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ABSTRACT 
Thermal and chemical treatment of respirable size silica dusts samples is shown to induce marked changes 
in their hemolytic activity. The cytotoxicity of crystalline a-ilWlflZ (Min-U-Sil), and fumed silica (Cab-0-
Sil) particles, as measured by a hemolytic activity protocol, is decreased by calcination and can be related 
to the debydroxylation of the surface. The hemolytic activity of JJ-eristobalite particles of respirable dust 
size was also determined and found to be lower than that of a-ilWlflZ. The change in the surface structure 
resulting from thermal treatment is detectable by photo-acoustic infrared spectroscopy and zeta-potential 
measurements. The absorption band in the 3200-4000 cm-1 frequency region of both Cab-0-Sil and Min­
U-Sil disappears upon beat treatment while a sbaip band, identified with single silanol groups, at 3750 cm-1 

increases in intensity. The :r.eta potential-pH profile, in the pH range of 4.0-7.0, of the calcined, siloxane 
surfaced particles is more negative than that of material with a silanol surface. 

The cytotoxicity of the crystalline and fumed silica dusts was also found to be strongly dependent on parti­
cle size. Fumed silica of large surface area (small particle size) exhibits an initial increase in hemolytic 
activity upon calcination. This result confirms other experimental observations pointing to a particle size 
of maximum toxicity. 

INTRODCICTION 
The toxicity of silica and other mineral particles, as 
manifested by their role in inducing pnewnoconiosis, fibrosis, 
silicosis and other pulmonary disorders is largely traceable 
to the characteristics of particle surfaces and to particle mor­
phology. The great wealth of data on the physical and 
chemical properties of silica is still insufficient for a com­
prehensive understanding of the specific parameters to be 
associated with fibrogenic activity and, correspondingly, with 
the optimum means for characterizing and quantifying the 
toxicity of dusts, and the design of possible preventive or 
therapeutic methods. 

The great diversity of parameters that have been proposed 
and tested for correlation with cytotoxicity suggest that more 
than one medlanism may be involved in the fibrotic activity 
of silica particles. The crystalline structure of the material 
(more active tridymite versus less active crisobalite and 
passive stisbovite), freshly formed surfaces and free radicals 
associated therewith, silicic acid adsorbed onto silica sur­
faces, the concentration of hydroxyl groups at silica surfaces, 
particle size and morphology, among other ptoperties, have 
been investigated and found to correlate in tests of cyto­
toxicity. 

The main thrust of research presented here is to seek more 
definitive correlations of silica particle properties with 
cytotoxic activity to identify the mechanism or 111eChanisms 
leading to cytotoxic activity and the most suitable instrumen-

ta! methods for identifying the material properties associated 
with silicosis and other pathogenic properties of respirable 
dusts. Io the present paper are presented results on the ef­
fect of dehydration and dehydroxylation of crystalline and 
amorphous silica particles on their cytotoxicity as measured 
by hemolytic activity. One of the prevalent theories on the 
mechanism of silicosis presumes that such activity is induced 
by "clean surfaces of crystalline silica, usually quartz," 1 

hence it is deemed of interest to assess the cytotoxic poten­
tial of the most common structures of such surfaces. 

The main feature of normal, clean quartz surfaces is the 
degree of surface hydration. The normal, anhydrous surface 
terminates in -Si-0-Si- (siloxane) groups. Equilibration with 
water will first result in the formation of -Si-0-H (silanol) 
groups and, eventually, the pbysisorption of water onto the 
silanol groups. 1 Particularly well formed and clean surfaces 
of quartz may adsorb more than four molecular layers of 
water.2 Another type of "clean" quartz surface, but not in­
cluded in the present study, is that resulting from the fresh 
cleavage of quartz crystals. Such surface may present broken 
bonds in the form of free radicals which may exhibit par­
ticularly high chemical reactivity. 3 Io the present study we 
compare the cytotoxic activities of quartz and amorphous 
silica dusts dehydroxylated at different temperatures and re­
equilibrated with the atmosphere over prolonged time 
periods, thus comparing the relative cytotoxicities of surfaces 
of crystalline and amorphous silica particles covered by ad­
sorbed water, silanol, and/or siloxane groups. 
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EXPERIMENTAL METHOD 
Materials: The materials used in this study were Min-U-Sil 
crystalline silica dust from two different batches obtained 
from U.S. Silica Inc. of Pittsbwgb, PA, Cab-0-Sil, a fumed 
silica dust provided by the CABOT Corporation, and 
respirable size Jl-cristobalite dust, a standard reference 
material of National Bureau of Standards. X-ray diffraction 
analysis showed Min-U-Sil to be essentially pure a-ijWlllZ, 
while the Cab-0-Sil dust exlubited no detectable crystallini­
ty. The Min-U-Sil particle size ranged from 0.4 to 10.0 
microns with 98.2% of the particles below4.7 !Lllland 85.2% 
below 1.1 !LIil; its BET specific surface area was deter­
mined as 5.2 rri'/g. The Jl-cristobalite particle size was in 
the 2-5 !LIil range with a specific surface area of 2.5 rri'/g. 
The Cab-0-Sil material consists of 2 to 40 !LIil diameter ag­
gregates formed by primary particles of 0.1 to 0.2 !LIil 
diameter. The BET specific surface of the M-5 grade Cab-
0-Sil used in most of the experiments reported was measured 
to be 195.4 rri'lg. Other grades of Cab-0-Sil tested bad 
specific surface areas of 100, 255, and 380 rri'/g. The ther­
mal treatment of the materials were conducted in air at 
temperatures ranging between 100 C and 1095 C for time 
periods of 48 and 72 hours. 

