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A sample of high-molar mass hyaluronan was oxidized by seven oxidative systems involving hydrogen peroxide,
cupric chloride, ascorbic acid, and sodium hypochlorite in different concentrations and combinations. The process
of the oxidative degradation of hyaluronan was monitored by rotational viscometry, while the fragments produced
were investigated by size-exclusion chromatography, matrix-assisted laser desorption ionization-time-of-flight
mass spectrometry, and non-isothermal chemiluminometry. The results obtained imply that the degradation of
hyaluronan by these oxidative systems, some of which resemble the chemical combinations presentin ViVo in the
inflamed joint, proceeds predominantly via hydroxyl radicals. The hyaluronan fragmentation occurred randomly
and produced species with rather narrow and unimodal distribution of molar mass. Oxidative degradation not
only reduces the molecular size of hyaluronan but also modifies its component monosaccharides, generating
polymer fragments that may have properties substantially different from those of the original macromolecule.

Introduction

Hyaluronan synthases (HAS1, HAS2, and HAS3), the
enzymes localized in the vertebrate cells within a putative
organelle called the hyaluronasome, synthesize hyaluronan (HA)
with high molar mass. HAS1 and HAS2 produce relatively large
forms of HA (2 × 105-2 × 106 Da), while HAS3 produces
polymers only half that size (105-106 Da).1

In the initial phases of the commercial production of high-
molar-mass HA, various tissues obtained from phylogenetically
higher organisms, for example, rooster combs, were utilized.
For example, the Swedish company Pharmacia used to occupy
a dominant position in the market for HA products designed
for ophthalmologic surgery purposes. Its product, Healon, has
long been the only appropriate material applied to so-called
viscosurgical operations.2

The prepared batches of Healon as well as other HA
preparations produced from vertebrate tissues or by bacterial
fermentation of suitable strains, for example,Streptococcus,
were subjected to molecular characterization preferentially by
means of size-exclusion chromatography (SEC). Calibration of
the SEC columns, which has been initially performed using a
set of defined pullulan molecular standards, was increasingly

replaced by the application of HA fragments with different molar
masses. These were prepared by means of degradation/depo-
lymerization of high-molar-mass HA using the enzyme hyalu-
ronidase or by applying physical and/or chemical methods such
as acidic or basic hydrolyses, thermal degradation, and/or
exposure toγ-irradiation.3,4

Increased interest in HA preparations with smaller molar
masses has occurred recently because of the observation that
these fragments have size-specific functions. While high-molar-
mass HA possesses anti-angiogenic, anti-inflammatory, and
immunosuppressive properties,5-7 intermediate-sized HA frag-
ments act predominantly in an opposite manner, that is, they
are angiogenic, pro-inflammatory, and immunostimulating.8,9

Concurrently, HA preparations with a precisely defined narrow
molar mass distribution have been recently introduced to the
market.10

In the living organism, the biosynthesized high-molar-mass
HA plays several roles. For example, free, nonassociated HA
in synovial fluid (SF) confers its unique viscoelastic properties
required for maintaining proper functioning of the joints.
Hyaluronan associated with certain glycosaminoglycans and
proteins has an important function in organizing the extracellular
matrix (ECM) as well as in binding and concentrating certain
growth factors.11

An adult person weighing 70 kg has ca. 15 g of HA in the
body. About one-third of this amount turns over daily. The half-
life of HA is a few minutes in blood, several hours in SF, 1 to
2 days in the epidermal compartment of skin, and less than 3
weeks in cartilage. Although such relatively fast catabolism of
HA in the organism is controlled by hyaluronidases, some tissues
such as SF lack these enzymes, and rapid catabolism of HA
may have a different mechanism. Fast HA turnover in the joints
of healthy individuals may be attributed to the oxidative/
degradative action of reactive oxygen species (ROS), among
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others, generated by the catalytic effect of transition metal ions
on the auto-oxidation of ascorbate.12 The detection of the low-
molar-mass HA fragments in the joints of patients affected by
rheumatoid arthritis (RA) can be explained by enhanced ROS
production in the inflamed joint by infiltrating leukocytes.13 It
is exactly the latter phenomenon or, more precisely, intermedi-
ate- and/or small-sized HA fragments generated by it, that
constitute the subject of our current research. HA fragments
preparedin Vitro via procedures similar to those occurring under
physiological or pathophysiological conditions would be more
suitable forin ViVo studies than HA fragments generated by
the physical and/or chemical procedures.

Here, we present new results on HA degradation using
oxidative systems containing ascorbic acid, report characteriza-
tion of the obtained fragments, and compare the new data with
our previously published results. The HA fragments were
prepared by using reagents that participate in the catabolism of
high-molar-mass HA in the healthy and in the inflamed joint.
The molar mass distribution (MMD) of the resulting polymer
fragments was evaluated by a multi-angle light scattering
(MALS) detector connected on-line to a SEC system. Methods
of non-isothermal chemiluminescence along with matrix-assisted
laser desorption ionization-time-of-flight mass spectrometry
(MALDI-TOF MS) were applied to the polymer fragments.

