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Abstract

Chondroitin sulfate is a glycosaminoglycan polysaccharide, playing key roles in a plethora
of physiopathological processes typical of higher animals. The position of sulfate groups
within CS disaccharide subunits composing the polysaccharide chain is able to encode
specific functional information. In order to expand such a “sulfation code”, access to
non-natural CS variants and mimics thereof can be pursued. In this context, an interesting
topic concerns phosphorylated analogs of CS polysaccharides, as the replacement of sulfate
groups with phosphates can lead to unreported activities of phosphorylated CS. In light of
this, the phosphorylation reaction of a microbial-sourced, unsulfated chondroitin polysac-
charide with phosphoric acid is reported in the present study, testing different microwave
irradiation conditions and comparing them with conventional heating procedures. The
obtained products were subjected to a detailed characterization, in terms of chemical struc-
ture and hydrodynamic properties, by 1D- and 2D-NMR spectroscopy and HP-SEC-TDA
analysis, respectively. The characterization study showed how different reaction conditions
can not only influence the regioselectivity and degree of phosphorylation but also trigger
the formation of phosphate diester functionalities acting as cross-linkers between polysac-
charide chains. The results from the screening presented in this work could be interesting
for any research devoted to the regioselective phosphorylation of a polysaccharide.

Keywords: glycosaminoglycans; chondroitin; phosphorylation; semi-synthesis; microwave
irradiation

1. Introduction
Chondroitin sulfate (CS) is a glycosaminoglycan (GAG) found in both vertebrates

and invertebrates, consisting in a polysaccharide chain composed of disaccharide repeat-
ing units made by variously sulfated, alternating β-1−→3-linked 2-acetamido-2-deoxy-
D-galactose (N-acetyl-D-galactosamine, GalNAc) and β-1−→4-linked D-glucuronic acid
(GlcA) units [1]. Sulfate groups decorating the CS backbone seem to be a result of evolution,
allowing for CS to play key roles in a plethora of physiopathological processes typical of
higher animals [2]. It is important to note that their distribution on CS is not only animal-
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and tissue-specific, but it also depends on the physiopathological conditions of the single
organism, i.e., age, inflammation, tumor formation, etc. [2,3]. The different distributions
of sulfate groups within CS disaccharide repeating units are commonly indicated with a
letter (Figure 1), and the resulting sequence of sulfated subunits seems to encode specific
functional information. Different from other biological codes, such a “sulfation code” is
far from being deciphered in detail [4]. Although for a few biological processes, the role
of differently sulfated CS variants has been elucidated [5–8], cracking the sulfation code
remains elusive due to several factors.

 
Figure 1. Sulfation patterns of disaccharide repeating units of CSs (the ones that are most commonly
found from animal sources are indicated in red).

Natural CSs are very often composed of two or even more differently sulfated disaccha-
ride subunits, and the identification of their sequence along the polysaccharide backbone is
very difficult, having been achieved only in a few simple cases [9–11]. This also makes it
very difficult to isolate structurally well-defined CS polysaccharides for structure–activity
relationships investigations towards a full deciphering of the CS sulfation code. Nonethe-
less, to this aim, considerable efforts have been made in recent years through several
approaches, spanning from the chemical [12], chemo-enzymatic [13,14], and microbial cell
factory synthesis [15,16] of structurally homogeneous CS species to the development of
increasingly powerful methods for highly efficient purification [17] and structural char-
acterization of natural CSs [18]. Moreover, some research groups—including ours—are
also directing their efforts to try to expand the “sulfation code”, i.e., by obtaining non-
natural, structurally homogeneous CS variants [19–21] as well as mimics thereof [22]. In
this frame, an interesting topic concerns the phosphorylated analogs of CS polysaccharides,
because the replacement of sulfate groups with phosphates has been shown by a recent
in silico study to lead to unreported activities in phosphorylated CS [23], triggered by
the differences in size, polarity, acid–base, and chelation properties between sulfate and
phosphate groups [24]. Nonetheless, the preparation of phosphorylated CS and, more
generally, phosphorylated GAG species is still rather underdeveloped, with only a few, very
recently reported examples [23,25–27]. One of the main reasons is that phosphorylation
reactions on common polysaccharides (e.g., cellulose, dextran, alginate) are very often
characterized by rather harsh conditions (i.e., heating the reaction mixture to temperatures
up to 150 ◦C), poor yields and degree of phosphorylation (DP), and a lack of control over
regiochemistry [28–31].
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Surprisingly, to the best of our knowledge, only two examples of the derivatization of
a polysaccharide with phosphorous-containing ester moieties have been reported to use
microwave rather than conventional heating techniques, in order to provide a more efficient
reaction. Indeed, microwave irradiation is well known in modern organic chemistry to
provide a highly efficient form of heating, allowing for energy to be directly absorbed by
the reactants, thus affording significantly higher reaction rates and product yields and selec-
tivities [32]. The advantages of microwave irradiation have already been demonstrated for
several reactions in the field of chemical modification of polysaccharide structures [33–35].
The two reports on microwave-assisted reactions of a polysaccharide with reacting phos-
phorous species regarded cellulose and levan. Cellulose was derivatized with phosphite
groups with an almost quantitative DP, which was considerably higher and faster achieved
with respect to the phosphite-derivatized cellulose obtained by conventional heating [36].
Similarly, levan was functionalized with phosphate monoester groups under microwave
irradiation with a higher DP with respect to conventional heating [37].

