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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 iontrageof-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 combinationsipeeéseir 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 replaced by the application of HA fragments with different molar
masses. These were prepared by means of degradation/depo-

Hyaluronan synthases (HAS1, HAS2, and HASS3), the lymerization of high-molar-mass HA using the enzyme hyalu-
enzymes localized in the vertebrate cells within a putative ronidase or by applying physical and/or chemical methods such
organelle called the hyaluronasome, synthesize hyaluronan (HA)as acidic or basic hydrolyses, thermal degradation, and/or
with high molar mass. HAS1 and HAS2 produce relatively large exposure toy-irradiation34
forms of HA (2 x 10°—2 x 10° Da), while HAS3 produces Increased interest in HA preparations with smaller molar
polymers only half that size (26-10° Da)* masses has occurred recently because of the observation that

In the initial phases of the commercial production of high- these fragments have size-specific functions. While high-molar-
molar-mass HA, various tissues obtained from phylogenetically mass HA possesses anti-angiogenic, anti-inflammatory, and
higher organisms, for example, rooster combs, were utilized. immunosuppressive properties, intermediate-sized HA frag-
For example, the Swedish company Pharmacia used to occupyments act predominantly in an opposite manner, that is, they
a dominant position in the market for HA products designed are angiogenic, pro-inflammatory, and immunostimulaffg.
for ophthalmologic surgery purposes. Its product, Healon, has Concurrently, HA preparations with a precisely defined narrow
long been the only appropriate material applied to so-called molar mass distribution have been recently introduced to the
viscosurgical operatiorts. market0

The prepared batches of Healon as well as other HA In the living organism, the biosynthesized high-molar-mass
preparations produced from vertebrate tissues or by bacterialHA plays several roles. For example, free, nonassociated HA
fermentation of suitable strains, for examp&treptococcus in synovial fluid (SF) confers its unique viscoelastic properties
were subjected to molecular characterization preferentially by required for maintaining proper functioning of the joints.
means of size-exclusion chromatography (SEC). Calibration of Hyaluronan associated with certain glycosaminoglycans and
the SEC columns, which has been initially performed using a proteins has an important function in organizing the extracellular
set of defined pullulan molecular standards, was increasingly matrix (ECM) as well as in binding and concentrating certain
growth factorst!

* Corresponding author. Dr. Grigorij Kogan, Institute of Chemistry, An adult person weighing 70 kg has ca. 15 g of HA in the
Slovak Academy of Sciences, bravsKacesta 9, SK-84538 Bratislava, body. About one-third of this amount turns over daily. The half-

Slovakia. Fax: +421-2-5941-0222. E-mail: grigorij.kogan@savba.sk. life of HA is a few minutes in blood. several hours in SF. 1 to
T Institute of Experimental Pharmacology, Slovak Academy of Sciences. ! '

* Institute of Chemistry, Slovak Academy of Sciences. 2 days_in the_epidermal compartment _of skin, and Iess_than 3
§ Consiglio Nazionale delle Ricerche. weeks in cartilage. Although such relatively fast catabolism of

" Polymer Institute, Slovak Academy of Sciences. HA in the organism is controlled by hyaluronidases, some tissues
 University of Leipzig. such as SF lack these enzymes, and rapid catabolism of HA

#Present address: Directorate General Research, European Commissio . . . ..
B-1050, Brussels, Belgium. rh1ay have a different mechanism. Fast HA turnover in the joints

O present address: Food Research Institute, SK-82475 Bratislava, Of healthy indi\(iduals may be attributed to the oxidative/
Slovakia. degradative action of reactive oxygen species (ROS), among

10.1021/bm070309b CCC: $37.00  © 2007 American Chemical Society
Published on Web 08/11/2007



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

others, generated by the catalytic effect of transition metal ions was added after 6 h. The dynamic viscosify Yalues of the native

on the auto-oxidation of ascorbd#&The detection of the low-  HA samples was 12.05 mPa(LIFECORE P9710-2) and 5.80 mBa
molar-mass HA fragments in the joints of patients affected by (CPN).

