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Hyaluronic acid is a mucopolysaccharide. The chemical structure and properties
of this group have been extensively studied (Brimacombe and Webber 1964:
Schubert and Hamerman 1968: Mathews 1975: Laurent 1987).

Hyaluronic acid is present in the connective tissue. It was discovered by
Meyer and Palmer (1934) in the vitreous body tissue where its concentration
ranges from 140 to 338 mg/dm’ (Laurent 1987). It has a number of physiological
functions. including influence on the polymer-solvent interactions and on the
diffusion processes (Wik 1979). Many of these functions have been proved Lo be
closely related to the physicochemical properties of the compound (Laurent
1966, 1968, 1970).

Recently. pathological processes in the eye due to luminous radation have
come to the foreground of scientific interests (Lawwill 1982). X-rays and ra-
diolysis of hyaluronic acid cause vigorous depolymerization and liquefaction
(Caputo 1957; Ragan et al. 1947: Lal 1985).

The vitreous body is a loose connective tissue built up of a collagen network
and tied up with a molecularly dispersed glycosaminoglycan system to form an
organized composite proteoglycan structure. It contains an aqueous solution of
different species, including sodium chloride. metabolities and serum proteins.

From the physiological point of view the vitreous body seems to be a large
interstitial pre-lymphatic space inserted between the venous system of the ciliary
body, which produces the chamber fluid, and the drainage system of the lamina
cribrosa space.

The present work examines the influence of UV-radiation on the photode-
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Table 1. List ol samples studied

Sample labelling Maode ol preparation and storage

A lreshly exersed porcine vitreous body
B sample A alter 7 days of storage at 4°C
& sample A after 14 days of storage at 4°C
D sodium hyaluronate solution
E Ireshly excised bovine vitrcous body
5} freshly excied human vitreous body
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Fig. 1. Spectral charactenstic of the S00W high pressure mercury lump used tor sample irradiation
(Lapcik et al. 1989)

gradation processes of both the vitreous body and hyaluronic acid. UV and IR
absorption spectra, changes in molecular weight as well as photo-induced
paramagnetism (determined by EPR measurements) are analyzed.

A sample of unfractionated hyaluronic acid (sodium salt) of pharmacologi-
cal purity was obtained from MOVIS Co. (extract from rooster combs). The
sample was purified according to the Czechoslovakian patent (Galatik et al.
1989). Table | presents a list of investigated probes. The samples of the vitreous
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Fig. 2. UV spectra ol collagen. samples D (2) and F (3).
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Fig. 3. @) UV spectra of sample E before (1), and after 60 min (2) and 120 min irradiation. b) UV
spectra of sample D before (1) and after 180 min irradiation.
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Fig. 4. IR spectrum of sumple E belore (1) and alter 120 min irradiation (2).

body were homogenized using an ultrasonic generator. Samples of pure hyal-
uronic acid were dissolved in 0.2 mol dm® NaCl. Other reagents were of analyti-
cal grade (p.a.)

The itrinsic viscosity [n7] was determined in a Seide-Deckert dilution
viscosimeter (Fgon Deckert. Glastechnische Werkstitte, GDR) at 25°C.

The UV absorption spectra were determined using | cm wide quartz cells
and a PyUnicam spectrometer PU-8800. and the EPR spectra using a computer-
controlled (Aspect 2000) Brucker ER 200 D spectrometer. Radicals were
venerated directly in the spectrometer with a S00W high-pressure mercury lamp
without optical filters at tempetatures between 170 and 240 K. The spectral
characteristic of the high pressure mercury lamp used in the present experiments
1s Hlustrated in Fig. 1. The lumimous flow @° was quantified using a ferrioxalate
actinometer (Lapcik et al. 1989). and values of 7.24 x 10 " mol/s were meas-
ured.

IR spectra were measured employing a Perkin-Elmer 983 spectrometer.
Spectra shown in Figs. 4 and 5 represent the numerical subtraction of water
spectrum from the sample spectrum in aqueous solution.