Hemolysis assay: The test protocol developed by Harington 
et al.4 was used, with slight modifications (Wallace et al. 
(4a)), for the present investigation. Dusts were made up to 
a stock concentration of 2 mg dust per ml of calcium- and 
magnesium-free Dulbecco's phosphate buffered saline (PBS) 
obtained from Sigma Corp of St. Louis, MO. The dust-5aline 
mixture was stirred in a sonicator bath until the dust was fully 
dispersed and suspended in the liquid phase. The stock 
suspension was then diluted to make sample preparations, 
in duplicate, of 0.04-2.0 mg dust/ml PBS. Sheep blood 
ecytbrocytes, supplied by Scott Laboratories of Fiskeville, 
RI. were washed twice with PBS, centrifuged at 990g and 
diluted to a 2% by volume suspension in PBS. Equal volumes 
of dust suspension and the 2 % erythrocyte suspension were 
then mixed to obtain mixed suspensions of 1 % by volume 
of erythrocyte cells and dust concentrations in the range of 
0.02 to 1.0 mg dust/ml. These suspensions were subsequently 
incubated for 30 minutes at room temperature with agita­
tion every 10 minutes and then centrifuged at 990g. The 
amount of hemoglobin released was determined col­
orimetrically on a Bausch and Lomb Spectrometer (Spec 20) 
at a wavelength of 540 nm. Negative controls consisted of 
1 % suspensions of erythrocyte cells in PBS and positive con­
trols of an equal volume mixture of water and 2 % by volume 
suspension of erythrocytes in PBS. 

EXPERIMENTAL RESQLTS 
The hemolytic activity of UD!reated Min-U-Sil, Jl-cristobalite. 
and Cab-0-Sil, as function of dust concentration, are com­
pared in Figure 1. These results show that on a per unit 
weight basis the Cab-0-Sil material is about an order of 
magnitude more active than the crystalline Min-U-Sil. On 
a surface area basis, however, Min-U-Sil is more toxic than 
the amorphous material by, approximately a factor of 3 to 
4, since the specific surface area of Cab-0-Sil was found 
to be over 30 times larger than that of Min-U-Sil. The 
hemolytic activities of Cab-0-Sil and Jl-cristobalite are, on 
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the other band, comparable on a unit area basis. This is in 
general agreement with other findings on the relative 
biological activity of various allotropic forms of silica. t.5.6 
However, a test of hemolytic activity conducted on Cab-0-
Sil material of different specific surface areas (Figure 2) 
shows a decrease in activity with increasing specific surface 
area (or decreasing primary particle size) suggesting that a 
different mechanism may underlie the toxicity of the fumed 
silica particles. This latter finding is in qualitative agreement 
with the particle size dependence of colloidal silica reported 
by Harley and Margolis} 

