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INTRODUCTION 
In an earlier communication' from our laboratory it was 
reported that mechanical crushing of coal and quartZ under 
nonnal air atmosphere generates of free radicals on the par­
ticle surfaces, and that these radicals decay with time, hence 
pointing to a higher toxicity of fresh dusts in relationship 
to pneumoconiosis and silicosis. More recently Fubioi 
et al.2 have also reported the detection by electron spin 
resonance (ESR) of the formation of SiO. and Si-type of 
radicals from quartz particles crushed under atmospheric con­
ditions. In agreement with earlier ESR studies on single 
crystals of quartz crushed under high vacuum ( -10-10 torr)3 
and subsequent exposure to air, 3 and to other gases,' these 
radicals were identified' as being formed by the homolytic 
cleavage of the Si-0-Si bonds and the reactions of the Si• 
and SiO- radical with atmosphere. Fubioi et al.2 also sug­
gested that these radicals might be involved in the uvrl!anism 
of the fibrotic action by silica, either by transforming the 
particle surface into a selective oxidating agent or as an in­
itiator of a sequence of reactions leading to fibrosis. Earlier 
Gabor and Anca:5 had reported that lipid peroxidation 
caused by free radicals on the silica surface might be involved 
in the red blood cell membrane damage. Thus filr, however, 
no parallel cytotoxicity, fibrogenicity, and free radical studies 
on a given quartZ dust sample have been reported, except 
for some earlier work from our laboratory •1·6•7 We now 
present more recent results obtained from parallel cytotox­
icity, fibrogenicity, and free radical measurements on a 
freshly made quartz dust. The dust's free radical content was 
measured using ESR spectroscopy while its cytotoxicity 
potential was estimated via hemolysis. Hemolysis was 
employed as the toxicity test because it is a widely used 
method for estimating the potential of a dust for disrupting 
the cell membrane.• The fibrotic potential was followed by 
measuring the dust-inch1ced lipid peroxidation, using linoleic 
acid as a model lipid. As discussed below, the results ob­
tained suggest new clues to the mechanism of the quartZ­
related cytotoxicity and fibrogenicity. 

MATERIALS AND METHODS 

Reagents 

Crystalline quartZ particles with a sire range of0.2-2.S mm 
were obtained from the Generic Respirable Dust Technology 
Center, Pennsylvania State University, University Park, 
Pennsylvania. These particles were crushed in air to obtain 
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quanz dust samples with particle sizes smaller than 20 
microns. We chose to work with a dust with mixed particle 
sires, rather than a specific range, as an effort to simulate 
the mining atmosphere. An agate mortar-pestle arrangemeut 
was used for the crushing and grinding because of the close 
similarity of the struclUre of agate to that of quartZ. 
Diethylenetriaminepentaacetic acid (DETAPAC) were pur­
chased from Sigma. All other chemicals were pudlased from 
Fisher or Aldrich. 

Hemolysis Experiments 

Hemolytic activity of silica was measured, following an 
establishsd procedure, 9 as the amount of hemoglobin re­
leased from a 2 % suspension of sheep erythrocytes after in­
cubation with 10 mg of silica dust for one hour at n•c. The 
hemoglobin release was estimatsd via the absorbance at S40 
nm using a Gioford speclrnphotometer. The procedure was 
cahbrated by substituting the silica dust by a phosphate buf­
fer solution as a negative control (background) and 0.5 % 
Triton-X-100 as a positive control (100% hemolysis). The 
pen:entage of hemolysis was calculated as follows: 

% Hemolysis = ~ - I,,.g) I (Ip..-1,,.g) 

where I.a.,. is tbs absorbance after incubation with the silica 
dust, while r_ and I..,. are those with buffer ooly and 0.5% 
Triton-X-100, respectively. 