rheumatoid arthritis (RA) can be explained by enhanced ROS A similar two-step procedure was applied in dissolving the HA
production in the inflamed joint by infiltrating leukocytéslt sample (LIFECORE P9710-2). However, the second solvent portion
is exactly the latter phenomenon or, more precisely, intermedi- Was smaller than 4.0 mL (usually from 3.20 to 3.90 mL). The remaining
ate- and/or small-sized HA fragments generated by it, that volume was brought to atotgl of 8.0 mL by gradually adding reagents.
constitute the subject of our current research. HA fragments ! the case of the Cugkolution, it was admixed to the HA solution
preparedn uitro via procedures similar to those occurring under 2. ™" before the application of other reagents;Oialone or with

hvsioloaical thoohvsioloaical diti Id b ascorbic acid; the latter was added directly prior to the application of
physiological or pathophysiological conditions would be more H>0.. When using HOCI solution, it was used as a strong oxidant

suitable forln vIvo StUd'eS, than HA fragments generated by substituting for HO, and applied at a corresponding time. Altogether,
the physical and/or chemical procedures. seven different oxidative systems involving different combinations and
Here, we present new results on HA degradation using concentrations of reagents were utilized: (a) 882 mpDHHP882);
oxidative systems containing ascorbic acid, report characteriza-(b) 1.25u4M CuCl; and 55 mM HO, (CU1.25-HP55); (c) 0..uM
tion of the obtained fragments, and compare the new data with CuCk, 100 uM ascorbic acid, and 10@M H,0, (CU0.1-AA100-
our previously published results. The HA fragments were HPO0.1); (d) 10 mM NaOCI (HOCL10); (e) 0.2M CuCl, 100 uM
prepared by using reagents that participate in the catabolism ofascorbic acid, and 10 mM NaOCI (CU0.1-AA100-HOCL10); (f) 0.1
high-molar-mass HA in the healthy and in the inflamed joint. ﬁ'\ggfga ;ggﬂl(\g)asgirb:\; aggb?ni rzldm’\lﬂof(\)‘a?/lc';;%?;?giﬁo'
The molar mass distribution (MMD) of the resulting polymer ' i o2 < H i
fragments was evaluated by a multi-angle light scattering éCU_O.H—AAlOO). The codes given in parentheses symbolize the
- esignation of a polymer fragment prepared using the corresponding
(MALS) detector connected on-line to a SEC system. Methods oxidative system.
of non-sother_mal .che.mllymllnescencle along with matrix-assisted The resulting solutions (8.0 mL) were immediately transferred to
laser desorption ionizatiettime-of-flight mass spectrometry

lied h | f the Teflon cup reservoir of the rotational viscometer. Recordings of
(MALDI-TOF MS) were applied to the polymer fragments. 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-114+ PRO (Brookfield Engineering Labs., Inc., Middle-
boro, MA) equipped with a cup-spindle pair built of Teflon at our
laboratory*® At the spindle rotational speed of 180 rpm, the shear rate
was 237.6 s'. The LIFECORE P9710-2 sample degradation was
monitored in 3 min intervals for umt5 h oruntil the nominaly value

5.8 mPas was reached. Within the monitored interval of thealues,

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 P971042, = 1215 kDa,M/M, =
1.79) and by CPN Ltd., kfinad Orli¢; Czech Republic (sample coded
CPN; M, = 659.4 kDa;My/M, = 1.88.).14 In the LIFECORE P971‘O-2 the torque ranged between 72 and 36%.
sample, the presence of 13 ppm of iron and 4 ppm of copper ions has

been acknowledged [“Certificate of Analysis” (Lifecore Biomedical 10 assay the reaction products, the reservoir content was poured
Inc.)]. 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