Experimental Procedures

Intact HA Samples.The two samples of high-molar-mass HA were
provided by Dr. K. Thacker from Lifecore Biomedical Inc., Chaska,
MN (sample coded LIFECORE P9710-2;Mw ) 1215 kDa,Mw/Mn )
1.79) and by CPN Ltd., UÄ stı́ nad Orlicı́, Czech Republic (sample coded
CPN;Mw ) 659.4 kDa;Mw/Mn ) 1.88).14 In the LIFECORE P9710-2
sample, the presence of 13 ppm of iron and 4 ppm of copper ions has
been acknowledged [“Certificate of Analysis” (Lifecore Biomedical
Inc.)].

Chemicals. NaCl and CuCl2‚2H2O, analytical purity grade, were
from Slavus Ltd., Bratislava, Slovakia. Ascorbic acid and methanol
were from Merck KGaA, Darmstadt, Germany. Ethanol (≈96%, v/v)
and an aqueous solution of H2O2 (≈30%) were purchased from
Chemapol, Prague, Czech Republic. Aqueous solution of NaOCl (≈1
M, containing 6-14% active chlorine) was the product of Riedel de
Haen AG, Seelze, Germany. Bovine testicular hyaluronidase with an
activity of 400-1000 U/mg was purchased as a lyophilized powder
from Sigma-Aldrich Chemical Co. (St. Louis, MO) and used without
further purification. The MALDI-TOF matrix, 2,5-dihydroxybenzoic
acid (DHB), obtained from Fluka, was also used as supplied. Water
applied for HA degradation was of redistilled deionized quality grade.

Stock/Working Solutions. The stock hydrogen peroxide solution
was prepared by dissolving NaCl in commercial H2O2 to a salt
concentration of 0.15 M. The working H2O2 solutions were prepared
immediately before the experiment by appropriate dilution of hydrogen
peroxide stock solution with 0.15 M NaCl. The stock CuCl2 solution
and that of ascorbic acid were also prepared freshly in 0.15 M NaCl.
The aqueous solutions of sodium hypochlorite were prepared by dilution
of commercial NaOCl solution in redistilled deionized water. Dissocia-
tion of NaOCl at neutral pH results in nearly equimolar concentrations
of non-dissociated acid (HOCl) and the hypochlorite anion (-OCl)
because of the value of pKa 7.53.15 For this reason as well as for current
convention, we used a simplified designation HOCl instead of a more
precise HOCl/-OCl. The actual concentrations of the working aqueous
H2O2 and HOCl solutions were determined spectrophotometrically.16,17

Rotational Viscometry/Preparation of HA Fragments. In order
to investigate rheological properties, 20.0 mg of high-molar-mass HA
sample (LIFECORE P9710-2 or CPN) was dissolved in 0.15 M NaCl
overnight in the dark at room temperature in two steps: first, 4.0 mL
solvent was added, and second, the next 4.0 mL portion of the solvent

was added after 6 h. The dynamic viscosity (η) values of the native
HA samples was 12.05 mPa‚s (LIFECORE P9710-2) and 5.80 mPa‚s
(CPN).

A similar two-step procedure was applied in dissolving the HA
sample (LIFECORE P9710-2). However, the second solvent portion
was smaller than 4.0 mL (usually from 3.20 to 3.90 mL). The remaining
volume was brought to a total of 8.0 mL by gradually adding reagents.
In the case of the CuCl2 solution, it was admixed to the HA solution
9 min before the application of other reagents: H2O2 alone or with
ascorbic acid; the latter was added directly prior to the application of
H2O2. When using HOCl solution, it was used as a strong oxidant
substituting for H2O2 and applied at a corresponding time. Altogether,
seven different oxidative systems involving different combinations and
concentrations of reagents were utilized: (a) 882 mM H2O2 (HP882);
(b) 1.25 µM CuCl2 and 55 mM H2O2 (CU1.25-HP55); (c) 0.1µM
CuCl2, 100 µM ascorbic acid, and 100µM H2O2 (CU0.1-AA100-
HP0.1); (d) 10 mM NaOCl (HOCL10); (e) 0.1µM CuCl2, 100 µM
ascorbic acid, and 10 mM NaOCl (CU0.1-AA100-HOCL10); (f) 0.1
µM CuCl2, 100µM ascorbic acid, and 2 mM NaOCl (CU0.1-AA100-
HOCL2); and (g) 0.1 µM CuCl2 and 100 µM ascorbic acid
(CU0.1+AA100). The codes given in parentheses symbolize the
designation of a polymer fragment prepared using the corresponding
oxidative system.

The resulting solutions (8.0 mL) were immediately transferred to
the Teflon cup reservoir of the rotational viscometer. Recordings of
the viscometer output parameters were started 2 min after onset of the
experiment. The changes of dynamic viscosity and torque were
monitored at 25( 0.1 °C by using a digital rotational viscometer
Brookfield DV-II+ PRO (Brookfield Engineering Labs., Inc., Middle-
boro, MA) equipped with a cup-spindle pair built of Teflon at our
laboratory.18 At the spindle rotational speed of 180 rpm, the shear rate
was 237.6 s-1. The LIFECORE P9710-2 sample degradation was
monitored in 3 min intervals for up to 5 h oruntil the nominalη value
5.8 mPa‚s was reached. Within the monitored interval of theη values,
the torque ranged between 72 and 36%.

