
INFORMATION TO USERS

This reproduction was made from a copy of a manuscript sent to us for publication 
and microfilming. While the most advanced technology has been used to pho­
tograph and reproduce this manuscript, the quality of the reproduction is heavily 
dependent upon the quality of the material submitted. Pages in any manuscript 
may have indistinct print. In all cases the best available copy has been filmed.

The following explanation of techniques is provided to help clarify notations which 
may appear on this reproduction.

1. Manuscripts may not always be complete. When it Is not possible to obtain 
missing pages, a note appears to indicate this.

2. When copyrighted materials are removed from the manuscript, a note ap­
pears to indicate this.

3. Oversize materials (maps, drawings, and charts) are photographed by sec­
tioning the original, beginning at the upper left hand comer and continu­
ing from left to right in equal sections with small overlaps. Each oversize 
page is also filmed as one exposure and is available, for an additional 
charge, as a standard 35mm slide or in black and white paper format.*

4. Most photographs reproduce acceptably on positive microfilm or micro­
fiche but lack clarity on xerographic copies made from the microfilm. Fbr 
an additional charge, all photographs are available in black and white 
standard 35mm slide format. *

•For more Information about black and white slides or enlarged paper reproductions, 
please contact the Dissertations Customer Services Department

T T-\yf-T DissertationUIV11 Information Service
University Microfilms International
A Bell & Howell Information Company
300 N. Zeeb Road, Ann Arbor, Michigan 48106



8629719

Nolan, Robert Patrick

INTERACTION OF QUARTZ WITH BIOLOGICAL MEMBRANES 

City University of N ew  York Ph.D.

University
Microfilms

International 300 N. Zeeb Road, Ann Arbor, Ml 48106

Copyright 1986 

by

Nolan, Robert Patrick 

All Rights Reserved

1986



PLEASE NOTE:

In all cases this material has been filmed in the best p o s s ib le  w a y  from the available copy. 
Problems encountered with this document have been id e n tif ie d  here with a check mark V  .

1. Glossy photographs or pages. y
2. Colored illustrations, paper or print_______

3. Photographs with dark background_____

4. Illustrations are poor copy______

5. Pages with black marks, not original copy

6. Print shows through as there is text on both sides o f  p a g e _______

7. Indistinct, broken or small print on several p a g es_________

8. Print exceeds margin requirements______

9. Tightly bound copy with print lost in spine_________

10. Computer printout pages with indistinct p rin t________

11. Page(s)___________ lacking when material re c e iv e d , a n d  not available from school or
author.

12. Page(s)___________ seem to be missing in n u m b e rin g  on ly  as text follows.

13. Two pages numbered . Text follows.

14. Curling and wrinkled pages______

15. Dissertation contains pages with print at a slant, f i lm e d  a s  received_________

16. Other__________________________________________

University
Microfilms

International



Interaction of Quartz with Biological Membranes

By
Robert Patrick Nolan

A dissertation submitted to the Graduate Faculty in 
Chemistry in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, The City University of New 
York.

1986



- ii -

1986
Robert Patrick Nolan 
All Rights Reserved



- j ii -

This manuscript has been read and accepted for the Graduate 
Faculty in Chemistry in satisfaction of the dissertation 
requirement for the degree of Doctor of Philosophy.