M, containing 6-14% active chlorine) was the product of Riedel de Nydrogen peroxide was very firm. However, the pellet prepared from
Haen AG, Seelze, Germany. Bovine testicular hyaluronidase with an the dried polymer obtained in the presence of sodium hypochlorite was
activity of 400-1000 U/mg was purchased as a lyophilized powder brittle, and the odor of chlorine was detected even after the precipitation
from Sigma-Aldrich Chemical Co. (St. Louis, MO) and used without ©f the degraded sample.
further purification. The MALDI-TOF matrix, 2,5-dihydroxybenzoic SEC-MALS Analysis. Samples degraded by using the above-listed
acid (DHBY), obtained from Fluka, was also used as supplied. Water oxidative systems were molecularly characterized by the SEC-MALS
applied for HA degradation was of redistilled deionized quality grade. method. Prior to analysis, the degraded sample was dissolved overnight
Stock/Working Solutions. The stock hydrogen peroxide solution 0 the desired sample concentration in 0.15 M NaCl. On the following
was prepared by dissolving NaCl in commercia}(d to a salt morning, the sample solution was diluted to the required concentration
concentration of 0.15 M. The workingzB, solutions were prepared by adding additional 0.15 M NaCl. Prior to analysis, each sample was
immediately before the experiment by appropriate dilution of hydrogen clarified by filtration through a 0.4%um Nylon filter (Millipore
peroxide stock solution with 0.15 M NaCl. The stock Cu€blution Corporation, Bedford, MA). The MMD analysis of the samples was
and that of ascorbic acid were also prepared freshly in 0.15 M NaCl. performed by using a modular multi-detector SEC system. The SEC
The aqueous solutions of sodium hypochlorite were prepared by dilution system consisted of an Alliance 2690 separation module from Waters
of commercial NaOCI solution in redistilled deionized water. Dissocia- (Milford, MA) equipped with two on-line detectors, namely, with a
tion of NaOCI at neutral pH results in nearly equimolar concentrations MALS Dawn DSP-F photometer from Wyatt Technology (Santa
of non-dissociated acid (HOCI) and the hypochlorite anio®l) Barbara, CA) and a DRI 410 differential refractometer from Waters.
because of the value oKa 7.53° For this reason as well as for current  The latter detector was used to determine the biopolymer concentration
convention, we used a simplified designation HOCI instead of a more in the effluent. The setup of this multi-detector SEC system was serial
precise HOCITOCI. The actual concentrations of the working aqueous in the following order: Alliance-MALS-DRI. It is well known that an
H,0, and HOCI solutions were determined spectrophotometriéatfy. on-line MALS detector coupled to a concentration detector facilitates
Rotational Viscometry/Preparation of HA Fragments. In order the determination of the true molar mass valig énd the size, that
to investigate rheological properties, 20.0 mg of high-molar-mass HA is, the root-mean-square radits’@¥?), hereafter referred to as the radius
sample (LIFECORE P9710-2 or CPN) was dissolved in 0.15 M NaCl of gyration Rg), of each fraction of the eluted polymer.
overnight in the dark at room temperature in two steps: first, 40 mL  The experimental methodology for a reliable use of the MALS
solvent was added, and second, the next 4.0 mL portion of the solventphotometer has been described in détai! Briefly, the MALS

Chemicals. NaCl and CuGr2H,0, analytical purity grade, were
from Slavus Ltd., Bratislava, Slovakia. Ascorbic acid and methanol
were from Merck KGaA, Darmstadt, Germany. Etharebg%, v/v)
and an aqueous solution of,6, (~30%) were purchased from
Chemapol, Prague, Czech Republic. Aqueous solution of Na®CI (
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photometer uses a vertically polarized-Hee laser at. = 632.8 nm 14
and simultaneously measures the intensity of the scattered light at 18
fixed angular locations ranging in aqueous solutions from °1405

158.3 by means of an array of photodiodes. The MALS calibration 12 |25
constant is calculated using toluene as a standard assuming a Rayleigkz
factor R(§) = 1.406 x 10°° cm™*. Normalization of the photodiodes &
was performed by measuring the scattering intensity in the mobile phase E.
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,nddc, used was 0.15 mL/g.

The experimental conditions of the SEC-MALS system were as
follows: two stainless steel columns (both 7.8 mm30 cm) were
connected in series with a guard precolumn; packings were TSKgel of
PW type (G6000 and G5000; li#n particle size; Tosoh Bioscience, 6 Josos
Stuttgart, Germany); separation temperatar@s °C; vacuum degassed
mobile phase aqueous 0.15 M NacCl solution; sample injection volume . . r . r ’ .
= 150uL; the biopolymer concentration in the injected samples ranged 0 60 120 180 240 300
from 0.1 to 2 mg/mL, depending on the sample molar mass; and the Time [min]
mobile phase flow rate= 0.4 mL/min. The data acquisition and analysis Figure 1. Dynamic viscosity vs time profile of a 0.25% (w/v) solution
softwares used were EMPOWER PRO from Waters and ASTRA 4.73 of LIFECORE P9710-2 sample incubated with the following oxidative
from Wyatt Technology. systems: (a) 882 mM H,0;; (b) 1.25 uM CuCl, and 55 mM H;03; (c)