To assay the reaction products, the reservoir content was poured
into 20 mL of ethanol, which led to the precipitation of the polymer.
On the following day, the polymer precipitate was washed with 20
mL of ethanol, centrifuged, and dried in a desiccator. The yields of
the recovered polymer fragments ranged between 15 and 17 mg, that
is, the recovery rate was between 75 and 85%. The pellet prepared
from the dried polymer obtained from the degradative systems involving
hydrogen peroxide was very firm. However, the pellet prepared from
the dried polymer obtained in the presence of sodium hypochlorite was
brittle, and the odor of chlorine was detected even after the precipitation
of the degraded sample.

SEC-MALS Analysis. Samples degraded by using the above-listed
oxidative systems were molecularly characterized by the SEC-MALS
method. Prior to analysis, the degraded sample was dissolved overnight
to the desired sample concentration in 0.15 M NaCl. On the following
morning, the sample solution was diluted to the required concentration
by adding additional 0.15 M NaCl. Prior to analysis, each sample was
clarified by filtration through a 0.45µm Nylon filter (Millipore
Corporation, Bedford, MA). The MMD analysis of the samples was
performed by using a modular multi-detector SEC system. The SEC
system consisted of an Alliance 2690 separation module from Waters
(Milford, MA) equipped with two on-line detectors, namely, with a
MALS Dawn DSP-F photometer from Wyatt Technology (Santa
Barbara, CA) and a DRI 410 differential refractometer from Waters.
The latter detector was used to determine the biopolymer concentration
in the effluent. The setup of this multi-detector SEC system was serial
in the following order: Alliance-MALS-DRI. It is well known that an
on-line MALS detector coupled to a concentration detector facilitates
the determination of the true molar mass value (M) and the size, that
is, the root-mean-square radius (〈s2〉1/2), hereafter referred to as the radius
of gyration (Rg), of each fraction of the eluted polymer.

The experimental methodology for a reliable use of the MALS
photometer has been described in detail.19-21 Briefly, the MALS

2698 Biomacromolecules, Vol. 8, No. 9, 2007 Šoltés et al.



photometer uses a vertically polarized He-Ne laser atλ ) 632.8 nm
and simultaneously measures the intensity of the scattered light at 18
fixed angular locations ranging in aqueous solutions from 14.5° to
158.3° by means of an array of photodiodes. The MALS calibration
constant is calculated using toluene as a standard assuming a Rayleigh
factor R(θ) ) 1.406× 10-5 cm-1. Normalization of the photodiodes
was performed by measuring the scattering intensity in the mobile phase
of bovine serum albumin (BSA; M≈ 67 kDa,Rg ) 2.9 nm), a globular
protein that is assumed to act as an isotropic scatterer. The specific
refractive index increment, dn/dc, used was 0.15 mL/g.20

The experimental conditions of the SEC-MALS system were as
follows: two stainless steel columns (both 7.8 mm× 30 cm) were
connected in series with a guard precolumn; packings were TSKgel of
PW type (G6000 and G5000; 17µm particle size; Tosoh Bioscience,
Stuttgart, Germany); separation temperature) 35 °C; vacuum degassed
mobile phase aqueous 0.15 M NaCl solution; sample injection volume
) 150µL; the biopolymer concentration in the injected samples ranged
from 0.1 to 2 mg/mL, depending on the sample molar mass; and the
mobile phase flow rate) 0.4 mL/min. The data acquisition and analysis
softwares used were EMPOWER PRO from Waters and ASTRA 4.73
from Wyatt Technology.

Non-Isothermal Chemiluminometry. Chemiluminescence mea-
surements were performed with a photon-counting instrument Lumipol
3 manufactured at the Polymer Institute of the Slovak Academy of
Sciences. The sample was placed on an aluminum pan in the sample
compartment. The gas flow (pure oxygen or nitrogen) through the
sample cell was 3.0 L/h. The temperature in the sample compartment
of the apparatus was raised from 40 to 220°C with a linear gradient of
2.5 °C/min. The signal of the photocathode was recorded at 10 s
intervals. The amount of samples used for each measurement ranged
from 1.0 to 1.6 mg.

MALDI-TOF MS Analysis. The samples investigated were dis-
solved in redistilled deionized water to a final concentration of 5 mg/
mL and subsequently digested by hyaluronidase (1 mg/mL final
concentration) at 37°C for 24 h. Afterward, aliquots of all digests were
diluted 1:1 (v/v) with the matrix (0.5 M DHB in methanol) and placed
onto a mate steel target for MALDI-TOF analysis. DHB is the matrix
of choice for the analysis of comparably small molecules because this
matrix provides only relatively weak signals.22,23 Subsequently, the
solvent was rapidly evaporated using a heat gun to achieve homoge-
neous crystallization between the matrix and the analyte.