^  *•, nr* Q f . .*j) _Date Chairman of Examining Committee

Date ' Executive Officer ^

[V
 (Dzy* d- $  jl. ________

Supervisory Committee

The City University of New York



- iv - 

ABSTRACT

The interaction of quartz with the macrophage membrane 
plays a central role in the pathogenesis of silicosis. The 
erythrocyte has been used as a model to study mineral/ 
membrane interaction. Many pathogenic minerals, including 
quartz, have the ability to alter the permeability of the 
erythrocyte membrane. The hemaglobin released by this 
membranolytic action can be easily quantitated by optical 
spectroscopy. The variation in membranolytic activity of 
quartz was studied with respect to surface structure, 
particle size, and quartz variety. Quartz membranolytic 
activity can, depending on its surface structure, vary from 
a level indistinguishable from background lysis to one of 
potent hemolytic effect. The ratio of the change in 
hemolytic index closely follows the ratio of the change in 
surface area. The quartz variety was the least important of 
the three variables. For a quartz specimen which was shown 
to be membranolytically active, the contribution of the 
chemical functionalities on the surface were determined. 
The two major functional groups on the quartz surface are 
the silanol group which can undergo hydrogen bonding and the 
ionized silanol group which impart negative surface charge. 
The membranolytic activity of quartz has long been attri­
buted to the surface silanol groups. The experimental evi­
dence which supports this hypothesis is the inhibition of 
membranolytic activity by hydrogen bonding polymers. 
Blocking the quartz surface charge with metal cations also
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inhibits the membranolytic effects. To further understand 
the role of quartz surface charge, experiments were done to 
identify a receptor on the erythrocyte membrane. When the 
anion transport receptor, which binds the negative quartz 
surface charge, was blocked by inhibitor known to complex 
with it, hemolysis is antagonized. The principles which 
control quartz membranolytic activity were also found to be 
applicable to the titanium dioxide polymorphs, rutile and 
anatase.



- vi - 

PREFACE

I would like to acknowledge the following for their 
scientific contribution to this thesis: A.M. Langer, J.S.
Harington, Gerald Oster, K.W. Foster, J.A. Hamilton, and 
G.B. Herson. I would also like to thank the members of my 
committee for their participation. Carol Shiroky needs to 
be acknowledged for her excellent work in typing the thesis, 
and Valerie Josephson and Rupert Fuller for the graphics.

This thesis was made possible by support from the 
National Institute of Environmental Health Sciences ES00928, 
Mobile Foundation, National Institute for Occupational 
Safety and Health OH01905, Societe Nationale de l'Amiante, 
Canada, and the Stony Wold-Herbert Fund, Inc.



- vii -

This thesis is dedicated 
to

the memory of 
the late 

PROFESSOR AL STEYERMARK



- viii -

TABLE OF CONTENTS
Page

Abstract.....................................  iv
List of Tables..................................xii
List of Figures................................ xv

I. INTRODUCTION .................................. 1
The Hemolytic Model ........................ 2
The Surface of Quartz...................... 4
Silicosis and Silica........................ 7
The Biological Action of Quartz ............ 8

II. METHODOLOGY FOR THE DETERMINATION OF THE
MEMBRANOLYTIC ACTIVITY OF QUARTZ .............. 13

Introduction................................ 14
The Hemolysis Assay as an
Index of Cytotoxicity.................... 14

Materials and Methods ...................... 16
The Hemolytic Assay...................... 16
Determination of the Hemolytic
Reference Point, HC50.................... 18
Estimation of Variance .................. 18
Powder Preparation ...................... 19
Particle Size Distribution .............. 20
Size-Fractionated Material .............. 22

Experimental Results........................ 24
Hemolysis as Related to
Erythrocyte Age.......................... 24
Hemolysis with Higher
Particle Content ........................ 25



- ix -

Page
Hemolysis with Time......................  26
Hemolysis of Quartz Specimens
From Different Geological Localities . . .  27
Hemolysis and Particle Size..............  28

Discussion and Conclusions..................  29
III. VARIABILITY IN THE MEMBRANOLYTIC

ACTIVITY OF QUARTZ............................  48
Introduction................................  49
Materials and Methods ......................  50

Quartz Specimens ........................  50
Preparation of Quartz Specimens..........  51
Characterization of Quartz ..............  52

Experimental Results........................  55
Membranolytic Activity as a
Function of Particle Size................  55
Different Quartz Varieties 
Obtained as Massive Anhedral
Specimens and Single Crystals............  55
Study of Non-Membranolytic
Specimens................................  56
Membranolytic Activity of
Surface Modified Quartz..................  58

Discussion and Conclusions..................  60
IV. QUARTZ MEMBRANOLYTIC ACTIVITY AS RELATED

TO ITS SURFACE FUNCTIONALITIES ................  98
Introduction................................  99
Materials and Methods ......................  100