Upid Peroxidatlon Measurements 

Peroxidation of the polyunsaturated lipid linoleic acid 
(cis-9-cis-U-octadocadienoic acid) by freshly ground or aged 
silica was monitored using a fluorescence method10 with 
minor modifications. The reaction mixture in a IOlal volume 
of 0.5 ml contained freshly ground or aged silica and 20 Ill 
of 0.52 mM linoleic acid emulsion in 95 % ethanol in HEPES 
buffer (pH 7 .4) with calcium and glucose. The mixture was 
heated for one hour in a shaking water bath at 37°C. Tbis 
procedure was followed by the addition and mixing of 0.5 
ml of3% sodiumdodecyl sulfate and then of2.0ml 0.1 N 
HO, 0.3 ml 10% phosphotungstic acid and 1.0 ml 0.7% 
2-thiobarbituric acid. The mixture was then heated for 30 
min at 95-100°C and the reactive substance formed was ex­
tracted with 5 ml 1-butanol after cooling. The extraction was 
then cenb'ifuged al 3000 rpm for one minute and the 
fluorescence of the butaliol layer was measured using a 



515 run excitation and 555 run emission, with a Perkin-Elmer 
ftuorospectrophotr (Model MPG-36). Malondialdehyde 
standards were prepared from l,l,3,3,-tetramethoxypropane 
to obtain a cahbration curve, which was used for calculating 
the amounts of malondialdehyde produced. 

ESR Measurements 
ESR spectroscopy was used for identifying the crushing­
induced silicon-0xygen radicals, and to follow their concen­
tration as descnbed elsewhere.1·6.7 The ESR measurements 
were made with a Bruker ER 200D spectrometer operating 
at X-band ( -9.5 GHz) frequencies, and 100 kHz magnetic 
field modulation. Toe magnetic field was cahbrated with a 
self-tracking NMR gaussmeter (Bruker, model ER035M). 
The microwave frequency was measured with a Hewlett­
Packard, Model 5340A, digital frequency counter. All ESR 
measurements were made at room temperature. 

RESULTS AND DISCUSSION 

Figure l shows a typical, room temperature, ESR spectrum 
of freshly ground quartz particles. The spectrum is not iden­
tical but similar to those reponed earlier for the 
measurements made at room temperature and ambient air 
environment.1.2 Here we focused on the major species, 
characterized by g = 2.0015, and assigned to a combina­
tion of silicon-0xygen radicals.1.2 To correlate the radical 
content with hemolysis, it was necsssary to control the radical 
concentration. Toe first method used for this was thermal 
annealing. Thus the free radical concentration was measured 
via ESR (at room temperature) after thermal annealing from 
50° to 800°C for 30 minutes at each temperature. Figure 
2 shows the change in the radical concentration on thermal 
treatment (Plot A) and the corresponding hemolysis 
msasurements (Plot B). The data for the samples heated above 
300°C show that while the free radical content decreases 
sharply with the heat treatment above 300°C, the hemolytic 
potential remains virtually unchanged for heating up to 
550°C, and starts to decrease on further heating only. It, 
thus, follows that there is little, if any, direct correlation be­
tween the concentration of the free radicals and the hemolytic 
potential of the dust samples. 

Second, measurements of both the radical concentration and 
the hemolytic potential were made at several time intervals 
after the dust preparation. Figure 3 shows the time 
dependence of the free radical concentration on storing the 
dust in air after grinding (Plot A) and the hemolysis induced 
by the same sample (Plot B). It is seen that while the radical 
concentration decreases with a half-life of about one and a 
half day, in agreement with our earlier studies,1.s.7 the 
ltemolytic potential does not change noticeably over at least 
two weeks, again showing that the grinding-induced radicals 
on the quartz particles do not play any direct role in the 
mechanism of ths hemolysis by quartz particles. 