All MALDI-TOF MS measurements were carried out using an
Autoflex MALDI-TOF mass spectrometer (Bruker Daltonics, Leipzig,
Germany). This instrument uses a pulsed N2 laser operating with an
excitation wavelength of 337 nm. To improve the resolution, all
measurements were carried out in the reflector mode under delayed
extraction conditions. More details of such measurements have been
provided in a recent publication.24 Both positive and negative ion spectra
were recorded. The negative ion spectra were less complex and provided
enhanced sensitivity.23

Results

Rotational Viscometry. Figure 1 demonstrates the decrease
of HA solution viscosity during sample treatment, applying the
seven different oxidative systems. Obviously, in all cases, the
viscosity of the solution dropped rather quickly. Solution of the
LIFECORE P9710-2 sample (2.5 mg/mL) upon application of
the highly concentrated aqueous hydrogen peroxide (882 mM
≡ 3%) showed a rapid decline of dynamic viscosity value to
5.8 mPa‚s, which lasted about 165 min (curve a in Figure 1).
Reduction of H2O2 concentration from 882 mM to 100µM
resulted in the absence of any significant decrease of sample
dynamic viscosity during the entire 300 min monitoring period
(data not shown), whereas the addition of a submicromolar
amount of Cu(II) (namely, 0.1µM CuCl2) along with 100µM

ascorbic acid and 100µM H2O2 led to a reduction of the
dynamic viscosity value to 5.8 mPa‚s within 95 min (curve c
in Figure 1). Yet the oxidative system containing only two
reagents, 0.1µM CuCl2 plus 100 µM ascorbic acid, did not
induce the reduction of the dynamic viscosity to 5.8 mPa‚s even
throughout the entire period of measurement, i.e., 300 min (curve
g in Figure 1).

Degradative systems comprising NaOCl (cf. curves d, e, and
f in Figure 1) caused reduction of the sample dynamic viscosity
value: the addition of 0.1µM CuCl2 along with 100µM
ascorbic acid and 2 mM NaOCl resulted in attaining theη value
of 5.8 mPa‚s within 221 min (curve f), whereas 10 mM NaOCl
alone added to the solution of the LIFECORE P9710-2 sample
led to a more rapid decline of the dynamic viscosity (curve d);
the magnitudeη ) 5.8 mPa‚s was already reached after 134
min. However, as can be seen, the introduction of Cu(II),
namely, 0.1µM CuCl2, together with 100µM ascorbic acid
and 10 mM NaOCl resulted in an extremely fast degradation
of the high-molar-mass HA, and the decrease ofη value to 5.8
mPa‚s was attained within 12 min (cf. Figure 1, curve e).

SEC-MALS. Table 1 demonstrates the data obtained at the
determination of the fragmented polymer molar mass averages
(numeric-, weight-, andz-average,Mn, Mw, and Mz, respec-
tively), the molar mass corresponding to the peak of the eluted
sample in the chromatogram (Mp), the dispersity indices (Mw/
Mn andMz/Mw), and the radius of gyration (Rg) in 0.15 M NaCl
solution at 35°C. As follows from the results presented in Figure
1 and Table 1, the degradative system termed g can be
characterized as the less efficient system. TheMw value of the
sample degraded during 5 h was 237.8 kDa (cf. Table 1). This
value resembled the values ofMw averages of other fragmented
polymers. However, it was substantially lower than could be
anticipated, on the basis of simple comparison of the observed
η values with those of the intact samples LIFECORE P9710-2
and CPN. Thus, it seems feasible to assume that the macro-
molecules of the LIFECORE P9710-2 sample at a 0.25%
concentration probably form a meshwork, which is able to retain
its viscous nature even when the component macromolecules
have anMw average as low as 25.1 kDa (cf. Table 1).

Figure 1. Dynamic viscosity vs time profile of a 0.25% (w/v) solution
of LIFECORE P9710-2 sample incubated with the following oxidative
systems: (a) 882 mM H2O2; (b) 1.25 µM CuCl2 and 55 mM H2O2; (c)
0.1 µM CuCl2, 100 µM ascorbic acid, and 100 µM H2O2; (d) 10 mM
NaOCl; (e) 0.1 µM CuCl2, 100 µM ascorbic acid, and 10 mM NaOCl;
(f) 0.1 µM CuCl2, 100 µM ascorbic acid, and 2 mM NaOCl; and (g)
0.1 µM CuCl2 and 100 µM ascorbic acid.
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Figure 2 illustrates differential molar mass distribution of the
four polymer fragments determined using the SEC-MALS
method. The fact that all fragmented polymers revealed strictly
unimodal and symmetrical MMD implies that character/kinetics
of the degradation of the LIFECORE P9710-2 sample can be
classified as a random process. A very interesting finding is
also the relatively low values of the dispersity indices (Mw/Mn)
ranging from 1.47 to 1.62, which are even lower than the ratio
Mw/Mn ) 1.79 of the intact LIFECORE P9710-2 sample.

Figure 3 presents a comparison of the experimentally
establishedRg ) f(M) scaling law, generally known as
conformation plot, for the four polymer fragments prepared by
using different degradative systems. It is evident that all
conformation charts could be described by a single scaling law.
As demonstrated in the Figure, the scaling law previously
reported for a set of nine HA samples (cf. black line in Figure
3)25 supports our conclusion that the fragmented polymers in

solution behave in a manner identical to the behavior of the
native HA macromolecules.

Non-Isothermal Chemiluminometry. The method monitors
the thermal and thermo-oxidation behavior of the intact and
fragmented LIFECORE P9710-2 samples. The representative
runs for the intact LIFECORE P9710-2 and fragmented samples
HP882 and CU1.25-HP55 in oxygen and nitrogen are presented
in Figure 4a and b, respectively.