Non-Isothermal Chemiluminometry. Chemiluminescence mea- 0.1 uM CuClz, 100 uM ascorbic acid, and 100 uM Hz02; (d) 10 mM
surements were performed with a photon-counting instrument Lumipol NaOCI; (€) 0.1 uM CuCl,, 100 M ascorbic acid, and 10 mM NaOCl;
3 manufactured at the Polymer Institute of the Slovak Academy of () 0-1 uM CuClz, 100 M ascorbic acid, and 2 mM NaOCI; and (g)
Sciences. The sample was placed on an aluminum pan in the sample”-L #M CuClz and 100 xM ascorbic acid.
compartment. The gas flow (pure oxygen or nitrogen) through the . . .
sample cell was 3.0 L/h. The temperature in the sample compartment@Scorbic acid and 10aM H,O; led to a reduction of the
of the apparatus was raised from 40 to 280with a linear gradient of ~ dynamic viscosity value to 5.8 mFawithin 95 min (curve c
2.5 °C/min. The signal of the photocathode was recorded at 10 s in Figure 1). Yet the oxidative system containing only two
intervals. The amount of samples used for each measurement rangedeagents, 0.uM CuCl, plus 100 «M ascorbic acid, did not
from 1.0 to 1.6 mg. induce the reduction of the dynamic viscosity to 5.8 rsReven

MALDI-TOF MS Analysis. The samples investigated were dis- throughout the entire period of measurement, i.e., 300 min (curve
solved in redistilled deionized water to a final concentration of 5 mg/ g in Figure 1).

mL and subsequently digested by hyaluronidase (1 mg/mL final  pegradative systems comprising NaOCI (cf. curves d, e, and

cpncentratlon) at 1_%‘7C for 24 h_. Afterward, allguots of all digests were i Figure 1) caused reduction of the sample dynamic viscosity

diluted 1:1 (v/v) with the matrix (0.5 M DHB in m_ethanol)_ and place_d value: the addition of 0.JuM CuCl, along with 1004M

onto a mate steel targe@ for MALDI-TOF analysis. DHB is the matnx_ ascorbic acid and 2 mM NaOCl resulted in attainingsthealue

of choice for the analysis of comparably small molecules because this L .

) . . . 5 of 5.8 mPas within 221 min (curve f), whereas 10 mM NaOCI

matrix provides only relatively weak sign&?® Subsequently, the .

solvent was rapidly evaporated using a heat gun to achieve homoge—alone added to th_e solut_|on of the L”:EC_ORE P9710'2 sample

neous crystallization between the matrix and the analyte. led to a more rapid decline of the dynamic viscosity (curve d);
the magnitude; = 5.8 mPas was already reached after 134

All MALDI-TOF MS measurements were carried out using an ) - .
Autoflex MALDI-TOF mass spectrometer (Bruker Daltonics, Leipzig, ™Min- However, as can be seen, the introduction of Cu(ll),

Germany). This instrument uses a pulsedlaser operating with an ~ namely, 0.1uM CuCl,, together with 10QuM ascorbic acid
excitation wavelength of 337 nm. To improve the resolution, all and 10 mM NaOCI resulted in an extremely fast degradation
measurements were carried out in the reflector mode under delayedof the high-molar-mass HA, and the decreasg vhlue to 5.8
extraction conditions. More details of such measurements have beenmPas was attained within 12 min (cf. Figure 1, curve e).
provided in a recent publicatidiBoth positive and negative ion spectra SEC-MALS. Table 1 demonstrates the data obtained at the
were recorded. The negative ion spectra were less complex and provideyetermination of the fragmented polymer molar mass averages
enhanced sensitivity?. (numeric-, weight-, and-averageM,, My, and M, respec-

tively), the molar mass corresponding to the peak of the eluted

Results sample in the chromatograrmy), the dispersity indicesMu/
M, andM,/My,), and the radius of gyratiofirg) in 0.15 M NaCl
Rotational Viscometry. Figure 1 demonstrates the decrease Solution at 35°C. As follows from the results presented in Figure