The effect of calcination on the hemolytic activity of Min­
U-Sil and Cab-0-Sil and the change in the specific surface 
area of the materials on calcination is illustrated in Figures 
3 and 4. It is evident from these results that the percent 
decrease in hemolytic activity exceeds the percent decrease 
in surface area by sintering, indicating a net decrease in ac­
tivity on a per unit of surface basis. This decrease in activi­
ty coincides with the dehydroxylation of the silica surface 
reported for various types of silica. 1 The dehydra­
tion/debydroxylation process was followed by photo-acoustic 
spectra of surface modes of the calcined materials and is il­
lustrated in Figure 5. The untreated sample exlubits a broad 
absorption band in the 3000-3700 cm-• range which is 
associated with hydrogen bonded silanol groups and adsorbed 
water molecules, and the sharp 3747 cm- 1 band 
characteristic of free silanol groups. Calcination leads first 
to the disappearance of the broad band and an increase in 
the intensity of the free silanol group concentration at 
temperatures below soo·c and, subsequently. to the disap­
pearance of this band at temperatures above soo•c. It bas 
been found by previous investigators of the debydroxylation 
of silica surfaces that at temperatures below approximately 
400-450°C less than half of the hydroxyl groups have been 
removed and thus there is an appreciable concentration of 
adjacent hydroxyl groups which facilitate rapid rehydrox­
ylation of the surface. As the calcination temperature is in­
creased beyond this range the dehydroxylation process 
becomes more irreversible until, at around 1100°c. a fully 
dehydrated, hydrophobic siloxane surface is attained. s.9 
This process appears remarkably well reflected in the ob­
served hemolytic activity of calcined silica particles shown 
in Figures 3 and 4, which leads to the conclusion that the 
hemolytic activity of the siloxane surface is much lower than 
that of the normal. hydroxylated surface, regardless of the 
type of crystal structure (a-iJWll!Z or amorphous) under con­
sideration. It was also observed that the calcined materials, 
maintained under normal desiccator conditions, recovered 
their cytotoxicity with time. For fumed dusts calcined at 
800-950°C this recovery occurs over a period of 10 to 20 
days, as is illustrated in Figure 6. For crystalline materials 
and calcination temperatures where a fully siloxinated sur­
face is generated, these times were found to be considerably 
longer. For example, a sample of Min-U-Sil calcined at 
l 100°C recovered only about 30% of its precalcination ac­
tivity after a period of 180 days. This observation is in general 
agreement with hydroxylation rates reported by other re­
searcbers.1-' The recovery of cytotoxicity by the calcined 
dusts is accompanied by the reappearance of the I.R. absorp­
tion bands characteristic of the hydroxylated surface. 



Another method for monitoring the surface structure changes 
of the silica particles is by the measurement of the elec­
trophoretic mobility or "zeta-potential." This potential 
measures, if other variables are held constant, the magnitude 
of the electric charge of the surface double-layer of the par­
ticles. It is thus a convenient method for detecting changes 
in the surface structure of particles. Figures 7a and 7b com­
pare zeta-potential-pH profiles for untreated and calcined 
Min-U-Sil, and for fl-cristobalite and a-ipl3rlZ (Min-U-Sil), 
respectively. For the calcined samples it is observed that the 
zeta potential decreases for calcination temperatures up to 
500°C which may be associated with desorption of water 
from the particle surface and a corresponding increase in the 
double-layer potential. Further dehydroxylation to form sur­
face silane bonds results in a reduced electrical double-layer 
potential and, consequently, a more negative zeta potential. 
Cristobalite particles have a lower zeta-potential than quartz 
particles and a lower hemolytic activity as well. 

1be effect of degree of surface hydroxylation was also tested 
by treating Min-U-Sil samples with alkaline and acidic solu­
tions. It has been reported that the rehydroxylation of partly 
dehydroxylated silica surfaces is catalyzed by alhili. to Min­
U-Sil samples calcined for 48 hours at 800°C and which had 
lost 50% of their hemolytic activity by this treatment, 
recovered their full hemolytic potential after immersion in 
a stirred 5% solution of NaOH in water. Similar treatment 
of non-<:alcined Min-U-Sil dust resulted in a slight increase 

Toxicity/Swface Charaaerizatioo I 

in hemolytic activity while exposure to acid solutions (10% 
HCI) had no significant effect on hemolytic activity, as is 
shown in Figure 8a. However, the enhancement of hemolytic 
activity resulting from the alkaline solution treatment was 
found not to be permanent and the particles so treated were 
observed to return to the initial cytotoxic levels over a period 
of 40-80 days (Figure 8b). 

CONCLUSIONS 

A test of the effect of dehydration and dehydroxylation on 
the cytotoxicity of respirable silica dust particles, as measured 
by their hemolytic activity, suggests that such activity can 
be correlated with the total concentration of surface silanol 
groups in the sample. Although this may not be the only 
mechanism for cytotoxicity of silica, the finding confirms 
the results of Nash et al. of some years ago. II This correla­
tion appears, however, to be independent of the structure 
of the underlying silica (crystalline or amorphous), conlran' 
to other findings on this issue. The concentration of OH 
groups on hydroxylated silica surfaces is not a readily 
definable parameter and may vary with particle size, porosi­
ty, degree and type of crystallinity, thermal history, etc.12,13 

which may explain the great variability in cytotoxicity 
resulting from various surface treatments of the material. In 
the study reported here, the elimination of hydroxyl groups 
at calcination temperatures above 500°C coincides well with 
the observed decrease in cytotoxicity. 
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Figure la. Cytotoxicity as function of dust concentration for quartz and cristobalite. 
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Figure lb. Cytotoxicity as function of dust concentration for fumed silica (Cab-0-Sil). 
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Figure 2. Hemolysis by fumed silicas of different surface areas (tested at dust concentration of 0.05 mg/ml). 
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