As the third method for controlling the radical concentra­
tion, some freshly ground quartz particles were boiled in a 
phosphate buffer for about 30 minutes. ESR measurements 
on thess samples showed that their radical concentration 
decreased to about 10%, while their hemolytic activity 
decreased to almost zero. In order to find if this decrease 
was related to the silicon-0xygen radicals, experiments were 
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Figure l. A typical, room temperature, ESR spectrum of 

freshly ground quartz particles. 

conducted as an attempt to restore the hemolytic activity. 
It was found that while an exposure to a phosphate buffer 
or a KMn04 solution (a strong oxidant) did not restore the 
hemolytic activity, the addition of DET AP AC, a strong metal 
chelate, to the incubation medium restored the activity to 
about 60%. Thus, ths boiling-induced reduction in the silica's 
hemolytic potential cannot be attributed to the loss of the 
radicals on boiling, since it is unlikely that the addition of 
DETAPAC could restore the silicon-0xygen radicals. These 
results seem to indicate that the attachment of metal ions to 
the particle surfaces causes the loss in the hemolytic activity 
by quenching certain reactive (surface) sites. This conclu­
sion is not unprecedented since earlier hemolysis studies8 

have shown that the presence of metal ions such as Af3+ 
causes a significant decrease in the quartz dust's hemolytic 
potential. We indeed confirmed that addition of Af3+, 
euz+, or Fe2+ ions, at about 1.0 mM concentration, to the 
incubation medium results in the loss of the hemolytic ac­
tivity. Toe new result obtained here is that the subsequent 
addition of DETAPAC restores it, implying that the metal 
ions were only loosely bonded to the silica surface. 

Toe above results are consistent with an earlier suggestion• 
that surface silanol (SiOH) groups play a key role in the 
mechanism of hemolysis by quartz particles. Metal ions are 
expected to be bonded via the surface silanol (SiOH) groups 
by replacing the ff+ ions, thus reducing the number of 
silanol groups responsible for red blood cell membrane 
damage.• Infrared studies on heated silica-gel11 and silica 
surfaces12 demonstrated that silanol groups are formed on 
the silica surface, and that these moieties are annealed only 
if silica is heated to higher than 700°C. 11•13. Since the 
present work shows that the hemolytic activity of silica 
decreases markedly on heating to 700°C (Figure 2), the role 
of the silanol groups in the hemolysis by silica seems fairly 
well establishsd. This finding is consistent with an earlier 
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Figure 2. The effect of beating oo the ESR intensity of the grinding-ioducro sili001H>xygen radicals, 
plot A(•). and silica-induced hemolysis by the same samples, plot B (0). 

report8 of the reduction in the silica toxicity by AJl+ and 
polyvinyl-pyridine-N-oxide (PVPNO). 

For obtaining further clues to the mechanism of silica's 
fibrogenicity. we investigated the possible relationship be­
tween sili001H>xygen radicals oo fresb dust particles and the 
dust"s lipid peroxidation potential by parallel measurements 
of the time dependence of radical content by ESR and of the 
silica-inducro lipid peroxidatioo using linoleic acid as a model 
lipid. to Figure 4 sbows the time dependence of the lipid 
peroxidatioo. It is seen that the ability of freshly ground silica 
to peroxidize a lipid decreases on storage, since the rate of 
silica-induced lipid peroxidation declined markedly over the 
first 48 hours after grinding and remained fairly constant 
thereafter. The similarity of the time dependence of the lipid 
peroxidation (Figure 4) with the decay behavior of the silicoo­
oxygen radicals (Figure 3, plot A) indicates that these radicals 
might be directly or indirectly involved in tbs silica-induced 
lipid peroxidation, which may result in a progressive 
degeneration of the membrane structure and eventual loss 
of membrane activity1• 

In conclusion, this work sbows that the fracture-induced 
silicon-oxygen radicals are not directly involved in the 
mechanism of the erythrocyte hemolysis by quartz. This is 
coosistant with earlier reports which suggest that dust-indtJCnl 
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hemolysis and lipid peroxidation proceed via independent 
mechanisms. •s.16 Thus the hypothesis' that lipid peroxida­
tion caused by free radicals oo the silica surface might be 
directly involved in the erythrocyte membrane damage does 
not seem likely. However, these radicals might be directly 
or indirectly involved in an oxidative-type chain reaction 
leading to macrophage membrane perturbation through lipid 
peroxidation and eventual fibrosis as noted earlier. 2.11.7 It is 
interesting to note that fibrotic action, as a result of failed 
phagocytosis, was suggestsd to be due to the pertwbation 
of macrophage membrane and the consequent release of a 
macrophage fibrotic factor. 17 Recent ESR studies have 
sbown that silica particles release -OH radicals in the 
presence of exogenous H:z0i1' and even without it, 7 and that 
the amount of the -OH radicals formed decreases with the 
"aging" of the quartz dust.11.7• Thus it is suggested that the 
-OH radical related mechanism of fibrogenesis by silica might 
be a fruitful new approach to understanding the pathogenesis 
of the silica-induced lung injury. 