Since we have very recently started to screen different phosphorylating reagents
towards the semi-synthesis of regioselectively phosphorylated chondroitin polysaccha-
ride [27], starting from a microbial-sourced, unsulfated chondroitin (CS-0, 42 ± 3 KDa,
1.34 dispersity) derived from the fed-batch fermentation of Escherichia coli O5:K4:H4 [38],
we have now focused our efforts on the optimization of the DP for the semi-synthesis of
chondroitin 6-phosphate (CP-C) by applying microwave irradiation for the phosphoryla-
tion reaction. All the obtained CP samples have been characterized in detail, from both a
structural and hydrodynamic point of view, highlighting the differences detected between
the products obtained by microwave irradiation and standard heating protocol.

2. Materials and Methods
2.1. General Methods

Commercial-grade reagents and solvents were used without further purification,
except where differently indicated. The term “pure water” refers to water purified by a
Millipore Milli-Q Gradient system (Millipore, Burlington, MA, USA). Microwave-irradiated
reactions were performed with a CEM Discover 908010 instrument (CEM Corporation,
Matthews, NC, USA). Dialyses were conducted on Spectra/Por 3.5 KDa cut-off membranes
(Spectrum Labs, San Francisco, CA, USA) at 4 ◦C. Centrifugations were performed with
an Eppendorf Centrifuge 5804R instrument (Eppendorf, Hamburg, Germany) at 4 ◦C
(4600× g, 5 min). Sonications were performed with an Elmasonic S30H instrument (Elma
Schmidbauer GmbH, Singen, Germany). Size-exclusion chromatography was performed
on a Bio-Gel P4 column (0.75 × 67.5 cm, Bio-Rad, Hercules, CA, USA) using pure water as
a buffer at a flow rate of 0.2 mL/min. Freeze-dryings were performed with a 5Pascal Lio 5P
4K freeze dryer (5Pascal, Milan, Italy). NMR spectra were recorded on a Bruker Avance-III
HD (1H: 400 MHz, 13C: 100 MHz, 31P: 162 MHz, Bruker, Billerica, MA, USA) or on a Bruker
Avance-III (1H: 600 MHz, 13C: 150 MHz, Bruker, Billerica, MA, USA) instrument—the latter
equipped with a cryo-probe—in D2O (acetone as internal standard, 1H: (CH3)2CO at δ
2.22; 13C:(CH3)2CO at δ 31.5; H3PO4 as external standard, 31P: δ 0.0). A high-performance
size-exclusion chromatography–triple detector array (HP-SEC-TDA) Viscotek TDA 305
instrument (Malvern Panalytical, Malvern, UK) was used for hydrodynamic analyses.

2.2. Typical Procedure for Phosphorylation Reaction

Polysaccharide 2 [39] (41.9 mg, 67.5 µmol) was mixed with urea (637 mg, 10.6 mmol)
and then treated with dry N,N-dimethylformamide (DMF, 1.3 mL) and 85% H3PO4 (109 µL)
under Ar atmosphere. The suspension was stirred at 80–150 ◦C under conventional heating
or microwave irradiation for 1–3 h. The resulting yellowish suspension was cooled to
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room temperature, and then methanol (14 mL) was added to form a white precipitate. The
mixture was cooled in a freezer, and then the precipitate was collected by centrifugation.
The solid was dissolved in HPLC-grade H2O (4.0 mL; pH ~ 2) and treated under stirring
with a few drops of aqueous 33% NaOH to neutral pH. The solution was dialyzed and
freeze-dried to afford CP-C product (24.4 mg, 58% mass yield).

2.3. Enzymatic Depolymerization of CP-C-7

A suspension of CP-C-7 (20.4 mg) in a 0.15 M NaCl, 0.10 M NaOAc solution (1.0 mL) was
buffered to pH = 5 by adding a drop of acetic acid. The mixture was incubated at 37 ◦C for 1 h,
then a solution of bovine testicular hyaluronidase (BTH, 1.9 mg) in pure water (950 µL) was
added. The production of oligosaccharide species was detected in progress by silica-gel thin-
layer chromatography (TLC; eluent: 1:1:1:0.05 v/v/v/v n-butanol/ethanol/water/acetic acid).
After incubating for 165 h at 37 ◦C, the reaction was quenched by heating it at 100 ◦C for 15 min.
By successive cooling and freeze-drying, a white solid residue (33.3 mg) was obtained. It was
dissolved in the minimum amount of water and purified by size-exclusion chromatography
to give three fractions (LMW-CP-C-a, 4.9 mg; LMW-CP-C-b, 5.7 mg; LMW-CP-C-c, 2.6 mg).