The light emission in oxygen is much more intense than that
in nitrogen. It is due to the disproportionation of the peroxyl
radicals, which are formed as the primary products of the
decomposition of the hydroperoxides according to the following
reaction:

Table 1. SEC-MALS Results Obtained with the Fragmented Polymers

sample designationa

Mn

[kDa]
Mw

[kDa]
Mz

[kDa]
Mp

[kDa]
Mw/Mn

[-/-]
Mz/Mw

[-/-]
Rg

[nm]

HP882 15.5 25.1 39.2 19.1 1.62 1.56 16.1
CU0.1-AA100-HP0.1 111.8 180.4 263.1 161.8 1.61 1.46 37.6
CU0.1-AA100-HOCL2 108.7 166.2 215.5 144.6 1.53 1.30 36.0
CU0.1+AA100 161.7 237.8 323.2 210.5 1.47 1.36 56.2

a Codes HP882, CU0.1-AA100-HP0.1, CU0.1-AA100-HOCL2, and CU0.1+AA100 refer to polymer fragments obtained by using degradative systems
a, c, f, and g, respectively.

Figure 2. Comparison of the differential molar-mass distribution
curves of the four polymer fragments degraded by the oxidative
systems a, c, f, and g.

Figure 3. Comparison of the experimental Rg ) f(M) plots of the
four polymer fragments.

Figure 4. (a) Chemiluminescence intensity. Temperature charts for
samples LIFECORE P9710-2 and samples HP882 (a) and CU1.25-
HP55 (b) in oxygen. (b) Chemiluminescence intensity. Temperature
charts for samples LIFECORE P9710-2 and samples HP882 (a) and
CU1.25-HP55 (b) in nitrogen.

P-O-O-Hf P-O• + •O-H
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The disproportionation occurs as demonstrated in the scheme,

and subsequently, the produced triplet carbonyl and singlet
oxygen (denoted with an asterisk) return to their ground state,
which is accompanied by the emission of energy (light).26

The observation of the high level of the hydroperoxide groups,
which remain attached to the HP882 sample, seems to be of
high significance. The decomposition of hydroperoxides is
reflected by the presence of a distinct peak X (Figure 4b) with
a maximum at 140-150 °C. The value of the rate constant of
the first-order determined from this peak is 3.9× 10-10 s-1 at
40 °C and 1.7× 10-6 s-1 at 100°C (cf. Table 2). This implies
that the decomposition of hydroperoxides yielding polymer oxyl
radicals and subsequently the scission of the main chain and
reduction of the molar mass have taken place. Such decomposi-
tion might account for the considerably lower values of the
molar mass of sample HP882 established by the SEC-MALS
method after some period of time. It can be also stated that the
level of hydroperoxides that remains in the sample CU1.25-
HP55 is negligible when compared with the sample HP882. The
maximum of the molar mass distribution curve is situated at
much higher values.

The data in Table 2 provide the average rate constants of
oxidation at several selected temperatures. At 40°C, the highest
value for the degraded samples was obtained for the sample
CU1.25-HP55 (5.3× 10-8 s-1), followed by the sample CU0.1-
AA100-HOCL10 (3.7× 10-8 s-1), and the sample HOCL10,
at which NaOCl alone was applied (1.7× 10-8 s-1). The lowest
rate constant at 40°C (3.9× 10-10 s-1) was established for the
sample HP882. This may be due to the fact that the content of
the reactive sites, which may be consumed by oxidation, and
which remained after the treatment of the sample LIFECORE
P9710-2 was significantly lower in the case of sample HP882
so that the observed rate constant of oxidation was even smaller
than that found for the intact HA (1.1× 10-9 s-1). Hydroper-
oxides decompose rather slowly at that temperature. At 100°C,
however, the decomposition of hydroperoxides is faster, and
hence, the rate constant of oxidation increases. At higher
temperatures such as 200°C, the lowest stability was found for

the sample HOCL10 (the rate constant 2.0× 10-3 s-1), followed
by the sample prepared by the tri-component mixture CU0.1-
AA100-HOCL10 (1.1× 10-3 s-1). The lowest values were
determined for the two samples, for the preparation of which
hydrogen peroxide was applied, namely, 9.5× 10-4 s-1 for
the CU1.25-HP55 sample and 3.9× 10-4 s-1 for sample HP882.

At 200 °C, the values of the rate constants found for all
degraded HA samples lay in the range 3.9× 10-4 s-1-2.0 ×
10-3 s-1 and were also higher than the value measured for the
intact LIFECORE P9710-2 sample (2.8× 10-4 s-1). Hence, it
can be concluded that thermal stability of the degraded samples
at temperatures above 100°C is always lower than that of the
parent sample.

MALDI-TOF MS Analysis. In order to establish which
degradation products can be detected in the HA sample treated
with the above-mentioned degradative agents, the recovered
polymers were also investigated by MALDI-TOF MS. Since
native polysaccharides with high molar masses (particularly the
acidic ones) cannot be detected by this soft-ionization mass
spectrometric method,24 samples were digested by testicular
hyaluronidase prior to analysis. This enzyme is known to
produce a mixture of di, tetra, hexa, and octasaccharides, with
the largest share of tetrasaccharides.28

The MALDI-TOF mass spectra (both positive and negative
ion spectra) of the digestion products are shown in Figure 5. It
is reported that oligomers of HA are more sensitively detected
as negative ions.23 Although there are some peaks detected at
higherm/z ratios, only the mass region of the tetrasaccharide
will be discussed. The molar mass of the (neutral) tetrasaccha-
ride of HA (HA-4) is 776 Da. This calculation assumes the
exclusive presence of the free acid, that is, all charges are
compensated by H+. Accordingly, the signal atm/z 775.2
corresponds to HA-4 after the loss of one proton, whereas the
peak atm/z 797.2 corresponds to the anion of HA-4 following
the exchange of one H+ by a Na+ ion. Independent of the sample
treatment, only minor differences between the individual spectra
were observed.