REFERENCES 
I. Dalal, N.S., Suryan, M.M.,.lmri, B., Shi, X., Vlllyad,an, V., Gr=, 

F.H.Y.: Electroo Spinllesooancc Dctectioo of Reactive F1«: Radicals 
in Fresh Coal Dust and Quartz Dusts and lis lmplica!ioos to 
Pneumorooiosis and Silicosis. Proc. Int. Symp. cm llespirab/e Dusa 



7 

> ... 
"iii 
C 
G) 

6 ... 
.E 
a: 
(I) 
w 
G) 5 > ;:; 
Ill 
"ii a: 

4 

Posler&:ss;onm 

60 

\A . 
· B _/ i -•:::--o---<>'------:0·---.:;;.......,0,...-1 40 ~ 

. ~ 
UI 

-t----·-·.... ! 
···..... - ~ 

··.p-
·•··... A 

•••• "WI( ......... 
········ ...... ···•·· 

2 4 6 8 10 12 

Time(Days) 

Figure 3. Time dependence of the ESR intensity of the silicon-oxygen radicals, plot A(•), on stor­
ing in air, and the hemolysis, plot B (0), by the same sample. 

20 

1427 



Poster Ses.sioa m 

'iii' 
~ 8 SIiica cmgJml>: 0 
E 

• 5.0 3 7 
C ~ 2.5 
.2 6 .. 01.25 Ill 
E 5 ... 
0 

II. 

a, 4 
"D 
> 
~ 3 a, 
"D 
ii 2 :s 
C 

.5! 1 a, 
:E 

5min 24hours 48hours 96hours 

Time After Grinding 
Figure 4. Effect of .. aging" of the quartZ dust on the rate of peroxidation of linoleic acid. 

in dJe MiDen1 lndu.,tries Pamsylvania Stile Univ=ity, Univ=ity Park, 
PA, USA. p. 24-29 (1986). 

2. Fubini, B., Bolis, V., Glamello, E.: The Swface Oiemi.stty of Crushed 
Quartz Dust in Relation to Its Patogenicity. Inorg. Chim. Acta 
138:193-197 (19B7). 

3. HocbslJuser, G., Antonini, I.F.: Surface States of Pristine SilicaSw-· 
face. Sw-face Sci. 32:- (1972). 

4. Radtsig, V .A, Khalif, V.A.: Investigation of Gas Olemisorptioo Pro­
cesses oo the Surface of Fmely Divided Quartz by ESR Spectroscopy 
and Microcalorimett; Kine<. KalaJ. 20:705-713 (1979). 

5. Gabor, S., Aoca, Z.: Effect of Silica on LlpKI Peroxidatioo in the Red 
Cells. lat. Ard,. Ameitsmed. 32:327-332 (1974). 

6. Vallyadlan, V., Shi, X., Da1al, N.S., Irr, W., Cas1ranova. V.: Silicon-­
Oxygen Radicals and 11m Role In Aade Silicoos (Alllilract). Am. Rev. 
Resp;,. Dis. 137 (Suppl.):404 (1988). 

7. (a) Dalal, N.S., Shi, X., Vallyalhan, V.: Dm:ctioo of Hydroxyl Radicals 
in Aqoews Suspcmions of Fresh Silica Dust and Its Implication to Lipid 
Peroxidation in Silicosis. Paper presented at dlis cooferencc (abstract 
No. 266). (b) Shi, X., Da1al, N.S., Vallyathan, V.: ESR Evidence for 
the Hydroxyl Radical Formation in Aqoews Suspension of Quartz Pat­
ticles and Its Possible Sign;fiamre to l.ipKI Peroxidatioo in Silicosis. 
/. Toxirol. Environ. Health. 25:000--000 (1988) (m press). 