2.4. NMR Analyses

NMR samples were prepared by adding 600 µL D2O to approx. 6 mg of each polysac-
charide product. After prolonged stirring and sonication at room temperature, the solid
residue, if any, was removed, and experiments were performed on the resulting super-
natant. Data were processed using the data analysis packages integrated with Bruker
TopSpin® 4.0.5 software. The 31P-NMR spectra were obtained by typically accumulating
512 transients. The 1H- and 31P-1D-DOSY experiments were measured using a stimulated
echo sequence with bipolar gradient pulses and one spoil gradient (stebpgp1s1d) with a
diffusion time ∆ of 100 ms, a gradient duration of 2 or 4 ms (for 1H- and 31P-1D-DOSY,
respectively), and accumulating 64 or 2048 transients (for 1H- and 31P-1D-DOSY, respec-
tively). The 1H,13C-DEPT-HSQC experiments were measured in the 1H-detected mode
via single-quantum coherence with proton decoupling in the 13C domain, using data sets
of 2048 × 256 points and typically 64 increments. The 1H,31P-HSQC experiments were
measured in the 1H-detected mode via phase-sensitive gradient selection with decoupling
during acquisition, using a data set of 2048 × 256 points and typically 64 increments.

2.5. Hydrodynamic Analyses

A comprehensive description of the HP-SEC-TDA Viscotek TDA 305 apparatus, em-
ployed for the hydrodynamic characterization of the samples, and its capabilities is reported
elsewhere [40]. In brief, the instrumentation comprised two primary units: (i) the GPC-
max VE 2001 integrated system (Malvern Panalytical, Malvern, UK), which includes a
gel-permeation chromatography pump, an in-line solvent degasser, and an autosampler;
(ii) the TDA302 triple detector array module (Malvern Panalytical, Malvern, UK), equipped
with a column oven, a refractive index (RI) detector, a viscometer, as well as right-angle
(RALS) and low-angle (LALS) light scattering detectors. The light scattering detectors were
optimized to maximize the signal-to-noise ratio, with measurements taken at a 7◦ angle
relative to the incident beam. Two TSK–GEL GMPWXL columns (Tosoh Bioscience, Tokyo,
Japan; Cat. No. 8-08025; hydroxylated polymethacrylate, pore size—100–1000 Å, particle
size—13 µm, dimensions—7.8 × 30.0 cm) were connected in series, preceded by a guard
column (Tosoh Bioscience; Cat. No. 08033; particle size—12 µm, 6.0 × 4.0 cm).

Samples were dissolved/dispersed in deionized water to a concentration of approxi-
mately 10 mg/mL, followed by appropriate dilution for analysis (final column load ranging
between 0.2 and 0.4 dL). Prior to injection, all samples were filtered using disposable
0.22 µm syringe filters. Chromatographic analyses were carried out under isocratic condi-
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tions employing a 0.1 M aqueous NaNO3 solution (pH 7.0) as the mobile phase, at a flow
rate of 0.6 mL/min and a column temperature of 40 ◦C, with a total runtime of one hour.
Data acquisition and processing were performed using OmniSEC software 11.36 (Malvern
Instruments, Malvern, UK). A dn/dc value of 0.155 mL/g was applied for calculations. The
determined parameters included weight-average molecular weight (Mw), number-average
molecular weight (Mn), polydispersity index (Mw/Mn), hydrodynamic radius (Rh), and
intrinsic viscosity ([η]). Additionally, the sample fraction/wt% having a molecular weight
above 20 KDa was derived.

3. Results and Discussion
A screening of phosphorylation conditions performed on the n-tetrabutylammonium

salt of E. coli sourced CS-0 (2 [39], Scheme 1) was very recently reported by us [27]. CP-C
could be obtained by a conventional heating reaction either with PEP-K and TBAHS at
80 ◦C for 48 h, achieving a DP-6 (degree of phosphorylation at GalNAc O-6 site) of 0.36
or with H3PO4 in DMF at 120 ◦C for 3 h in the presence of urea to give a DP-6 of 0.49.
The latter result (Table 1, entry 1) was selected as the best starting point to perform a
screening of microwave irradiation conditions for the same phosphorylation method in
order to increase the DP-6. Lower reaction time (2 h) and temperature (80 ◦C) with respect
to conventional heating were initially tested to give CP-C-2 product (Table 1, entry 2), after
n-tetrabutylammonium/Na+ exchange and purification by dialysis. No derivatization was
achieved under these conditions, as detected by comparing 1H-NMR spectra of CP-C-1
and starting CS-0 (Figure S1 in Supplementary Materials).

