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Electron spin resonance (ESR) measurements show that grinding of quartz particles in air produces 
silicon-based (Si. and SiO.) radicals which decay with aging in air. ESR spin trapping measurements 
provide evidence for the generation of hydroxyl and possibly superoxide radicals from a suspension of fresh 
quartz particles. The hydroxyl radical generation potential of the fresh quartz particles decreases on storing 
in ambient air and on the addition of catalase, superoxide dismutase, desferroxamine. or DMSO. Silica- 
induced lipid peroxidation also decreases on  storing the fresh particles in ambient air. These findings 
suggest that oxygenated radicals play a role in the biochemical mechanism of pneumoconiosis in general 
and acute silicosis in particular. 
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INTRODUCTION 

This communication summarizes our electron spin resonance (ESR) investigation of 
the formation of oxygenated radicals by freshly crushed quartz particles in a cell-free 
aqueous medium, and its potential role in the biochemical mechanism of acute 
silicosis. This study was undertaken because the mechanisms by which the quartz 
particles exert their toxic action on cells and the process(es) by which these actions 
progress to fibrogenesis are still not well understood.'-" I t  is generally believed, 
however, that the action of quartz particles on the cell membrane is the starting point 
of the silicotic proce~s. ' .~  Since the first step must involve surface reactions, charac- 
terization of the chemical structure of the surfaace of quartz particles has been the 
subject of several recent studies.'-' For example, we reported that mechanical crushing 
of quartz under normal atmosphere generates silicon-based (Si- and S O - )  radicals 
which decay with time, and that these radicals are associated with a higher cytotoxic- 
ity of fresh quartz dust as compared to that of an aged dust from the same 
Independently Fubini and coworkers' have also reported on the formation of Si. and 
SiO- -type of radicals from quartz particles crushed uneder atmospheric conditions. 
Gulumian and van Wyk' have reported that quartz particles react with hydrogen 
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peroxide (H,O,) to generate hydroxyl (.OH) radicals. These authors' suggested that 
this process might contribute to quartz's pathogenicity but the mechanism of the -OH 
radical formation was not clarified. Earlier, Gabor and Anca" had suggested that the 
cytotoxicity of quartz particles might be associated with the generation of some factor 
or factors possessing the properties of a free radical and hence capable of promoting 
the peroxidative chain cleavage of polyunsaturated fatty acid moieties of the phos- 
pholipids in the cell membrane. More recently, Weitzman and Graceffa" reported 
that asbestos is able to catalyze the generation of -OH radicals from H202. Their later 
work', indicated that lipid peroxidation might be one of the mechanisms of tissue 
injury by asbestos. 

It is also known that .OH radicals are capable of causing peroxidation by abstract- 
ing hydrogen atoms from cell-membrane lipids and initiating lipid peroxidation in 
lysosomal rnembrane.l3 Thus the -OH radical (and also other oxygenated species such 
as 0; , lo2, and H,O,) might be expected to play a role in the quartz toxicity. Earlier 
studiesI4 of the aqueous chemistry of quartz suspensions have reported detection of 
H 2 0 2 ,  implicating the formation of oxygenated radicals as transient species. This 
observation provided further impetus for the present undertaking. 

MATERIALS AND METHODS 

Crystalline silica with particle sizes ranging from 0.2 to 2.5 mm was obtained from the 
Generic Respirable Dust Technology Center, Pennsylvania State University, Uni- 
versity Park, PA. Particles in the range of smaller than 25 microns were produced by 
hand grinding in air, with an agate mortar and pestle because of the structural 
similarity of agate to that of quartz. Also, a mixed particle size rather than a specific 
range, was employed, to roughly approximate the random particle-size distribution in 
the mining atmosphere. 

ESR spectra were obtained at X-band ( -  9.7 GHz) using a Bruker ER 200D ESR 
spectrometer, employing a self-tracking NMR gaussmeter and a microwave fre- 
quency counter. An ASPECT 2000 computer was used for data acquisition, analysis, 
and spectral simulations to obtain the splitting constan:s. 5,5-dimethyl- l-pyrroline- 
N-oxide (DMPO) was used as a spin trap for detecting the hydroxyl and superoxide 
radicals. The DMPO was purchased from Aldrich and used without further purifica- 
tion, because very weak or no spin adduct signal was obtained from the purchased 
sample when used by itself. Superoxide dismutase (SOD), linoleic acid (cis-9-cis-1 2- 
octadecadienoic acid) and catalase were obtained from Sigma. All other chemicals 
were purchased from Fisher or Aldrich. 