of HA solution viscosity during sample treatment, applying the 1 and Table 1, the degradative system termed g can be
seven different oxidative systems. Obviously, in all cases, the characterized as the less efficient system. Whevalue of the
viscosity of the solution dropped rather quickly. Solution of the sample degraded dugrb h was 237.8 kDa (cf. Table 1). This
LIFECORE P9710-2 sample (2.5 mg/mL) upon application of Vvalue resembled the valuesidf, averages of other fragmented
the highly concentrated aqueous hydrogen peroxide (882 mM polymers. However, it was substantially lower than could be
= 3%) showed a rapid decline of dynamic viscosity value to anticipated, on the basis of simple comparison of the observed
5.8 mPas, which lasted about 165 min (curve a in Figure 1). # values with those of the intact samples LIFECORE P9710-2
Reduction of HO, concentration from 882 mM to 100M and CPN. Thus, it seems feasible to assume that the macro-
resulted in the absence of any significant decrease of samplemolecules of the LIFECORE P9710-2 sample at a 0.25%
dynamic viscosity during the entire 300 min monitoring period concentration probably form a meshwork, which is able to retain
(data not shown), whereas the addition of a submicromolar its viscous nature even when the component macromolecules
amount of Cu(ll) (namely, 0.2M CuCl,) along with 100uM have anM,, average as low as 25.1 kDa (cf. Table 1).

scosity

Dynamic v
b =]
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Table 1. SEC-MALS Results Obtained with the Fragmented Polymers

Soltés et al.

M M M, Mo Mol M Ml My Ry
sample designation? [kDa] [kDa] [kDa] [kDa] [-/-] [—/-] [nm]
HP882 155 25.1 39.2 19.1 1.62 1.56 16.1
CUO0.1-AA100-HPO.1 111.8 180.4 263.1 161.8 1.61 1.46 37.6
CUO0.1-AA100-HOCL2 108.7 166.2 2155 144.6 1.53 1.30 36.0
CUO0.1+AA100 161.7 237.8 323.2 210.5 1.47 1.36 56.2

2 Codes HP882, CU0.1-AA100-HPO.1, CU0.1-AA100-HOCL2, and CU0.1+AA100 refer to polymer fragments obtained by using degradative systems

a, ¢, f, and g, respectively.

1600 —
1400
1200

1000

[dw/dlog (M)] x 1000

10* 10°
Molar mass [Da]

T 1

10°

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

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 indichg,(My)
ranging from 1.47 to 1.62, which are even lower than the ratio
Mw/M, = 1.79 of the intact LIFECORE P9710-2 sample.
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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.

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

Figure 3 presents a comparison of the experimentally in Figure 4a and b, respectively.
establishedRg = f(M) scaling law, generally known as The light emission in oxygen is much more intense than that
conformation plot, for the four polymer fragments prepared by in nitrogen. It is due to the disproportionation of the peroxyl
using different degradative systems. It is evident that all radicals, which are formed as the primary products of the
conformation charts could be described by a single scaling law. decomposition of the hydroperoxides according to the following
As demonstrated in the Figure, the scaling law previously reaction:
reported for a set of nine HA samples (cf. black line in Figure

3)?5 supports our conclusion that the fragmented polymers in P-O-O-H— P-O + ‘O-H
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Table 2. Rate Constants (in s™*) of Oxidation in Oxygen the sample HOCL10 (the rate constant 2.0072 s™1), followed
Determined from Non-Isothermal Chemiluminescence by the sample prepared by the tri-component mixture CUO.1-
Measurements According to the Previously Described Procedure?’ AA100-HOCL10 (1.1x 102 s9). The lowest values were
temperature [°C] determined for the two samples, for the preparation of which
sample designation@ 40 100 200 hydrogen peroxide was applied, namely, %510+ s~ for
LIFECORE P9710-2 11x10° 83x108 28 x 10-4 the CU1.25-HP55 sample and 3<910~* s~ for sample HP882.
HP882 39x%x10°10 1.7 x10-6 3.9 x 10-4 At 200 °C, the values of the rate constants found for all
CU1.25-HP55 53 x 108 4.7 x 106 9.5 x 10-4 degraded HA samples lay in the range 39074 s 1-2.0 x
HOCL10 17x108 40x107 2.0x10°3 10723 s~ and were also higher than the value measured for the
CU0.1-AA100-HOCL10 3.7 x 1078 1.7 x 1076 1.1 x 1073 intact LIFECORE P9710-2 sample (28107 s71). Hence, it

- " . can be concluded that thermal stability of the degraded samples
HOCSLalrgprZI;toe % 'ﬂig?fag?niﬁfesd"lssﬁéﬁé’ (;I);slt?an?sn a’cg’oal‘-g/rxéog: at temperatures above 100 is always lower than that of the
respectively. parent sample.