Table 1. Phosphorylation tests on 2 with H3PO4, urea, and DMF under different reaction conditions.

Entry Product Conditions Mass Yield DP-6 a 31P Signals b

1 CP-C-1 c Conventional heating: 120 ◦C, 3 h 74% 0.49 0.7

2 CP-C-2 Microwave irradiation: 80 ◦C, 1 h, 13 W, 20 psi 56% 0 --

3 CP-C-3 Microwave irradiation: 100 ◦C, 1 h, 50 W, 50 psi 51% 0.12 2.6

4 CP-C-4 Microwave irradiation: 120 ◦C, 1 h, 100 W, 50 psi 79% 0.20 2.4

5 CP-C-5 Microwave irradiation: 120 ◦C, 1 h, 100 W, 300 psi 66% 0.27 2.5

6 CP-C-6 Microwave irradiation: 120 ◦C, 3 h, 100 W, 300 psi 58% 0.83 3.4, −5.9, −10.0

7 CP-C-7 Conventional heating: 120 ◦C, 3 h (twice) 56% 0.51 3.9

8 CP-C-8 Conventional heating: 150 ◦C, 3 h 69% 1.00 2.0, −0.4, −7.0,
−10.5, −11.2, −20.0

a Degree of phosphorylation at GalNAc O-6 site, measured by relative integration of CH2 signal at 3.92/64.5 and
3.75/62.3 ppm assigned to GalNAc-6 phosphate and GalNAc CH2-6, respectively, in the 1H,13C-DEPT-HSQC
2D-NMR spectrum (Figure 2a,c and Figures S3–S9). b Chemical shift values measured by 31P-DOSY 1D-NMR
spectrum. c See [27].

 

Scheme 1. Regioselective phosphorylation of E. coli-sourced chondroitin to CP-C (phosphate group
in red).
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Figure 2. Superimposed, zoomed 1H and 1H,13C-DEPT-HSQC (a,c) and 1H, 31P, 31P-1D-DOSY (in red) and
1H,31P-HSQC (b,d) NMR spectra (D2O, 400 MHz, 298 K) of CP-C-6 (a,b) and CP-C-8 (c,d) (N—GalNAc,
N6P—GalNAc-6-phosphate, U—GlcA; densities enclosed in red circles were integrated for DP-6 estimation).

Under stronger microwave irradiating conditions (Table 1, entry 3), the regioselective
installation of the phosphate group at GalNAc O-6 site could be achieved, as confirmed
by a set of both 1D- and 2D-NMR experiments. The former set comprised 1H-NMR, 31P-
NMR, and 31P-1D-DOSY spectra (the last one being fundamental to discriminate between
phosphorus-containing moieties either covalently linked to the chondroitin polysaccharide
or present in small molecule impurities such as inorganic phosphate or diphosphate),
while the 1H,31P-HSQC and 1H,13C-DEPT-HSQC sequences were employed for 2D-NMR
measurements. In particular, the latter 2D-NMR spectrum of CP-C-3 showed two small
signals sensibly shifted to different chemical shift values with respect to starting CS-0,
at δH/C 3.77/73.6 and 3.92/64.5 (Figure S2 in Supplementary Materials). These could
be assigned to CH-5 and CH2-6 atoms of GalNAc-6-phosphate units, respectively, by
comparison with values from the literature [27] and also by detecting the signal at δH/P

3.92/2.6 in the 1H,31P-HSQC 2D-NMR spectrum of CP-C-3 (Figure S3 in Supplementary
Materials). By assuming that the signals at δH/C 3.92/64.5 and 3.76/62.4—assigned to
CH2-6 atoms of GalNAc-6-phosphate and underivatized GalNAc units, respectively—
displayed similar 1JC,H coupling constants and that a difference of around 5–8 Hz from
the experimental set value could not cause a substantial variation in the integrated peak
volumes [41], their relative integration returned a DP-6 equal to only 0.12 for CP-C-3. In
order to increase it, the microwave phosphorylation was conducted under even stronger

