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By applying the enzyme catalase, our study on hyaluronan degradation confirms the generation of hydro-
gen peroxide using the Weissberger biogenic oxidative system (WBOS), which is composed of ascorbate
and cupric ions. Dynamic viscosities of hyaluronan (HA) solutions influenced by WBOS in the absence
and presence of catalase were analysed by rotational viscometry. Molar masses of HAs were determined
by size-exclusion chromatography with multi-angle laser-light scattering. Our results show that cata-
lase dose-dependently inhibited the degradation of HA macromolecules, which presumably confirms the
generation of H,0; in the reaction system. This has implications in range of biomedical applications such
as arthritic joint treatment, tissue engineering, ocular and cosmetic surgery.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Recently, we have published a study on the influence of
thiol compounds on oxidative degradation of a high-molar-mass
hyaluronan. We used the Weissberger biogenic oxidative system
(WBOS, Scheme 1), which is believed to be a source of hydrogen
peroxide and subsequently hydroxyl radicals, which degrade HA
macromolecules (Valachova et al., 2015). However, the direct proof
of the formation of H,0,, the precursor of OH radicals, is missing
from the literature (Weissberger, LuValle, & Thomas Jr., 1943).

Catalase (Fig. 1), a common enzyme found in nearly all living
organisms, consists of four identical subunits, each containing a
single heme for H,0, decomposition to molecules of water and
oxygen (Sharma, Jha, Dubey, & Pessarakli, 2012).

Catalase has also been reported to decompose hydroperox-
ides (Campanella, Spuri Capesciotti, Vincenzo Russo, & Tomassetti,
2008; Radi, Sims, Cassina, & Turrens, 1993). The catalase C-terminus
‘Ala-Asn-Leu’ binds Pex—the peroxisome-targeting transporter
localized in cell peroxisomes, which acts as an effective locus for
fixation followed by a fast decomposition of H,O, molecules. It
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has long been assumed that catalase functions exclusively at the
peroxisome and not at other subcellular organelles. Nonetheless,
(Yano, Arroyo, & Yano, 2004 ) detected discernible amounts of cata-
lase in cellular cytoplasm, and at endoplasmic reticulum, nucleus,
and cytoplasmic membrane.

Hyaluronan (HA) is a nonsulfated glycoaminoglycan, present
in all vertebrates, whose macromolecules are composed of N-
acetyl-p-glucosamine and Dp-glucuronic acid linked by B-(1— 4)
and B-(1— 3) linkages. In mammals, HA, which is an important
component of the extracellular matrix involved in the structure
of connective tissues Kudva and Patterson (2014), can modulate a
variety of cellular and tissue functions. Differently sized HAs trigger
different signal transduction pathways. For example, tetrasaccha-
rides are antiapoptotic and act as inducers of heat shock proteins;
HA oligomers with 8-16 repeating units, stimulated angiogenesis
in vivo, and endothelial proliferation in vitro. HAs having the molar
mass lower than 1000 kDa induce proinflammatory responses in
macrophages, while larger HA molecules (1000-5000 kDa) sup-
press angiogenesis, immune responses, and inflammation (Collins
& Birkinshaw 2013a; Duan & Kasper, 2011) Vrentzos et al. (2014)

Reactive oxygen and nitrogen species (ROS and RNS) that
degrade HA macromolecules are generated during the inflam-
matory response in sepsis, tissue inflammation, and ischemia-
reperfusion injury. The most direct evidence for this is in synovial
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Scheme 1. The modified Weissberger biogenic oxidative system (Hrabarova, 2012).

Fig. 1. Catalase, https://en.wikipedia.org/wiki/Catalase.

fluid (SF), where inflammation leads to degradation of high-molar-
mass HA with resulting decrease in viscosity of SF. The OH radical
has been found to be one of the most efficient initiators of free-
radical HA chain degradation (Parsons, 2015).

The aim of the current study is to confirm the generation of
hydrogen peroxide as the primary reaction product when using
the Weissberger biogenic oxidative system to degrade HA.

2. Materials and methods
2.1. Chemicals

Hyaluronan sample (sodium salt) of the M,y molar-mass average
662.4 kDa coded P0207-1B was sourced from Lifecore Biomedical,
Chaska, MN, USA. Analytical purity grade NaCl, CuCly-2H,0, 96%
ethanol were purchased from Slavus, Bratislava, Slovakia. Ascor-
bic acid, K;HPO,4 and KH,PO4 were the products of Sigma Aldrich,
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Fig. 2. Effects of catalase on the HA degradation induced by the oxidative system (curve 0). Catalase added to the oxidative system before HA degradation begins (left panel)
and 1 h after the reaction onset (right panel) expressed in pg/ml: 6.2 (1), 31.3 (2), 62.5 (3). Values of the so-called polymer peak molar mass (M, ) and extrapolated value of

My, of HA exposed to oxidative degradation for one hour are indicated within the figure.