The negative ion peaks atm/z681.0, 641.0, 601.0, and 561.0
as well as atm/z 857.0 and 817.0 stem from the applied matrix
(2,5-dihydroxybenzoic acid, with a molar mass of 154 Da) that
undergoes oligomerization under the conditions of laser irradia-
tion accompanied by the loss of sodium hydroxide molecules
(mass difference of 40 Da).29 Although all MALDI-TOF MS
measurements were performed under identical conditions, it is
obvious that the contribution of the matrix signals differs
significantly. This is particularly evident when the intensities
of the matrix peaks (e.g., atm/z 681.0) are compared with the
intensities of the peaks of the HA tetrasaccharide (m/z 775.2
and 797.2). The contribution of matrix peaks is very small in
the native HA sample as well as after H2O2 treatment but is
elevated when other degradative systems are used. In the positive
ion mode, contribution of the matrix peaks is similar to that
observed in the negative ion spectrum.

Very weak peaks appear atm/z833.3 and 846.3 in the positive
ion spectrum, (d)p, after the HOCl treatment. Although the peak
at m/z 846.3 cannot be yet assigned, the signal atm/z 833.3
corresponds perfectly to the substitution of H+ with Cl+.
Nevertheless, because of its low intensity, this peak should not
be overestimated.

In the negative ion spectra, the generation of matrix/analyte
clusters is also apparent. The mass difference betweenm/z973.3
andm/z775.2 is 198. This corresponds exactly to the molecular
mass of DHB after the exchange of two H+ with two Na+ ions
(154 f 176 f 198). This phenomenon has been already

Table 2. Rate Constants (in s-1) of Oxidation in Oxygen
Determined from Non-Isothermal Chemiluminescence
Measurements According to the Previously Described Procedure27

temperature [°C]

sample designationa 40 100 200

LIFECORE P9710-2 1.1 × 10-9 8.3 × 10-8 2.8 × 10-4

HP882 3.9 × 10-10 1.7 × 10-6 3.9 × 10-4

CU1.25-HP55 5.3 × 10-8 4.7 × 10-6 9.5 × 10-4

HOCL10 1.7 × 10-8 4.0 × 10-7 2.0 × 10-3

CU0.1-AA100-HOCL10 3.7 × 10-8 1.7 × 10-6 1.1 × 10-3

a Sample codes HP882, CU1.25-HP55, HOCL10, and CU0.1-AA100-
HOCL10 relate to HA fragmented by using systems a, b, d, and e,
respectively.
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observed when phospholipids are analyzed; however, it has not
been described so far for glycosaminoglycans.29

Discussion

HA Degradation-Causing Systems.Hydrogen peroxide, a
non-charged non-radical oxidant, does not react with HA.
However, traces of transition metals present in HA samples may
catalyze the decomposition of H2O2, resulting in the generation
of hydroxyl radicals. The study of the degradative action of
various oxidative systems on high-molar-mass HA started at
the end of the 1980s has rendered unequivocal proof on the
damaging action of the hydroxyl radicals that leads to the
reduction of the polymer molar mass and impaired viscoelastic
properties of HA.30-34 The techniques of steady-state and pulse
radiolysis were applied to the generation of free radicals, and
the formation of •OH radicals has been proven using EPR
spectrometry.

A system containing hydrogen peroxideplus cupric cations
has been proven to be especially efficient at degrading high-
molar-mass HA.35-38 Recent EPR investigations of H2O2

decomposition by cupric ions (CuCl2) using the spin-trapping
agent 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) have unequivo-
cally corroborated the formation of•OH radicals.39 Hence, we
may assume that on applying the systems a, b, and c, the ROS
that cause the degradation of the HA macromolecule are the
•OH radicals.

Apart from degradative system c involving the direct par-
ticipation of added H2O2, it is necessary to emphasize that other
degradative systems without H2O2 addition, namely, e, f, and
g, could also generate•OH radicals. A combination of ascorbate
plus Cu(II) used under aerobic conditions, a so-called Weiss-
berger’s system,40,41 gives rise to H2O2,42-44 and taking into

account the fact that ascorbate reduces Cu(II) to cuprous ions,
it is feasible to assume that systems e, f, and g degrade HA
macromolecules by the action of•OH radicals. This conclusion
is supported by an unambiguous proof of the production of
hydroxyl radicals in a system comprising ascorbateplusCuCl2
obtained by using an EPR spin-trap technique applying such
spin traps as DMPO and 5-(diisopropoxyphosphoryl)-5-methyl-
1-pyrroline-N-oxide (DIPPMPO).45

The only system that degrades HA macromolecules and lacks
H2O2 is system d, that is, 10 mM HOCl/-OCl. However, under
in ViVo conditions, the generation of millimolar concentrations
of hypochlorite looks unrealistic. HOCl concentrations of the
order of 340µM were reported to be of relevance in the inflamed
joint;46 however, its quantitative assay underin ViVo conditions
is extremely difficult because of the large number of reactive
molecules present. In fact, the question of which HOCl
concentrations are relevant is a very complicated issue because
recently, it has been postulated that HOCl may occurin ViVo in
100 mM and even higher concentrations.47

Here, it would be appropriate to emphasize that HOCl reacts
with chloride anions generating active chlorine in agreement
with the following reaction: HOCl+ Cl- T Cl2 + HO-. Hence,
applying the systems d, e, and f, a direct reaction between the
functional groups on the HA macromolecule and Cl2 should
also be taken into consideration.