https://doi.org/10.3390/polysaccharides7010011

https://doi.org/10.3390/polysaccharides7010011


Polysaccharides 2026, 7, 11 7 of 15

irradiating conditions (Table 1, entries 4–6). Finally, the 1H,13C-DEPT-HSQC 2D-NMR
spectrum of the CP-C-6 sample (Figure 2a), which was obtained by reacting 2 for 3 h at 120
◦C under 100 W microwave irradiation at 300 psi, showed a DP-6 equal to 0.83 without
impairing the GalNAc O-6 regioselectivity. This value was considerably higher with respect
to the DP-6 resulting from the reaction conducted under the same conditions but with
standard heating (0.49 for CP-C-1) [27]. It bears noting that the attempt to further increase
the latter by repeating the reaction twice gave a negligible enhancement of DP-6 (0.51;
Table 1, entry 7), while an increase in temperature to 150 ◦C (Table 1, entry 8) afforded
the CP-C-8 product with a quantitative DP-6 but a decreased regioselectivity. Indeed,
its 1H,13C-DEPT-HSQC 2D-NMR spectrum showed a remarkably downfield-shifted CH
signal at δH/C 4.60/73.9 (Figure 2c), which could be associated with the phosphorylation of
secondary hydroxyls by the cross-peak at δH/P 4.60/−0.4 in the 1H,31P-HSQC 2D-NMR
spectrum (Figure 2d). The order of reactivity of the secondary hydroxyls of chondroitin
polysaccharide is known to have the OH at the C-2 atom of GlcA units as the most reactive
one under sulfation conditions [42]. Unfortunately, the collected 2D-NMR spectra of CP-
C-8 were not able to confirm or discard this trend, plausibly due to a too heterogeneous
structure hampering a clear attribution of the signals.

Indeed, the higher structural heterogeneity of the CP-C-8 sample was related not
only to the presence of multiple phosphorylation sites but also to the detection of peaks in
different regions of its 31P and 31P-1D-DOSY spectra. Indeed, together with broad peaks at
2.0 and −0.4 ppm assigned to monophosphate groups at the two different derivatization
positions, some additional signals of similar intensity were detected at −7.0, −10.5, and
−11.2 ppm. These could be due to the presence of some diphosphate groups decorating
the chondroitin backbone, as clearly evidenced by the 1H,31P-HSQC 2D-NMR spectrum of
CP-C-8 (Figure 2d), showing cross-peaks at δH/P 4.06/−10.5 and 4.62/−11.2. In particular,
these signals could be assigned to the phosphorus atoms of diphosphate groups directly
attached at GalNAc O-6 and at a secondary hydroxyl site, respectively (α-phosphorus
atoms), while the 31P-signal at −7.0 ppm, that was not correlated to any 1H signal in the
1H,31P-HSQC 2D-NMR spectrum, could be assigned to the distal phosphorus atoms of both
diphosphate groups (β-phosphorus atoms) [43,44]. A minor amount of triphosphate groups
decorating the chondroitin backbone could also be inferred by the less intense 31P signal
at −20.0 ppm, which could be assigned to their middle β-phosphorus atoms, being the
α- and γ-ones (closest and farthest to the attachment site on the polysaccharide backbone,
respectively) overlapped with the α- and β-phosphorus signals of diphosphate groups [43].
Interestingly, the presence of signals associated with diphosphate groups could also be
detected in the CP-C-6 product from microwave irradiated phosphorylation, although in
a much lower amount with respect to CP-C-8. It bears noting that, even if the presence
of cyclic 4,6-phosphate diesters on galacto-configured sugars was sometimes reported in
natural polysaccharides from bacterial membranes [45,46], this structural feature could
be ruled out in the CP-C-8 case. Indeed, it would have required a correlation in the
1H,31P-HSQC 2D-NMR spectrum between a single 31P-chemical shift with two different
1H-chemical shifts, assignable through the 1H,13C-DEPT-HSQC spectrum to a CH- and a
CH2-type signal, respectively. This was not observed in the reported 2D-NMR spectra.

In parallel with the structural characterization by NMR, some hydrodynamic parame-
ters were also determined for phosphorylated polysaccharides CP-C-3-8 by HP-SEC-TDA
analysis (Table 2). For all the products obtained by phosphorylation under microwave
irradiation (CP-C-3-6) a lower weight-average molecular weight was detected with respect
to the starting polysaccharide CS-0 (Table 2, entry 1, 37 KDa), as expected for the acid
character—although weak—of the employed phosphorylating agent (H3PO4), triggering
the cleavage of some of the glycosidic bonds connecting the monose residues in the polysac-
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charide chain. Moreover, with the gradual increase in the strength of microwave irradiating
conditions from CP-C-3 to CP-C-6, a gradually more pronounced depolymerization was
detected with the weight-average molecular weight value lowering from 27 KDa (CP-C-3,
Table 2, entry 2) to 11 KDa (CP-C-5, Table 2, entry 4) and the sample fraction exceeding
20 KDa lowering from 65% (CP-C-3) to 10% (CP-C-5). It bears noting that the product
CP-C-6, which was obtained under the same microwave conditions of CP-C-5 but after
a longer irradiation time (3 and 1 h, respectively), showed a slightly higher molecular
weight (17 KDa, sample fraction with Mw > 20 KDa = 14%; Table 2, entry 5) with respect to
the latter. This could be first ascribed to the much higher DP-6 of CP-C-6 with respect to
CP-C-5 (0.83 vs. 0.27: see Table 1, entries 5 and 6), accounting for a much more frequent and
therefore much “heavier” decoration of the chondroitin backbone with phosphate and—to
a lower extent—even diphosphate groups.