Table 1

SEC-MALS results of the relative molecular mass of HA samples.
Sample M, [kDa] My [kDa] M, [kDa] Muw /Mp Rg, [nm]
A—(Control HA) 711.4 662.4 951.8 1.80 80.8
B—(62.5 pg/ml—Catalase) 673.4 649.4 917.2 1.75 80.5
C—(62.5 pg/ml—Catalase added 1 h after start of the reaction) 509.9 486.1 686.9 1.66 65.9
D—(no Catalase) 238.1 281.0 407.1 1.59 46.2

Bratislava. Catalase sourced from bovine liver (2000-5000 U/mg
protein) was purchased from Sigma Aldrich, Bratislava. Redis-
tilled deionized high purity-grade water, with conductivity of
<0.055 .S/cm, was produced using the TKA water purification sys-
tem from Water Purification Systems, Niederelbert, Germany.

2.2. Preparation of stock and working solutions

Hyaluronan samples (24 mg) were dissolved in aqueous NaCl
solution for 24 h in the dark. HA sample solutions were prepared
in two steps: first, 4.0 ml and after 6 h 3.85, 3.65 or 3.4 ml of 0.15M
NaCl were added when working in the absence or presence of the
catalase. Solutions of ascorbate (16 mM), and cupric chloride solu-
tion (320 M solution) were prepared also in 0.15 M aqueous NaCl.
Catalase (EC 1.11.1.6) of the concentration of 1 mg/ml was prepared
in potassium phosphate buffer (50 mM; pH 7.4).

2.3. Rotational viscometry (uninhibited/inhibited hyaluronan
degradation)

The procedure was performed as described in Valachova et al.
(2015), however the reference system Cu(Il) ions (1.0 wM) and
ascorbate (100 M) was enriched in the addition of potassium
phosphate buffer (50mM, 1ml). The addition of 50, 250 and
500 1 of catalase solution corresponds to 100-250U (6.2 pg/ml),
500-1250U(31.3 pg/ml)and 1000-2500 U (62.5 wg/ml) of catalase
in the reaction system, respectively. After finishing the measure-
ment, HA samples were precipitated in 96% ethanol, and after 24 h
the precipitate was centrifuged for 10 min at 3000 rpm and dried
in a dessicator.

2.4. Size-exclusion chromatographic analyses with multi-angle
light scattering (SEC-MALS)

The molar mass distribution (MMD) of HA samples was deter-
mined by a modular multi-detector SEC system. This system
consisted of an Alliance 2695 separation module from Waters
(Milford, MA, USA) equipped with two on-line detectors: A multi-
angle light scattering photometer (MALS Dawn DSP-F) from Wyatt

(Santa Barbara, CA, USA) and a 2414 differential refractometer
(DRI) from Waters (Milford, MA, USA); the latter was used as a
polymer concentration detector. The setup of this multi-detector
SEC system was serial in the following order: Alliance-MALS-DRI.
The wavelength of the MALS laser was 632.8 nm. The light scat-
tering signal was detected simultaneously at fifteen scattering
angles ranging from 14.5° to 151.3°. The calibration constant was
calculated using toluene as standard, assuming a Rayleigh factor
of 1.406 x 107> cm~!. The angular normalization was performed
by measuring the scattering intensity of a concentrated solution
of BSA (bovine serum albumin) globular protein in the mobile
phase, assumed to act as an isotropic scatterer. A flow rate of
0.5 ml/min, was used to avoid shear-degradation of the polymer
within the two Shodex (KB806 and KB805) columns from Tosoh
Bioscience (Stuttgart, Germany); the mobile phase consisted of
0.20 M aqueous NaCl at 35 °C. The dn/dc value used was 0.150 ml/g.
The molecular weight measurements were performed on care-
fully prepared solutions, to avoid degradation, in the presence and
absence of catalase. For further reading on the importance of solu-
tion preparation the reader is directed to (Collins & Birkinshaw,
2013b).

2.5. Fourier-transformed infrared spectroscopy (FT-IR)

FT-IR spectra of the precipitated samples of the native HA, HA
exposed to WBOS in the absence and presence of catalase were
measured with Nicolet 6700 (Thermo Fisher Scientific, USA) spec-
trometer equipped with DTGS detector and Omnic 8.0 software.
The spectra was collected in the region from 4000 to 400cm~! ata
resolution of 4cm~1, the number of scans was 128. Diamond Smart
Orbit ATR accessory was used for measurement in solid state.