The UV spectra of the vitreous body, as compared to the collagen and
sodium hyaluronate spectra (Fig. 2). suggest that the main component in the
vitreous body responsible for UV absorption and thus for photo-chemical
reactions. 1s hyaluronic acid. The vitreous body is one of the few connective
tissue compartments known to contain only one major structural polysaccha-
ride. sodium hyaluronate (Balazs and Denlinger 1982). The UV absorption
band at 267 nm is due to the absorption of the carbonyl chromophore (Figs.
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Fig. 5. ) IR spectrum of sample F before (1) and after 20 min irradiation (2). h) IR spectrum of
sample D before (1) and after 60 min irradiation (2).

3a, b) (Balazs 1954). The process of photodegradation after exposure to UV
radiation is assumed to start at this chromophore. This agrees with the IR
spectrum (Fig. 4): after irradiation the absorption band of the valence vibra-
tions of carbonyl groups disappears. This is associated with a decrease of pH
value (Balazs et al. 1959), probably due to the formation of carbonic acid from
the liberated carbon dioxide. Simultaneously, the molecular weight decreases
(see Fig.6) suggesting that irradiation in the presence of oxygen leads to
breaking of bonds of the hyaluronic acid main chain. It may be concluded from
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Fig. 6. Plots ol n, ¢ = f{¢) of Huggin's equation. |+ before rradiation, [n] = 1394 ml g2 2 after
60 min., [n] = 678 mlig: and 3: alter 120 mm. pradiation. [7] = 447 ml g Hyaluronate solution
0.2mol/l NaClat 25°C. The molecular weight caleulited by the Mark-Howmk equation [n] = A
M using the constants reported by Cleland and Wang (1970) decreases from 8.7 > 107 g mol (1) 1o
1.8 % 10" g mol (3)

IR spectra shown in Figs. 5a, b that as a result of energy-consuming formation
of hydroperoxides after UV exposure. qualitatively similar changes occur in the
region which corresponds to the stretching vibrations of C O groups. The
spectrum of pure hyaluronic acid (Fib. 5h) shows a remarkable decrease in
intensity of the absorption band in the 1150 cm ' region. corresponding to the
stretching vibrations of the interglycosidic bond (Pigman and Horton 1980).
This confirms the occurrence of photodegradation connected with breaking off
the main chain, and is in agreement with the results described by Phillips (1980).

Two types of EPR spectra. singlet (pp = 0.9 m) and doublet (pp = 0.9 mT.
ay = 1.6 mT) with approximately the same g-factor (g = 2.0045) were obtained.
All experiments were carried out at temperatures below 240K as at higher
temperatures the radicals disappeared. EPR spectra of the radicals were obser-
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Fig. 7. The EPR spectra of photochemically generated radicals; porcine vitreous body. «/ sample
AL measured at 200K, ;= 161 mT. pp =09 mT. ) sample B, measured at 200K. pp =09 mT:
¢ sample C. measured at 200K : and ¢ sample D (sodium hvaluronate). measured at 170K.
pp=09mT: CF = 335mT. SW = 20 mT. pp:peak to peak value.

ved only during irradiation. The radicals decay. within several minutes of
turning off the radiation source. suggesting a very limited stability.