MALDI-TOF MS Analysis. In order to establish which

The disproportionation occurs as demonstrated in the schemegdegradation products can be detected in the HA sample treated
with the above-mentioned degradative agents, the recovered
P4 polymers were also investigated by MALDI-TOF MS. Since
AN . . _~Ps . : B :
CH—0—0 + '0—O—CH native polysaccharides with high molar masses (particularly the
pz/ Py acidic ones) cannot be detected by this soft-ionization mass

spectrometric methotf, samples were digested by testicular

hyaluronidase prior to analysis. This enzyme is known to

produce a mixture of di, tetra, hexa, and octasaccharides, with

. P, the largest share of tetrasacchariéfes.

c=0 4 o*2 + H—O—CH/ The MALDI-TOF mass spectra (both positive and negative
/ Ry ion spectra) of the digestion products are shown in Figure 5. It
is reported that oligomers of HA are more sensitively detected
as negative ion$ Although there are some peaks detected at

and subsequently, the produced triplet carbonyl and Slr'gl'athigherr’n/z ratios, only the mass region of the tetrasaccharide

oxygen (denoted with an asterisk) return to their ground state, \ iy e gigcussed. The molar mass of the (neutral) tetrasaccha-
which is accompanied by the emission of energy (light) ride of HA (HA-4) is 776 Da. This calculation assumes the
The observation of the high level of the hydroperoxide groups, exclusive presence of the free acid, that is, all charges are
which remain attached to the HP882 sample, seems to be ofcompensated by H Accordingly, the signal atvz 775.2
high significance. The decomposition of hydroperoxides is corresponds to HA-4 after the loss of one proton, whereas the
reflected by the presence of a distinct peak X (Figure 4b) with peak atnvz 797.2 corresponds to the anion of HA-4 following
a maximum at 146150 °C. The value of the rate constant of the exchange of one‘*}—by a Na ion. |ndependent of the Samp|e
the first-order determined from this peak is 3910 *°s™* at treatment, only minor differences between the individual spectra
40°C and 1.7x 10®s 1 at 100°C (cf. Table 2). This implies were observed.
that the decomposition of hydroperoxides yielding polymer oxyl The negative ion peaks atz681.0, 641.0, 601.0, and 561.0
radicals and subsequently the scission of the main chain andyg well as ahvz 857.0 and 817.0 stem from the applied matrix
r_educti_on of the molar mass have_ taken place. Such decompOSi'(z,S-dihydroxybenzoic acid, with a molar mass of 154 Da) that
tion might account for the considerably lower values of the yndergoes oligomerization under the conditions of laser irradia-
molar mass of sample HP882 established by the SEC-MALS tjon accompanied by the loss of sodium hydroxide molecules
method after some period of time. It can be also stated that themass difference of 40 D&j.Although all MALDI-TOF MS
level of hydroperoxides that remains in the sample CU1.25- measurements were performed under identical conditions, it is
HP55 is negligible when compared with the sample HP882. The ohvious that the contribution of the matrix signals differs
maximum of the molar mass distribution curve is situated at significantly. This is particularly evident when the intensities
much higher values. of the matrix peaks (e.g., a'’z 681.0) are compared with the
The data in Table 2 provide the average rate constants ofintensities of the peaks of the HA tetrasacchariohéz (775.2
oxidation at several selected temperatures. At@Qhe highest and 797.2). The contribution of matrix peaks is very small in
value for the degraded samples was obtained for the samplethe native HA sample as well as aftep®} treatment but is
CU1.25-HP55 (5.3« 1078 s7%), followed by the sample CU0.1-  elevated when other degradative systems are used. In the positive
AA100-HOCL10 (3.7x 108 s71), and the sample HOCL10, ion mode, contribution of the matrix peaks is similar to that
at which NaOCl alone was applied (1x7108s72). The lowest ~ observed in the negative ion spectrum.
rate constant at 40C (3.9 x 10719s™1) was established for the Very weak peaks appearmafz 833.3 and 846.3 in the positive
sample HP882. This may be due to the fact that the content ofion spectrum, (¢) after the HOCI treatment. Although the peak
the reactive sites, which may be consumed by oxidation, and at m/z 846.3 cannot be yet assigned, the signain&t 833.3
which remained after the treatment of the sample LIFECORE corresponds perfectly to the substitution of" Kvith CI™.
P9710-2 was significantly lower in the case of sample HP882 Nevertheless, because of its low intensity, this peak should not
so that the observed rate constant of oxidation was even smallefe overestimated.
than that found for the intact HA (1.% 10°° s1). Hydroper- In the negative ion spectra, the generation of matrix/analyte
oxides decompose rather slowly at that temperature. APCO0  clusters is also apparent. The mass difference betwée9i73.3
however, the decomposition of hydroperoxides is faster, and andm/z775.2 is 198. This corresponds exactly to the molecular
hence, the rate constant of oxidation increases. At higher mass of DHB after the exchange of twgd Mith two Na' ions
temperatures such as 200, the lowest stability was found for (154 — 176 — 198). This phenomenon has been already
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Figure 5. Negative (left) and positive (right) ion MALDI-TOF mass spectra of high-molar-mass HA treated with various agents. (HA), and (HA),
represent the native sample LIFECORE P9710-2. In (a), and (a)p, the native HA sample was treated with 882 mM H;O,, in (c), and (c), with
0.1 uM CuCly, 100 uM ascorbic acid and 100 uM H20-, in (d), and (d), with 10 mM NaOCl, in (f), and (f)p with 0.1 uM CuCl;, 100 uM ascorbic
acid and 2 mM NaOCI, and in (g)» and (g), with 0.1 uM CuCl, and 100 uM 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.