3. Results and discussion

The HA solution was exposed to oxidative degradation by Cu(II)
ions (2.0 wM) and ascorbate (100 wM) in the presence of potassium
phosphate buffer (6.25 mM; pH 7.4). The reduction in dynamic vis-
cosity of the HA solution within 300 min was 5.1 mPa s as shown in
Fig. 2, curve coded 0.
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Fig. 3. The FT-IR spectrum of catalase (purple), HA samples: A (red), B (dark blue) and C (light blue), D (green). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

Fig. 2 shows time and dose- dependent changes in dynamic vis-
cosity of the HA solutions after addition of different amount of
catalase. The left panel in Fig. 2 demonstrates that catalase addition
significantly inhibits HA degradation when incorporated into the
reaction vessel at time zero. This observation is an indication that
the insitu generated H, O, molecules are decomposed and therefore
the subsequent production of OH radicals is prevented.

Right panel in Fig. 2 shows that catalase addition 1h after
the reaction onset particularly also suppressed HA degradation.
However, there is practically no catalase dose-dependence in the
viscosity of the polymer solution. As already proved, 1h after the
reaction onset no ascorbate and thus no H,O, or OH radicals are
present within the reaction vessel (Soltés et al., 2006). The contin-
uation of HA degradation when OH radicals are no longer produced
(after 1h of the reaction onset) is attributed to the presence of
peroxy- and alkoxy-type macroradicals formed from the poly-
mer, which macroradicals by themselves maintain the propagation
phase of HA degradation (Valachova et al., 2015).

To ensure that the kinetic curves in Fig. 2 represent a decrease in
the molar masses of HA, the molar-mass parameters of the precip-
itants were measured by the SEC-MALS method. The results of the
chromatographic analysis are summarised in Table 1. As evident,
the defined average values of molar masses of the samples point out
that the oxidatively degraded HA without addition of catalase (sam-
ple D) was extensively degraded compared to the originally applied
HA sample (A). Results further show that the addition of catalase
(the enzyme concentration in the reaction vessel = 62.5 pg/ml) sig-
nificantly prevented reductions in HA molar masses (sample B).
On the other hand, the molar masses of the oxidatively degraded
HA containing catalase (at the highest concentration levels) added
1 h after the reaction onset (sample C) were partly decreased. The
molar mass (My) of the HA exposed to oxidative degradation for
one hour was calculated by a graphical interpolation resulting in
My, value of 651 kDa (cf. Fig. 2).

Catalase has been shown to inhibit the degradation of HA ini-
tiated by OH radicals through the decomposition of hydrogen

peroxide, whose amount is immediately generated according to
the amount of cupric ions present in the reaction vessel. During
the first cycle, decomposed ascorbate equals to the applied CuCl,
moles (it means 2 wM) generating thus 2 uM of H,0,. However,
the informed reader understands that due to the presence of the
formed [Cu(I)—complex], the hydrogen peroxide is immediately
decomposed. The initiator, the OH radicals begin HA degradation,
and simultaneously a new reaction cycle between ascorbate and
regenerated cupric ions begins. The novel 2 uM of H, 0, is decom-
posed and a new 2 wM of OH radicals are generated. The initiation
reaction, i.e. the generation of OH radicals is ended when the whole
amount of ascorbate is used for production of hydrogen perox-
ide or more precisely in generating OH radicals. Since catalase
decomposes the generated molecules of H,0,, it is obvious that
the enzyme addition into the reaction vessel before starting HA
degradation has to retard or even totally stop the free-radical reac-
tion leading to HA fragments (cf. Fig. 2. left panel, curves 1-3). Our
results clearly indicate that catalase dose-dependently inhibited
the degradation of HA macromolecules, which indirectly supports
our assumption on the in situ generation of H,0O, in the WBOS
reaction system.

The FT-IR spectral data obtained demonstrate no structural
changes, when compared to the native HA (Fig. 3, red curve) indicat-
ing that catalase, either in a native or degraded form, if any present,
is not determinable in the analysed precipitants.

Although, the poor residence time in vivo of HA can be attributed
to multiple factors the ability of catalase to retard the free-radical
degradation of HA initiated by the action of hydrogen peroxide is
of interest to the scientific community.

4. Conclusions

Weissberger’s biogenic oxidative system is a generator of H,O,
molecules. This tenet is supported by the chemistry of ascorbate
oxidation catalyzed by Cu(Il) ions, which can be described as fol-
lows: the dioxygen molecule O=0 plus two electrons resulted
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in ~0—0, i.e. the dianion of H,0,, which in aqueous solution
reacts with two H30" cations yielding H,O, +2H,0. The addi-
tion of catalase, the enzyme which decomposes (hydro-)peroxides,
should result in inhibition of H,0, generation: this presumption
is unambiguously proved by the reported results, which show a
dose-dependent inhibitory action of catalase on the degradation
of high-molar-mass HA. FTIR results show that hyaluronan macro-
radicals do not react with catalase since there is no evidence of
products originating from such a reaction. These results have impli-
cations in the prevention of H,0, induced calcium overload in
cardiac myocytes leading to myocardial infraction as well as disease
associated with H,0, induced cell and DNA damage.