Table 2. Hydrodynamic parameters for CS-0 starting material and phosphorylated polysaccharides
CP-C-3,8.

Entry Product Recovery a

(wt%)

Peak Repre-
sentativeness

(wt%)

Mw
(kDa)

Mw > 20 KDa
Fraction (wt%) Mw/Mn

[η]
(dL/g)

1 CS-0 103 ± 6 100 37 ± 3 95 ± 8 1.12 ± 0.07 1.27 ± 0.06

2 CP-C-3 67 ± 5 91 ± 3 27 ± 2 65 ± 3 1.39 ± 0.05 0.82 ± 0.05

3 CP-C-4 68 ± 5 85 ± 6 13 ± 2 16 ± 1 1.40 ± 0.04 0.38 ± 0.05

4 CP-C-5 64 ± 4 92 ± 5 11 ± 1 10 ± 1 1.39 ± 0.02 0.30 ± 0.03

5 CP-C-6 51 ± 3 87 ± 6 18 ± 3 14 ± 1 3.3 ± 0.3 0.18 ± 0.02

6 CP-C-7 75 36 b 23 30 1.95 0.37

7 CP-C-8 47

27 18 37 2.08 0.088
23 47 100 1.09 0.093
26 15 100 1.16 0.21
18 587 100 1.24 0.49
6 4000 100 1.26 1

a Weight recovery after centrifugation of a 7.5 mg/mL suspension of the product in pure water; b Data refer to
only one of the two peaks detected by the RI detector; the second peak showed extremely low laser and viscometer
signal intensity, thus failing to provide a molecular weight value and likely corresponding to inorganic phosphate
species, as confirmed by comparison of 31P- and 31P-DOSY NMR spectra (see Figure S7 in Supplementary
Materials).

A completely different result was observed for CP-C-8, as it showed a very large
distribution of molecular weights, with four peaks of similar representativeness in the HP-
SEC chromatogram spanning from 18 to hundreds of KDa and a fifth, minor one reaching
even 4 MDa (Figures S12 and S13 in Supplementary Materials). The formation of such
high-molecular-weight species could be ascribed to the presence of mono- and/or diphos-
phate diester moieties acting as cross-linkers between different polysaccharide chains. The
cross-linking between polysaccharide chains through phosphodiester functionalities is not
unprecedented, and includes also the case of a GAG polysaccharide, such as hyaluronic
acid [47], although it has always been accomplished with the use of sodium trimetaphos-
phate rather than H3PO4 as the phosphorylation/cross-linking agent [48]. Cross-linking
could occur through monophosphate and/or diphosphate diester. The formation of the
latter in CP-C-8 is not in disagreement with its 31P-NMR data. Diphosphate diesters typ-
ically give a signal at approx. −10 ppm that can be overlapped with peaks related to
α-phosphorous atoms of diphosphate monoester moieties [43]. The 31P-NMR spectrum
of CP-C-8 indeed shows signals at such chemical shift values, as already discussed above
(Figure 2d). Conversely, cross-linking through monophosphate diesters should be plausibly
ruled out. Indeed, such moieties typically give 31P signals at approx. 0 ppm [43]. In spite
of the 31P-NMR spectrum of CP-C-8 showing a signal in such a chemical shift region, the
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1H,31P-HSQC 2D-NMR spectrum allows for correlating it only with a single 1H chemical
shift (Figure 2d), corresponding in turn to a CH-tagged density in the 1H,13C-DEPT-HSQC
2D-NMR spectrum (Figure 2c). This would mean that the putative monophosphate di-
ester cross-linking would bridge secondary hydroxyls placed at the same site in the two
cross-linked chondroitin repeating units. This “symmetrical” cross-linking would be very
unlikely not only from a statistical point of view, but also if one takes into consideration
that primary hydroxyls are instead the most reactive sites towards phosphorylation, as
theoretically expected and experimentally found in all the semi-synthesized derivatives,
including CP-C-8.