Peroxidation of the polyunsaturated lipid linoleic acid by freshly ground or aged 
silica was monitored using a fluorescence method15 with minor modifications. The 
reaction mixture in a total volume of 0.5 ml contained freshly ground or aged silica 
(2.5mg/ml) and 20ml of 0.52 mM linoleic acid emulsion in 95% ethanol in HEPES 
buffer (pH 7.4) without calcium and glucose, The mixture was heated for one hour in 
a shaking water bath at 37OC. This procedure was followed by the addition and 
mixing of 0.5 ml of 3% sodium dodecyl sulfate and then of 2.0 ml 0.1 N HCl, 0.3 ml 
10% phosphotungstic acid and 1.0ml 0.7% 2-thiobarbituric acid. The mixture was 
then heated for 30min at 95-100°C and the reactive substance formed was extracted 
with 5 ml of 1-butanol after cooling. The extraction was then centrifuged at 3000 rpm 
for one minute and the fluorescence of the butanol layer was measured using a 5 15 nm 
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FREE RADICALS FROM QUARTZ DUST 26 I 

excitation and 555 nm emission, with a Perkin-Elmer fluorospectrophotometer 
(Model MPG-36). Malondialdehyde standards were prepared from I ,  1,3,3,-tetra 
methoxypropane to obtain a calibration curve, which was used for calculating the 
amounts of malondialdehyde produced. 

RESULTS AND DISCUSSION 

Figure 1 shows some typical ESR spectra of fresh quartz particles. The measured 
g-values are g,, = 2.0017 and g, = 2.0007 as indicated. Such ESR spectra from 
quartz are characteristic of silicon-based radicals (Si *. Si0.).6*’6 It was found that 
these radicals decay in air with a half-life of about 30 hours. We stress, however, that 
the decay followed “first order” kinetics only very approximately and that about 20% 
of the radicals were detectable even after four weeks of storage in air. It was also noted 
that the spectral resolution and lineshape depend somewhat on the grinding time and 
procedure as well as on temperature. Further studies are under progress to understand 
the details of these observations. 

For the detection of short-lived, oxygenated, free radicals, the ESR spin trapping 
measurements were carried out. Figure 2 shows some typical results of ESR spin 
trapping measurements. A 0.1 M aqueous solution of the spin trap DMPO with as 
received (unground) quartz particles did not give a detectable ESR spectrum (Figure 
2a). When the quartz particles were crushed in a 0.1 M DMPO aqueous solution or 
when fresh quartz particles were mixed with 0.1 M DMPO aqueous solution, an ESR 
spectrum, consisting of a 1:2:2:1 quartet pattern with splittings of aN = aH = 14.9 G, 
was observed at g = 2.0059 (Figure 2b), which was assigned to the DMPO-OH 
adduct.” As supporting evidence for the *OH radical formation, ESR spin tapping 
measurements were made in which 5% ethanol was added as a secondary trap.” It has 
been shown” that in presence of ethanol, the intensity of the DMPO-OH spin-adduct 
signal decreases because ethanol scavenges some of the .OH radicals to form the 

V 3G ’ +H ’ 

,250 

210 

170 

123 

FIGURE I 
air. The spectra were recorded at different temperatures as indicated. 

Typical ESR spectra from quartz dust freshly produced by an agate ball machine grinder in 
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DMPO + unground Qr 

DMPO +freshly 

FIGURE 2 ESR spectra recorded 2 minutes after mixing a IOOmM DMPO aqueous solution with (a) 
unground quartz; (b) freshly ground quartz particles; (c) same as (b) but with 5% ethanol added. The 
arrows show the signals from the DMPO-ethanolyl radical adduct, attesting to the -OH radical formation. 

O 0  
0 

0 9  
/ 

0 

0 
0 
0.0 2.0 4.0 6.0 8.0 

Grinding Time (min) 

FIGURE 3 Dependence of the ESR intensity of the DMPO-OH adduct (i.e:OH radical production) on 
grinding time (i.e. surface area) of quartz particles. 

ethanolyl radicals. The signals from the DMPO-trapped ethanolyl radicals are in- 
dicated by arrows in Figure 2b. The measured splitting constants, aN = 15.8 G and 
aH = 22.8 G, for these signals are indeed typical of those of the DMPO-CHOHCH, 
adducts,” thus supporting the *OH radical formation in the quartz particle aqueous 
suspension, without any added H202. 

The concentration of the .OH radicals, as extimated from the peak-to-peak height 
of the spin adduct signal, increased with the duration of grinding (Figure 3). This 
showed that the -OH radical formation is related to some surface property of fresh 
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quartz particles."' The likely active sites are thought to be the silicon-based radicals,'-' 
since ESR measurements on the same samples showed that the concentration of 
silicon-based radicals increased with grinding also. 