Acknowledgement
The study was supported by the grant VEGA 2/0065/15.

References

Campanella, L., Spuri Capesciotti, G., Vincenzo Russo, M., & Tomassetti, M. (2008).
Study of the catalytic mechanism of the enzyme catalase on organic
hydroperoxides in non-polar organic solvent. Current Enzyme Inhibition, 4,
86-92.

Collins, M. N., & Birkinshaw, C. (2013a). Hyaluronic acid based scaffolds for tissue
engineering—a review. Carbohydrate Polymers, 92, 1262-1279.

Collins, M. N., & Birkinshaw, C. (2013b). Hyaluronic acid solutions—a processing
method for efficient chemical modification. Journal of Applied Polymer Science,
130, 145-152.

Duan, J., & Kasper, D. L. (2011). Oxidative depolymerization of polysaccharides by

reactive oxygen/nitrogen species. Glycobiology, 2, 1262-1279.

Hrabarova, E. (2012). Free-radical degradation of high-molar-mass hyaluronan by
oxygen free radicals. In Evaluation of antioxidant properties of endogenic and
exogenic compounds with thiol groups in their structure. (Ph.D. thesis) p. 31. In
Slovak), Bratislava: Faculty of Chemical and Food Technology.

Kudva, A. K., & Patterson, J. (2014). Hyaluronic acid incorporation into scaffolds for
bone and cartilage regeneration. In M. N. Collins (Ed.), Hyaluronic acid for
biomedical and pharmaceutical applications (pp. 21-56). Smithers Rapra.

Parsons, B. ]. (2015). Oxidation of glycosaminoglycans by free radicals and reactive
oxidative species: a review of investigative methods. Free Radical Research, 49,
618-632.

Radi, R,, Sims, S., Cassina, A., & Turrens, ]. F. (1993). Roles of catalase and
cytochrome c in hydroperoxide-dependent lipid peroxidation and
chemiluminiscence in rat heart and kidney mitochondria. Free Radical and
Biological Medicine, 6, 653-659.

Sharma, P, Jha, A. B., Dubey, R. S., & Pessarakli, M. (2012). Reactive oxygen species,
oxidative damage: and antioxidative defense mechanism in plants under
stressful conditions. Journal of Botany, 2012, 1-26.

Soltés, L., Stankovska, M., Brezova, V., Schiller, J., Arnhold, J., Kogan, G., et al. (2006).
Hyaluronan degradation by copper(Il) chloride and ascorbate: rotational
viscometric, EPR spin-trapping, and MALDI-TOF mass spectrometric
investigations. Carbohydrate Research, 341, 2826-2834.

Valachova, K., Bafiasova, M., Topol’ska, D., Sasinkova, V., Juranek, 1., Collins, M. N.,
et al. (2015). Influence of tiopronin: captopril and levamisole therapeutics on
the oxidative degradation of hyaluronan. Carbohydrate Polymers, 134, 516-523.

Vrentzos, N. P., Liapakis, 1. E., Emglander, M., & Paschalis, E. I. (2014). Hyaluronic
acid in modern cosmetic and reconstructive surgery. In M. N. Collins (Ed.),
Hyaluronic acid for biomedical and pharmaceutical applications (pp. 137-148).
Smithers Rapra.

Weissberger, A., LuValle, J. E., & Thomas, D. S., Jr. (1943). Oxidation processes. XVI.
The autoxidation of ascorbic acid. Journal of American Chemical Society, 65,
1934-1939.

Yano, S., Arroyo, N., & Yano, N. (2004). SHP2 binds catalase and acquires a
hydrogen peroxide-resistant phosphatase activity via integrin-signaling. FEBS
Letters, 577,327-332.


http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0005
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0010
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0015
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0020
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0025
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0030
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0035
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0040
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0045
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0050
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0055
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0060
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0065
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070
http://refhub.elsevier.com/S0144-8617(16)30431-3/sbref0070

	Hydrogen peroxide generation by the Weissberger biogenic oxidative system during hyaluronan degradation
	1 Introduction
	2 Materials and methods
	2.1 Chemicals
	2.2 Preparation of stock and working solutions
	2.3 Rotational viscometry (uninhibited/inhibited hyaluronan degradation)
	2.4 Size-exclusion chromatographic analyses with multi-angle light scattering (SEC-MALS)
	2.5 Fourier-transformed infrared spectroscopy (FT-IR)

	3 Results and discussion
	4 Conclusions
	Acknowledgement
	References


