS) bath (48 h at 120 rpm, 1.6 xG, 4 ◦C). The PBS bath was exchanged three to five times before
the tissue sections were soaked in 0.02% trypsin/0.05% EDTA (120 min at 120 rpm, 37 ◦C) followed
by 0.1% peracetic acid in a 4.0% ethanol bath (120 min at 300 rpm; Penta, Czech Republic) and a
series of PBS and deionized water soaks. Finally, tissue sections were lyophilized for 24 h (FreeZone®

2.5; Labconco Corporation, Kansas City, MO, USA) and milled (Mini-Mill Cutting Mills; Thomas
Scientific, Swedesboro, NJ, USA). Finally, tissue sections were lyophilized for 24 h (FreeZone® 2.5;
Labconco Corporation, Kansas City, MO, USA) and milled (Mini-Mill Cutting Mills; Thomas Scientific,
Swedesboro, NJ, USA).

Powdered extracellular matrix (ECM) samples from porcine urinary bladder or human umbilical
cord were solubilized with 1.0 mg/mL pepsin in 0.01 mol/L HCl (Merck) at an ECM concentration of
10 mg/mL and stirred at room temperature for 48 h (pH = 2).

The pepsin-HCl ECM solution was neutralized to pH 7.4 with 0.1 mol/L NaOH diluted with 1×
Dulbecco’s Phosphate-Buffered Saline (DPBS) with Ca2+ to a final concentration of 8 mg/mL, which
normally allows in vivo gelation. Next, the solubilized ECM was digested for 48 h in the presence
of 0.2% collagenase from Clostridium histolyticum (125 U/mg, Merck), followed by digestion for 48 h
in the presence of Chondroitinase ABC from Proteus vulgaris at a concentration of 0.15 U/mL (Merck)
activated by 0.05 mol/L acetate.

3. Results and Discussion

Here, we developed an HPLC method for the separation and quantification of underivatized
chondroitin/dermatan sulphates—unsaturated disaccharides (4- and 6-sulphated disaccharide). This
method is based on the separation of disaccharides on both amido and amino columns under acidic
conditions. We also tested an amino column modified with phenylboronate, which enables the
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separation of carbohydrates with vicinal diols at the cis position, but no significant improvement of
separation was observed. The C18 reversed-phase columns could also separate the disaccharides
investigated but only in the presence of an ion-pairing agent (25 mmol/L tetrabutyl ammonium
bromide) and with a lower separation efficiency (data not shown).

Both the amido as well as the amino columns enabled the successful separation of 4- and
6-sulphated disaccharides at 50 and 25 mmol/L phosphate buffer, pH 4.25, respectively, with a retention
time of less than 10 min (Figure 1). Additionally, the separation on the amido column was selected for
routine analysis regarding the better homogeneity of the peaks (see Figure 1).
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Figure 1. Separation of 4-sulphated (4S) and 6-sulphated (6S) disaccharides on amino column (A), and on
amido column (B): green line, standard (20 µg/mL); blue line, spiked real sample (40 µg/mL + standard,
1:1); red line, solubilized extracellular matrix from human umbilical cord (chondroitinase treatment
only). Real samples analyzed on amido column (C): green line, solubilized extracellular matrix
from human umbilical cord (collagenase/chondroitinase treatment) (48% 6S); blue line, solubilized
extracellular matrix from human umbilical cord (chondroitinase treatment only) (56% 6S); red line,
solubilized extracellular matrix from porcine urinary bladder (collagenase/chondroitinase treatment)
(28% 6S).

In this study, the limit of quantification was 0.5 µg/mL, the lowest point of the calibration curve.
Calibrations were linear at the range 0.5–100 µg/mL when calibration curves (n = 3) were as follows:
y = 15.587x + 0.85 R2 = 0.9988 for ∆di-4S, and y = 11.744x + 0.11 R2 = 0.9990 for ∆di-6S (see Figure 2).
The limit of detection was 0.15 µg/mL (defined as S/N = 3).
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The precision and accuracy within one day and between days (three days) were evaluated by
analyses of samples at three concentration levels: low (10 µg/mL), medium (50 µg/mL), and high
(100 µg/mL) concentration. In all cases, relative standard deviation (RSD) was below 5% in the intraday
as well as interday analysis. These results are acceptable; however, the main topic of our analysis was
the determination of the 4S/6S ratio.

The developed method was used to determine the ratio of 4S and 6S, but also allows the
quantification of both disaccharides. For example, 18.3 µg/mL ∆di-6S and 14.4 µg/mL ∆di-4S were
determined in a sample of solubilized ECM from human umbilical cord, and 9.7 µg/mL ∆di-6S and
24.9 µg/mL ∆di-4S were determined in a sample of solubilized ECM from porcine urinary bladder.

The method developed here demonstrated better results for analyzing biological samples compared
to electromigration methods that are sensitive to the presence of ions in samples. This procedure is a
simple and robust method for the analysis of relatively complex samples, which may be applied using
instruments widely available in analytical laboratories.

Here, the applicability of this method was demonstrated through analysis of unsaturated
disaccharides produced from the enzymatic digestion of chondroitin/dermatan sulphates of ECM
produced from porcine urinary bladder or human umbilical cord (see Figure 1).

As it was mentioned in the Introduction, the main methods for the analysis of 4S and 6S
are chromatographic methods. These methods are mainly used to determine disaccharide ratios,
so accurate sensitivity information is poorly reported. The commonly used method is chromatography
on strong anion exchangers [5,7]. For example, Sim et al. [5] determined disaccharides at the level of
µg/mL. An LC-MS method based on separation by ion pair reversed-phase liquid chromatography
and coupling to a turbo ionspray ionization triple quadrupole mass spectrometer has been described.
In this case, a linear calibration curve was recorded at the range 0.43–18.15 pmol/injection [17]. Another
LC-MS method for analysis of disaccharides was also mentioned by Wang et al. [23]. They also used
a triple quadrupole mass spectrometer but coupled to reversed-phase HPLC. They described the
determination of disaccharides at concentration ng/mL. Of course, these methods need an expensive
instrumentation. The sensitivity of capillary isotachophoresis was worse when calibration was done
for standards 0.1 to 1 mg/mL with different injections [1]. However, this method is more sensitive to
various impurities in samples, i.e., ions.

4. Conclusions

A method for the separation of 4-sulphated and 6-sulphated disaccharides on amino and amido
columns was developed and successfully applied for analyzing real samples and tissues—extracellular
matrix from human umbilical cord and from porcine urinary bladder. We assume that this method can
be applied for chondroitin analysis of biological tissues as well as of therapeutics.
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