observed when phospholipids are analyzed; however, it has notaccount the fact that ascorbate reduces Cu(ll) to cuprous ions,

been described so far for glycosaminoglycéhs.

Discussion

HA Degradation-Causing SystemsHydrogen peroxide, a

it is feasible to assume that systems e, f, and g degrade HA
macromolecules by the action WH radicals. This conclusion

is supported by an unambiguous proof of the production of
hydroxyl radicals in a system comprising ascorhates CuCk
obtained by using an EPR spin-trap technique applying such

non-charged non-radical oxidant, does not react with HA. SPin traps as DMPO and 5-(diisospropoxyphosphoryl)-5-methyl-
However, traces of transition metals present in HA samples may 1-pyrrolineN-oxide (DIPPMPOY.

catalyze the decomposition 0f8;, resulting in the generation The only system that degrades HA macromolecules and lacks
of hydroxyl radicals. The study of the degradative action of H20zis systemd, thatis, 10 mM HOCIDCI. However, under
various oxidative systems on high-molar-mass HA started at in vivo conditions, the generation of millimolar concentrations
the end of the 1980s has rendered unequivocal proof on theof hypochlorite looks unrealistic. HOCI concentrations of the
damaging action of the hydroxyl radicals that leads to the order of 34QuM were reported to be of relevance in the inflamed
reduction of the polymer molar mass and impaired viscoelastic joint;*® however, its quantitative assay undewivo conditions
properties of HA3%-34 The techniques of steady-state and pulse 1S extremely difficult because of the large number of reactive
radiolysis were applied to the generation of free radicals, and molecules present. In fact, the question of which HOCI
the formation of*OH radicals has been proven using EPR concentrations are relevant is a very complicated issue because

spectrometry.

A system containing hydrogen peroxighis cupric cations
has been proven to be especially efficient at degrading high-
molar-mass HA&538 Recent EPR investigations of ,8;
decomposition by cupric ions (Cugllusing the spin-trapping
agent 5,5-dimethyl-1-pyrrolinst-oxide (DMPO) have unequivo-
cally corroborated the formation 6®H radicals®® Hence, we

recently, it has been postulated that HOCI may o@euiivo in
100 mM and even higher concentratidns.

Here, it would be appropriate to emphasize that HOCI reacts
with chloride anions generating active chlorine in agreement
with the following reaction: HOCH- ClI~ <> Cl, + HO™. Hence,
applying the systems d, e, and f, a direct reaction between the
functional groups on the HA macromolecule ang €hould

may assume that on applying the systems a, b, and ¢, the ROSalso be taken into consideration.
that cause the degradation of the HA macromolecule are the Chemistry of ROS Attack of the HA Macromolecule. In

*OH radicals.