To detect the possible formation of the 0; radicals in the fresh quartz particle 
suspension, SOD (50 ,ug/ml) and catalase (5000 units/ml) were added individually into 
the reaction medium. As noted in Figure 4b, SOD reduced the -OH radical formation 
to about 65%, indicating that 0; radicals might be involved in the mechanism of 
.OH radical formation." Catalase, however, completely suppressed the .OH forma- 
tion (Figure 4c), indicating that H,O, plays an important role in the *OH radical 
formation. The generation and detection of H202 was reported with wet analytical 
chemistry, the KMnO, red~ct ion . '~  Using the same methodology, we did confirm the 
reducing activity of fresh quartz particle suspension with respect to KMnO,, although 
the H,O, yield was measured to be an order of a magnitude smaller for our sample. 
Further experiments showed that DMSO, commonly used radical scavenger," sup- 
presses the -OH radical formation by more than 70% (Figure 3d). We noted that 
addition of desferal(1 mM) reduced the -OH radical formation by more than 80%. 
Thus the Fenton reaction, 

Fe2+ + H202 --* Fe3+ + .OH + OH- 
seems to play some role in the .OH radical formation.'' The Fez+ might be present 
as a trace impurity or impregnated in the chemical structure of quartz dust. 

We also investigated the possible relationship between the -OH radicals generated 
by fresh dust particles and the dust's lipid peroxidation potential. Using spin trap 
ESR, we carried out measurements of the time dependence on the ability of fresh 
quartz particles to generate .OH radicals. Parallel measurements were then made on 
the silica induced lipid peroxidation using linoleic acid as a model lipid. Figure 5A 
shows time dependence of the -OH radical production, while Figure 5B shows the 
time dependence of the lipid peroxidation. It is seen that the ability of fresh ground 

DMPO+ freshly 

C a+catalase 

e a *desferal - 
20 G . 
-H 

FIGURE 4 ESR spectra recorded 2 minutes after mixing I 0 0  rnM DMPO with (a) fresh quartz particles: 
(b) same as (a) but with SOD (50pglml); (c) same as (a) but with catalase (SO00 unitslml); (d) same as (a) 
but with DMSO (15y0); (c) same as (a) but with desferal ( I  mM). 
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Bmin 24burr  48hourr 96hours 

Time After Grinding 

FIGURE 5 Effect of “aging” on the silica’s ability to generate hydroxyl radicals, plot A (0 )  and effect 
of “aging” of the same sample on the rate of peroxidation of linoleic acid, plot B (0). 

silica to peroxidize a lipid decreases on storage. The time dependence behaviors of the 
-OH radicals (Figure 5A) as well as the silica lipid peroxidation potential (Figure 5B) 

-indicates that these radicals might be directly or indirectly involved in the silica 
induced lipid peroxidation, which, in turn, could result in a progressive degeneration 
of the membrane structure and eventual loss of the membrane activity.” 

Based on these results we suggest the following model of the initial events in the 
reaction of the quartz dust with a cell membrane. The free radicals (Si. and SiO.) on 
the surface of silica dusts and their associated oxygenated species (-OH, O;, and 
H,O,) are involved in the interaction of cell membrane with quartz dust. The results 
of this interaction would be the release of reactive oxygenated species (H2O2, 0; , 
-OH, R . ,  and RO.). These reactive oxygenated species would further react with the 
cell membrane, leading to additional release of these species and to lipid peroxida- 
tion.,’ As to the sites of the reactions between the cell membranes and the quartz dust, 
we noted that the reaction of quartz particles with H,O produces silanol (SiOH) 
groups on the particle surface, as detected by infrared spectroscopy.22 These silanol 
groups could form hydrogen bonds with the nitrogen or oxygen atomic sites on the 
cell membrane. This is supported by the report of a weak (hydrogen) bond formation 
between a secondary amide (peptide) of proteins and silanol moieties.” Such hyd- 
rogen bonding could bring the silica surface and cell membrane close enough to 
provide a favorable environment for the initiation of lipid peroxidation by the 
solicon-based radicals and their associated oxygenated radicals. 

In conclusion, the present ESR spin trapping experiments show that freshly 
generated, micron-size quartz particles can generate .OH and, possibly, 0; radicals 
in aqueous media. Moreover, the ability of such particles to generate these oxygenated 
radicals decreases with the aging of the particles. This result implies that fresh quartz 
dust should be more fibrogenic than the stale Indeed, fresh quartz dust exhibits 
a greater ability for inducing lipid peroxidation than aged dust. Thus the silicon-based 
radicals on the quartz particle surface and their associated oxygenated radicals might 
be involved in the initiation of the lipid peroxidation of the cell membrane which 
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FREE RADICALS FROM QUARTZ DUST 265 

results in cell death. If further studies confirm these findings, then strategies could be 
developed for blocking the radical pathways and hence combating silicosis. 
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