8. Nolan, R.P., Langer, A.M., Haringtoo, I.S., Oster, G., Selikoff, IJ.: 
Quartz Hemo1ysis as Related to Its Surface Functionalities. Environ. 
Res. 26:503-520 (1981). 

9. Harington, I.S., Miller, K., McNab, G.: Hemolysis by Asbestos. En­
viron. Res. 4:95-117 (1971). 

JO. Fraga, C.G., Leibovitz, B.Z., Tappe(, A.C.: Halogeoated Coo,pc-.mds 
as lnducas of Lipid Peroxidation in T,ssue Slices./. F=Radica/ Biol. 
IIDd Med. 3:119-123 (19B7). 

11. Peri, J.B.: Inftucd SIUdy of OH and NH3 groups on the Surface of 
a Dry Silica Affi>gcl. /. Pbys. a.em. 70:2937-294S (1966). 

1428 

12. Tsuchiya. L: Infrared Spa:tr....._,,;c Sludy of Hydroxyl Orwps on Silica 
Surfaces. /. Pbys. a.em. 82:4107-4112 (1982). 

13. Raask, E., Schilling, CJ.: Rescucb Fmding oo the Toxicity of Quartz 
Patticles Relevant to l'ulverimd fuel Ash; Ann. Occup. Hyg. 
23:147-IS7 (1980). 

14. Girotti, A. W.: Mecharusm of LlpKI Peroxidatioo; /. Free Radica/Bio/. 
Med. 1:87-95 (1985). 

IS. Kilroe-Smith, T.A.: Peroxidative Action of Quartz inRelatioo to Mem­
brane Lysis. Environ. Res. 7: 110-116 (1974). 

16. Singh, S.V., Rahman, Q.: Interrelationship between Hemolysis and 
Lipid Peroxidation of Human Erytbrocytcs Induced by Silicic Acid and 
Silicate dusts. /. Appl. Toxico/. 12:91-96 (19B7}. 

17. Pemis, B., Virginia, E.C.: The Role of Macrophages andimmunoc:yu,s 
in the Palhogeosis of Pu1mooary Diseases due to mineral Dusts. Am. 
I. Ind. Med. 3: 133 (1982). 

18. Gulumian, M., Wyk, A.V.: fm: Radical Scaoeoging Properties of 
Polyvinylpyridine N-Oxide: A Possible Mecharusm for Its Action in 
Pneumocooiosis. Med. Lav. 78:124-128 (19B7). 

This""""'°" bas beeo supported by the~ of the Interior's Mineral 
Institute program administen,d by the Buresu of Mines 1hrough the Generic 
Mineral Tecbnology Ceoter for respirablc Dust under the grsnt number 
Gll3Sl42. 



Proceedings of the Vllth International Pneumoconioses Conference Part 
' 

Transactions de la Vile Conference Internationale sur Jes Pneumoconioses Tome 

Transaciones de la Vila Conferencia Internacional sobre las Neumoconiosis Parte 

Pittsburgh, Pennsylvania, USA-August 23--26, 1988 
Pittsburgh, Pennsylvanie, Etats-Unis-23--26 3QU1 1988 

Pittsburgh, Pennsylvania EE. UU-23--26 de agosto de 1988 

II 

U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES 
Public Health Service 

Centers for Disease Control CDC 
Natiooal Institute for Occupational Sarety and Health 



Sponsors 

International Labour Office (!LO) 
National Institute for Occupational Safety and Health (NIOSH) 

Mine Safety and Health Administration (MSHA) 
Occupational Safety and Health Administration (OSHA) 

Bureau of Mines (BOM) 

November 1990 

DISCLAIMER 

Sponsorship of this conference and these proceedings by the sponsoring organiza­
tions does not constitute endorsement of the views expressed or recommendation 
for the use of any com:IDercial product, commodity, or service mentioned. 

The opinions and conclusions expressed herein are those of the authors and not the 
sponsoring organizations. 

DHHS (NIOSH) Publlcation No. 90-108 Part II 

n 