Apart from degradative system c involving the direct par-
ticipation of added kO, it is necessary to emphasize that other
degradative systems without®&, addition, namely, e, f, and
g, could also generat®H radicals. A combination of ascorbate
plus Cu(ll) used under aerobic conditions, a so-called Weiss-
berger's systerfi41 gives rise to HO,,427#4 and taking into

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 radicat) (Bind
leading to the generation of the correspondi@egentered
radical. In the case of the HA macromolecule, whi# attack

of the glucuronic acid unit occurs randomly at all sites of the
carbon ring, theN-acetylglucosamine moiety is attacked more
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Scheme 1. Outline of Events that May Occur on Reaction of
HOCI with the N-Acetylglucosamine (GIcNAc) Moiety of
Hyaluronan (Adapted with Permission from Hawkins and Davies®!)

Biomacromolecules, Vol. 8, No. 9, 2007 2703

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,

Hyaluronan ey Hyaluronan Hyaluronan with 10 mM NaOCI. However, these mass spectrometric data
NH ———— Nc W Ne do not permit to unambiguously conclude, whether N-H is
CH,0C CH,0C CH,0C converted into N-Cl or OH into OCI. Kinetic reference data
l indicate a much higher reactivity of the glucosamine unit in
Rearrangement comparison to that of glucuronic acidl. Accordingly, the
l generation ofN-chloroamide seems to be a more probable
athway.
Pol Fragmentation Carb d P . y. .
olymer - arbon-centere Biological Consequences A 3% solution of hydrogen
fragments radical on GlcNAc

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 fro@,H
may degrade HA macromolecules within the epidermis either
directly or via stimulating HA catabolism by keratinocyf8$#
Even much lower concentrations of,®, 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
yielding AOC, which can naturally participate in the reactions in Figure 1 and Table 1, degradative systems a, b, and c can
leading to further production of AAOO* + HA — AOOH + cause the decline ofl,, from an initial value of 1.2 MDa to the
A®). Then, because of the AOOH decomposition catalyzed by values 1 or 2 orders lower within a relatively short time period.
cuprous ions maintained in a lower oxidation state by ascorbate,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®4 molecules. However,
as documented by the results of this study as well as by previous
observation§9-51.55-57 fragmentation of HA macromolecules
required the presence of at least millimolar concentrations of
HOCI.

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(ll) to cuprous ions and in this way confers the
possibility to generatéOH radicals by a Fenton-type reaction:
Cu(l) + Hz0, — Cu(ll) + *OH + HO™; (iv) ascorbate scavenges

specifically. No radicals are formed at the C-2 or methyl carbon
of the acetyl groupg® The resulting C-centered radical is

oH CH,O0C, OH
Y] HO OHC.\ ~C NH oC 0
“ﬁmo@% WO T A
NH oc O o

G v OH
CH,0C OH on

hereafter referred to simply as’.A
Subsequently, the radical*Araps one molecule of oxygen

AOOH + Cu(l) — AO® + Cu(ll) + HO™ (systems c and g)

the generated AOradicals can undergo fascission, yielding
polymer fragments with reduced molar mé3s.

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

Rees et at® demonstrate that the reaction of HOCI 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 productionstentered 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 undergescission reactions that result
in glycosidic bond cleavage, which yields polymer fragments
of lower molar mass.

Recently, another possible pathway has been proptsed:
hydroxyl group(s) on HA (denoted AOH) might react directly
with both HOCI and Cl according to the following reactions:

AOH + HOCI— AOCI + H,0 (1) *OH radicals while turning into a non-radical product, dehy-
droascorbate. As has been shown in many studies, under aerobic
AOH + Cl,— AOCI + HT+cl” @) conditions, a ternary system comprising HA macromolecules

plus ascorbate and the traces of transition metal ions (mostly

The intermediate HA hypochlorite (AOCI) decomposes readily IO Of copper) reveals a gradual decrease of the viscosity of
under the catalytic action of cuprous ions maintained in a lower the HA solution as a result of the fragmentation/degradation of
oxidation state by ascorbate. 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
The AC radical undergoes fragmentation, which results in the fragments prepared in this way are closely related to those
production of polymer fragments with reduced molar mass. intermediate- and/or small-sized HA fragments that are produced

The incorporation of a Cl atom into the HA polymer chain during physiological/pathophysiological HA catabolism/degra-
by reactions 1 and/or 2 and/or the reactions depicted in Schemedation.

AOCI + Cu(l) — AO" + Cu(ll) + CI” (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, HAThe importance of
the information carried by different size-specific HA fragments
and subsequently mediated to various cells in the human
organism is generally recognizél.lt 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,(17)
carboxyl, or other exogenous substituents might represent an 18)

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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