Chemistry of ROS Attack of the HA Macromolecule. In
the aqueous milieu, the hydroxyl radical represents the most
reactive species. It reacts with virtually all compounds contain-
ing C-H groups, abstracting the hydrogen radical (H•) and
leading to the generation of the correspondingC-centered
radical. In the case of the HA macromolecule, while•OH attack
of the glucuronic acid unit occurs randomly at all sites of the
carbon ring, theN-acetylglucosamine moiety is attacked more

Figure 5. Negative (left) and positive (right) ion MALDI-TOF mass spectra of high-molar-mass HA treated with various agents. (HA)n and (HA)p

represent the native sample LIFECORE P9710-2. In (a)n and (a)p, the native HA sample was treated with 882 mM H2O2, in (c)n and (c)p with
0.1 µM CuCl2, 100 µM ascorbic acid and 100 µM H2O2, in (d)n and (d)p with 10 mM NaOCl, in (f)n and (f)p with 0.1 µM CuCl2, 100 µM ascorbic
acid and 2 mM NaOCl, and in (g)n and (g)p with 0.1 µM CuCl2 and 100 µM ascorbic acid. The peaks are labeled according to their m/z ratios;
the peaks labeled with an asterisk originate from the applied DHB matrix. The indices n and p represent negative and positive ion spectra,
respectively.
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specifically. No radicals are formed at the C-2 or methyl carbon
of the acetyl group.48 The resulting C-centered radical is

hereafter referred to simply as A•.
Subsequently, the radical A• traps one molecule of oxygen

yielding AOO•, which can naturally participate in the reactions
leading to further production of A• (AOO• + HA f AOOH +
A•). Then, because of the AOOH decomposition catalyzed by
cuprous ions maintained in a lower oxidation state by ascorbate,

the generated AO• radicals can undergo aâ-scission, yielding
polymer fragments with reduced molar mass.49

Hydroxyl radicals may also affect the d-glucuronate/d-
glucuronic acid units orN-acetylglucosamine moieties of HA
leading to the opening of the pyranose ring(s) without cleaving
the polymer chain.48 However, subsequent radical reactions or
rearrangement of the generatedC-centered radicals may produce
polymer fragments of even lower molar mass.

Rees et al.50 demonstrate that the reaction of HOCl with the
N-acetyl group ofN-acetylglucosamine moieties of HA leads
to the formation of long-livedN-chloroamides (cf. Scheme 1).
The reaction continues with the production ofN-centered amidyl
radicals, which isomerize, rendering carbon-centered radicals
at C-2 of theN-acetylglucosamine units and at C-4 of the
neighboring uronic acid residues. The C-4 carbon-centered
radicals subsequently undergoâ-scission reactions that result
in glycosidic bond cleavage, which yields polymer fragments
of lower molar mass.

Recently, another possible pathway has been proposed:49

hydroxyl group(s) on HA (denoted AOH) might react directly
with both HOCl and Cl2 according to the following reactions:

The intermediate HA hypochlorite (AOCl) decomposes readily
under the catalytic action of cuprous ions maintained in a lower
oxidation state by ascorbate.

The AO• radical undergoes fragmentation, which results in the
production of polymer fragments with reduced molar mass.

The incorporation of a Cl atom into the HA polymer chain
by reactions 1 and/or 2 and/or the reactions depicted in Scheme

1 is supported particularly well by the results obtained by
MALDI-TOF MS analyses of the polymer fragments, which
were obtained upon treatment of HA with system d, that is,
with 10 mM NaOCl. However, these mass spectrometric data
do not permit to unambiguously conclude, whether N-H is
converted into N-Cl or OH into OCl. Kinetic reference data
indicate a much higher reactivity of the glucosamine unit in
comparison to that of glucuronic acid.52 Accordingly, the
generation ofN-chloroamide seems to be a more probable
pathway.

Biological Consequences.A 3% solution of hydrogen
peroxide (ca. 882 mM) is routinely used, for example, for the
disinfection of superficial wounds. Taking into consideration
the omnipresent occurrence of traces of (transition) metal ions,
it can be assumed that hydroxyl radicals generated from H2O2

may degrade HA macromolecules within the epidermis either
directly or via stimulating HA catabolism by keratinocytes.53,54

Even much lower concentrations of H2O2 are very efficient
regarding the degradation of HA macromolecules in the presence
of micro- or submicromolar concentrations of transition metal
ions independently from the presence of (physiological) con-
centration of ascorbate. As can be seen from the results presented
in Figure 1 and Table 1, degradative systems a, b, and c can
cause the decline ofMw from an initial value of 1.2 MDa to the
values 1 or 2 orders lower within a relatively short time period.
Bearing in mind that intermediate-sized HA fragments have
angiogenic and immunostimulating properties, it would be
advisable to assess polymeric materials prepared by treating
high-molar-mass HA with degrading systems a, b, or c for their
potential effects on topical application in the treatment of burn
injuries.