The EPR spectrum of the radical generated in sample A is shown in Fig. 7a.
(measured at 200 K). The dominating signal here is a doublet with a splitting
constant of 1.6 mT. Considering the structure of hyaluronic acid (I) (see Fig. 8)
and the probability of photochemical reactions. one may assume that the
generated radical originates from the —CH,—OH group which loses one
hydrogen atom. Consequently. the formation of a R— CH-—OH type radical
(111) is possible. where R is the hyaluronic acid skeleton. The splitting constant



426 Lapcik Jr. et al.

o-
H
H
COCH,)
\1 RRANGEMEN
+H20 X )
HYDROL' 1{' A
H
IDECARBOXYLATION | [T\H_Wh H o
H H Co n
%
CH,OH p— cH,0H
H
o + o
HO\OH
NHCOCHa H " NHCOCH,

Fig. 8. Possible photochemical reactions of hyaluronic acid induced by UV light. (4 see Khan et
al. (1981): Hon (1981): # see Pigman and Horton (1980)).

obtained is in good agreement with the data reported for the R— CH-—OH type
radical (Berndt et al. 1977). Hyperfine splitting of further hydrogens is assumed
to be smaller than the peak to peak width (0.9 mT), and therefore not observable
in the EPR spectrum. Additional minor bands probably originate from other
radical products generated at substantially lower concentrations (not identified
as yet). If sample A (freshly excised vitreous body) was irradiated after seven
(Fig. 7b) or fourteen days (Fig. 7¢) (samples B, C), the initially observed doublet
disappeared. The predominating EPR signal was a singlet (Fig. 7h) or super-
position of two singlets (Fig. 7¢).

Irradiated pure sodium hyaluronate gave a singlet EPR spectrum (Fig. 7d),
the g-factor of which was similar to the value measured for sample B. This
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suggests that the radical products are identical or similar. Similar spectra were
measured also by Balazs et al. (1967) during irradiation of hyaluronic acid in the
presence of photosensitizers. Hill et al. (1986) in studying the photochemical
behavior of N-acetyl amino acids. obtained EPR spectra resulting from super-
positions of several radical structures. In view of the analogy to the structures
examined (the presence of the —NH-—CO-—-CH, group in the hyaluronic acid
molecule) the EPR spectrum (Fig. 7d) obtained in our measurements can be
interpreted as reflecting the R— NH-——CO radical formation (I1V). Since the
singlet EPR spectrum cannot unambiguously be ascribed to a defined structure.
also structure (11) shown in Fig. 8 can be considered.

The results obtained in the present study show that UV radiation induces
significant processes in the vitreous body matrix. The nature of the EPR spectra
was shown to depend on the storage time of samples: therefore may be con-
cluded that gradual enzymic degradation and hydrolysis also occurs. As stated
by Balazs et al. (1983). degradation is normal in stored samples of hyaluronate
and is probably due to slow hydrolysis of glycosidic links. UV-radiation breaks
off the interglycosidic bond and. consequently, changes the molecular weight of
the polysaccharide: it also induces photochemical oxidative reactions involving
the lateral sequences and the end macromolecular chain groups. A possible
sequence of light-induced chemical reactions is shown on Fig. 8. It can be
supposed that these radical processes are initiated by reactive’OH radicals. They
are formed during photochemical dissociation of water. under the catalytic
effect of trace amonts of the transition metals present in the solution. and the
simultaneous production of hydroperoxides which undergo decomposition after
a certain accumulation. Roberts et al. (1989) who studied the bulk-phase
generation of hydroxyl radicals in the presence of H.O, and oxigenous metal
ions in the aqueous solutions, came to similar conclusions. These radicals are
responsible for random degradation of the aggregates of proteoglycan with
hyaluronic acid to small fragments.

Hyaluronic acid together with collagen, forms the fibrillar structure with a
characteristic tertiary and quarternary structure (Smith and Serafini-Fracasini
1967; Parry 1988). The precise nature of the link between hyaluronate and the
collagen tissue in the vitreous body remains open. It can be proposed based on
the present results that an increased number of molecules within the final
volume of the vitreous body brings about an increase of the internal pressure;
this in turn triggers successive changes in the optical parameters of the vitreous
body and causes the disappearance of the quarternary and tertiary configura-
tions of collagen adducts with hyaluronic acid. Disintegration of microfibrillar
structures is another feature accompanying the process of “amorphization™ in
the complex system of the vitreous body (Kubéna et al. 1989).
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