Therefore, NMR analysis of CP-C-8 supports the notion that the cross-linking reaction
was really happening under the harshest phosphorylation conditions while employing a
conventional heating protocol (150 ◦C, 3 h: Table 1, entry 8). It is important to note that any
significant evidence of a cross-linking reaction could be found for all the other products (CP-
C-3-7), neither by 31P-NMR spectroscopy (Figures S3–S7 in Supplementary Materials) nor
by the presence of significantly represented peaks associated with high-molecular-weight
species in the HP-SEC chromatogram (Figures S13 and S14 in Supplementary Materials).
Nonetheless, a comparison of intrinsic viscosity vs. molecular weight relationships for the
phosphorylated products obtained by microwave irradiation, or obtained by overlapping
the Mark–Houwink–Sakurada plots for CP-C-3-6 (Figure 3), clearly revealed a gradual
increase in the compactness of the polysaccharide conformation in solution with the increase
in DP-6 (Table 1, entries 1, 3–6). These observations could be explained by polymer chain
cross-linking, although the amount of phosphodiester moieties acting to this aim is too
low to be detected by 31P-NMR spectroscopy in the case of CP-C-3-5, or can be ascribed
only to minor peaks in CP-C-6. The higher dispersity (Mw/Mn) of the latter with respect
to CP-C-3-5 derivatives concurred to define the same trend in the increasing degree of
cross-linking. Moreover, an additional clue that a cross-linking reaction could happen, not
only for CP-C-8 but also during the reactions giving products CP-C-3-7, comes from their
lower water solubility with respect to the starting CS-0 polysaccharide. Indeed, the weight
recovery after centrifugation of a 7.5 mg/mL suspension in pure water is quantitative for
CS-0, while it spans from 47% to around 70% for the phosphorylated polysaccharides, the
lower being associated with the CP-C-8 product, for which the HP-SEC-TDA analysis of
the soluble fraction revealed an extensive cross-linking, as discussed above. The analysis
of the structural features of the water-insoluble fractions could obviously be performed
either by liquid-state NMR spectroscopy or by HP-SEC-TDA. It would require solid-state
NMR techniques that are unfortunately not included among our current analytical facilities.
Collaborative work with other research groups is being planned to tackle this issue. The
results will be published as soon as possible elsewhere.

https://doi.org/10.3390/polysaccharides7010011

https://doi.org/10.3390/polysaccharides7010011


Polysaccharides 2026, 7, 11 10 of 15

 

Figure 3. Overlap of the Mark–Houwink–Sakurada plots (intrinsic viscosity vs. Mw) for CS-0 (solid
triangle), CP-C-3 (solid circle), CP-C-4 (cross), CP-C-5 (line, no style), and CP-C-6 (solid square).

Successfully obtaining regioselectively phosphorylated CP-C derivatives prompted a
preliminary study of their behavior in the presence of BTH, an endonuclease enzyme known
for catalyzing the hydrolysis of hyaluronic acid, including some very recently reported,
randomly phosphorylated derivatives thereof [49], and showing activity towards chondroitin
and CS polysaccharides too [50]. The aim was not only to test the biodegradability of the
obtained CP-C polysaccharides but also to open a direct access to low-molecular-weight
species, i.e., CP oligosaccharides, that, to the best of our knowledge, are completely missing
in the literature. It bears noting that several studies have demonstrated that low-molecular-
weight chondroitin sulfate (LMW-CS) species have enhanced bioavailability and biological
activities, including antioxidant, anticoagulation, anti-inflammatory, and neuroprotective
effects, together with a safer profile in terms of absence of immunological responses [51,52].
Therefore, a future evaluation of LMW-CP-C biological properties would surely be worth
pursuing. By incubating CP-C-7 with BTH in a NaOAc/AcOH buffer (pH = 5) at 37 ◦C [53],
three low-molecular-weight chondroitin phosphate species (named LMW-CP-C-a, LMW-CP-
C-b, and LMW-CP-C-c, respectively) could be obtained after purification of the crude reaction
mixture by size-exclusion chromatography. Their characterization by 1H- and 31P-1D-NMR
as well as 1H,13C-DEPT-HSQC- and 1H,31P-HSQC-2D-NMR confirmed a structure of LMW
chondroitin species carrying phosphate groups at some of GalNAc O-6 sites. In particular, a
comparison of CP-C-7 and LMW-CP-C-a-c 1H-NMR spectra clearly showed the presence of
doublet signals at 5.13 and 4.59 ppm only in the latter case (Figure 4).

Since these signals corresponded in the 1H,13C-DEPT-HSQC spectra to cross-peaks
at δC 92.3 and 96.2, respectively, they could be assigned to the anomeric H atom of α- and
β-configured GalNAc-reducing end units, respectively. A comparison between the sum of
their integral values and the area of the signal at 1.94 ppm related to the methyl group of
(reducing and non-reducing) GalNAc units through Equation (1), gave an estimation of
the average chain length in the three LMW-CP samples: LMW-CP-C-a length distribution
could be centered on a 23-mer species, while LMW-CP-C-b and LMW-CP-C-c could be
estimated to be shorter (13-mer and 9-mer, respectively).

average chain length = [I(CH3) / 3] / [I(α-reducing) + I(β-reducing)] ∗ 2 (1)
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Figure 4. 1H NMR spectra (D2O, 600 MHz, 298 K) of CP-C-7 (black), LMW-CP-C-a (blue), LMW-CP-
C-b (red), and LMW-CP-C-c (green).