Degradative systems d, e, and f with their qualitative
composition mimic to a certain extent the situation occurring
under inflammatory conditions in which the heme enzyme
myeloperoxidase (MPO) released from activated neutrophils
generates hypochlorous acid from H2O2 molecules. However,
as documented by the results of this study as well as by previous
observations,50-51,55-57 fragmentation of HA macromolecules
required the presence of at least millimolar concentrations of
HOCl.

Oxidative system g is unique in its composition from several
viewpoints: (i) under physio as well as pathophysiological/
inflammatory conditions, a co-operation of submicromolar
concentrations of copper ions and tens/hundreds of micromolar
ascorbate concentrations can be assumed; (ii) ascorbate with
the catalytic assistance of copper ions transforms molecular
oxygen directly to hydrogen peroxide; (iii) ascorbate is able to
reduce Cu(II) to cuprous ions and in this way confers the
possibility to generate•OH radicals by a Fenton-type reaction:
Cu(I) + H2O2 f Cu(II) + •OH + HO-; (iv) ascorbate scavenges
•OH radicals while turning into a non-radical product, dehy-
droascorbate. As has been shown in many studies, under aerobic
conditions, a ternary system comprising HA macromolecules
plus ascorbate and the traces of transition metal ions (mostly
iron or copper) reveals a gradual decrease of the viscosity of
the HA solution as a result of the fragmentation/degradation of
HA macromolecules. For this reason, polymer fragments
prepared by applying oxidative system g should be considered
a prime candidate for the assessment of their angiogenic, pro-
inflammatory, and immunostimulating properties. The polymer
fragments prepared in this way are closely related to those
intermediate- and/or small-sized HA fragments that are produced
during physiological/pathophysiological HA catabolism/degra-
dation.

Scheme 1. Outline of Events that May Occur on Reaction of
HOCl with the N-Acetylglucosamine (GlcNAc) Moiety of
Hyaluronan (Adapted with Permission from Hawkins and Davies51)

AOOH + Cu(I) f AO• + Cu(II) + HO- (systems c and g)

AOH + HOCl f AOCl + H2O (1)

AOH + Cl2 f AOCl + H+ + Cl- (2)

AOCl + Cu(I) f AO• + Cu(II) + Cl- (systems e and f)
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Concluding Remarks

As described in our recent overview, oxidizing agents of
different origins may lead to various changes in the structure
of the rather susceptible biopolymer, HA.58 The importance of
the information carried by different size-specific HA fragments
and subsequently mediated to various cells in the human
organism is generally recognized.59 It is thus feasible that
changes introduced to the HA structure by the fragmentation
technique applied to manufacturing commercially available HA
preparations such as the possible presence of peroxide, carbonyl,
carboxyl, or other exogenous substituents might represent an
unknown risk factor that could be manifested upon therapeutic
application in humans. Therefore, it would be advisable for
manufacturers to provide in the product specification the
description of the fragmentation techniques applied for produc-
ing HA of lower molar mass as well as the assessment of
chemical modification of the HA structure. Without such prior
information, the consequences of the administration of insuf-
ficiently characterized HA preparations in human therapy could
be potentially harmful.
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G.; Bakoš, D. Degradation of high-molecular-weight hyaluronan: a
rotational viscometry study.Biologia 2005, 60 (Suppl. 17), 149-
152.

(19) Wyatt, P. J. Light-scattering and the absolute characterization of
macromolecules.Anal. Chim. Acta1993, 272, 1-40.

(20) Mendichi, R.; Giacometti Schieroni, A.; Grassi, C.; Re, A. Charac-
terization of ultra-high molar mass hyaluronan: 1. Off-line static
methods.Polymer1998, 39, 6611-6620.

(21) Mendichi, R.; Giacometti Schieroni, A. Fractionation and charac-
terization of ultra-high molar mass hyaluronan: 2. On-line size
exclusion chromatography methods.Polymer2002, 43, 6115-6121.

(22) Hao, C.; Ma, X.; Fang, S.; Liu, Z.; Liu, S.; Song, F.; Liu, J. Positive-
and negative-ion matrix-assisted laser desorption/ionization mass
spectrometry of saccharides.Rapid Commun. Mass Spectrom.1998,
12, 345-348.

(23) Busse, K.; Averbeck, M.; Anderegg, U.; Arnold, K.; Simon, J. C.;
Schiller, J. The signal-to-noise ratio as a measure of HA oligomer
concentration: a MALDI-TOF MS study.Carbohydr. Res.2006, 341,
1065-1070.

(24) Schiller, J.; Arnold, K. Mass Spectrometry in Structural Biology. In
Encyclopedia of Analytical Chemistry; Meyers, R. A., Ed.; John
Wiley & Sons Ltd.: Chichester, England, 2000; pp 559-568.

(25) Mendichi, R.; Sˇoltés, L.; Giacometti-Schieroni, A. Evaluation of
radius of gyration and intrinsic viscosity molar mass dependence and
stiffness of hyaluronan.Biomacromolecules2003, 4, 1805-1810.

(26) Jacobsson, K.; Eriksson, P.; Reitberger, T.; Stenberg, B. Chemilu-
minescence as a tool for polyolefin oxidation studies.AdV. Polym.
Sci.2004, 169, 151-176.
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