By using the same equation, we could also compare the kinetic rate of BTH depoly-
merization for the CP-C-7 sample and the starting chondroitin polysaccharide CS-0. From
the 1H-NMR spectrum of the crude digest of the former (Figure S9 in Supplementary
Materials), a length distribution centered on a 14-mer species was found, in agreement
with the values indicated above for the fractions derived thereof (9-mer to 23-mer). Native
CS-0 enzymatic degradation under the same conditions furnished a length distribution
of the obtained oligomers in the crude reaction mixture centered on a 5-mer species. By
considering that the starting Mw of CS-0 was approximately double with respect to CP-C-7
(42 vs. 23 KDa), it was possible to estimate an approx. 6-fold higher rate of degradation for
the natural polysaccharide with respect to its phosphorylated derivative CP-C-7.

Finally, the presence of GalNAc-6-phosphate units within LMW-CP-C-a-c structures
was confirmed by the presence of a signal at δH/P 3.84/3.9 in their 1H,31P-HSQC 2D-NMR
spectra, corresponding to a 1H- and 13C-downfield-shifted CH2 signal at δH/C 3.84/63.0 in
their 1H,13C-DEPT-HSQC spectra (Figures S10–S12 in Supplementary Materials).

4. Conclusions
The phosphorylation reaction of a microbial-sourced, unsulfated chondroitin polysac-

charide with phosphoric acid was tested under different microwave irradiation and conven-
tional heating conditions in order to semi-synthesize a phosphorylated mimic of one of the
most commonly found chondroitin sulfate variants (CS-C), i.e., chondroitin-6-phosphate
(CP-C). The collected products were subjected to a detailed characterization, in terms of
chemical structure and hydrodynamic properties, by 1D- and 2D-NMR spectroscopy and
HP-SEC-TDA analysis, respectively. The best result in terms of regioselectivity and degree
of phosphorylation was achieved by microwave irradiation of the CS-0 starting material
at 120 ◦C for 3 h. Under similar conditions, the application of a conventional heating
protocol gave a lower DP-6, while the increase in the temperature enhanced the degree
of derivatization but was detrimental for the regioselectivity and extensively triggered
alternative reaction pathways, giving the formation of phosphate diester functionalities
as cross-linkers between polysaccharide chains. The results from the screening presented
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in this work could be of a certain interest for any research devoted to the regioselective
phosphorylation of a polysaccharide. Moreover, the obtained CP-C polysaccharides, as
well as their enzymatically derived LMW counterparts, that were already obtained in
this work from the former, will be subjected in the near future to a comparison of their
structural features and, above all, of their biological properties with the sulfated CS-C
counterparts. The results of such an investigation will be published as soon as possible
elsewhere. Last but not least, the present study represents an additional reference—even if
the generalizability of results across different microwave equipment is still to be proven—in
the growing field of microwave-assisted derivatizations of polysaccharides.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polysaccharides7010011/s1, Figure S1: 1H NMR spectra super-
imposition of CP-C-2 and CS-0; Figure S2: 1H, 1D-DOSY and 1H,13C-DEPT-HSQC NMR spectra
superimposition of CP-C-3 and CS-0; Figures S3–S8: (a) 1H, 1D-DOSY, 1H,13C-DEPT-HSQC, and
(b) 1H, 31P, 31P-1D-DOSY, 1H,31P-HSQC NMR spectra of CP-C-3-8; Figure S9: 1H NMR spectra su-
perimposition of crude BTH digest of CS-0 and CP-C-7; Figures S10–S12: (a) 1H, 1H,13C-DEPT-HSQC
and (b) 1H, 31P, 1H,31P-HSQC NMR spectra of LMW-CP-C-a-c; Figures S13,S14: HP-SEC profiles (RI
signal) for CS-0 and CP-C-3-8.
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Abbreviations
The following abbreviations are used in this manuscript:

CS Chondroitin sulfate
GAG Glycosaminoglycans
GalNAc N-acetyl-D-galactosamine
GlcA D-glucuronic acid
DP Degree of phosphorylation
DP-6 Degree of phosphorylation at N-acetyl-D-galactosamine O-6 site
CS-0 Unsulfated chondroitin
CP-C Chondroitin 6-phosphate
NMR Nuclear magnetic resonance
HP-SEC High-performance size exclusion chromatography
TDA Triple detector array
DMF N,N-dimethylformamide
HPLC High-performance liquid chromatography
NaOAc Sodium acetate
AcOH Acetic acid

https://doi.org/10.3390/polysaccharides7010011

https://www.mdpi.com/article/10.3390/polysaccharides7010011/s1
https://www.mdpi.com/article/10.3390/polysaccharides7010011/s1
https://doi.org/10.3390/polysaccharides7010011


Polysaccharides 2026, 7, 11 13 of 15

BTH Bovine testicular hyaluronidase
TLC Thin-layer chromatography
LMW Low molecular weight
DOSY Diffusion-ordered spectroscopy
DEPT-HSQC Distortionless enhancement by polarization transfer heteronuclear single-quantum correlation
RI Refractive index
RALS Right-angle light scattering
LALS Low-angle light scattering
Mw Weight-average molecular weight
Rh Hydrodynamic radius
[η] Intrinsic viscosity
Mn Number-average molecular weight
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