- X -

Page
Biological Systems, Inhibitors,
and Physical Measurements.................. 101
The Hemolytic System .................... 102
Hemolysis with Quartz --
A Surface Phenomenon .................... 104
Inhibition Studies ...................... 105

Discussion and Conclusions.................... 109
V. RECOGNITION OF QUARTZ BY ERYTHROCYTE

MEMBRANES........................................ 127
Introduction.................................. 128
Materials and Methods ...................... 130

Quartz Specimen............................ 130
Inhibition of Quartz
Membranolytic Activity .................. 130
Hemolytic Model............................ 131

Experimental Results.......................... 133
Bimodal Class of Anion
Transport Inhibition .................... 133
Disulfonic Acid Stilbene ................  133
Pyridoxal 5'-Phosphate .................. 134
NAP-Taurine................................ 136
Non-Covalent Inhibitors of
Anion Transport............................ 137

Discussion and Conclusions.................... 138
VI. MEMBRANOLYTIC ACTIVITY OF RUTILE AND ANATASE —

TWO Ti02 POLYMORPHS.............................. 159
Introduction.................................. 160



- xi -

Page
Naturally Occurring Titanium
Dioxide Polymorphs ...................... 162
Crystal Structure of the
Titanium Dioxide Polymorphs................ 162
Crystal Structure and Surface
of Titanium Dioxide Polymorphs .......... 163
Chemistry of the Titanium Dioxide
Polymorphs................................ 164
Preparation of Synthetic Titanium
Dioxide for Pigment........................ 165

Materials and Methods ...................... 166
Characterization of Specimens.............. 170
Size Distribution Measurements .......... 171
Hemolytic Model............................ 172
Determination of Poly<2-vinyl-
pyridine-N-oxide) Binding.................. 173
Positive Controls.......................... 174

Experimental Results.......................... 174
Membranolytic Activity of the
Titanium Dioxide Specimens .............. 174
Comparison of the Bonding Ability 
of the Titanium Dioxide Specimens 
and Quartz with Poly(2-vinyl-
pyridine-N-oxide).......................... 175

Discussion and Conclusions.................... 177
References...................................... 207



- xii -

LIST OF TABLES
Table Page
11.1 Particle-size distribution

in representative splits .................... 33
11.2 Hemolytic response of sheep red 

blood cells of different ages to
Industrial Silica Flour {ISF)................ 34

11.3 Hemolytic response of sheep 
erythrocyte cells to Industrial
Silica Flour in a range of concentrations. . . 36

11.4 Change in hemolysis with time................  37
11.5 Hemolytic response of sheep 

erythrocytes to quartz specimens 
obtained from different geological
localities.................................  38

11.6 Hemolytic activity of Industrial 
Silica Flour —  Influence of
particle-size on hemolysis .................. 39

111.1 Relationship between particle size
and surface area with constant shape........  6 6

111.2 Particle size distribution and 
membranolytic activity of size
fractionated Min-U-Sil 15.................... 67

111.3 Particle size distribution and 
membranolytic activity of size
fractionated Sigma amorphous silica.......... 68

111.4 HC50 of the unfractionated <45um
quartz specimens ............................ 69



-  X l l l  -

Table Page
111.5 Membranolytic activity of the water

fractionated quartz specimens................ 70
111.6 Size distribution of quartz 

specimens size-reduced from 
large single crystals and
massive specimens............................ 72

111.7 Membranolytic activity after 
heating of the quartz specimens
size-reduced from large crystallites ........ 75

111.8 Size distribution of surface-
modified Min-U-Sil 15........................ 76

111.9 Variation in the amount of 
poly(2-vinylpyridine-N-Oxide) 
which bound to 50mg/ml of each
of the surface modified Min-U-Sil 15's . . . . 77

V.l Effect of DIDS at high concentrations
on quartz membranolytic activity ............ 142

V.2 Effect of DIDS on quartz membranolytic
activity under conditions of
irreversible binding ........................ 143

V.3 UICC Canadian chrysotile was not
inhibited by DIDS or SITS under
conditions of irreversible binding .......... 144

VI.1 Production of synthetic titanium
dioxide in the United States —  1985 ........ 181



- xiv -

Table Page
VI.2 Comparison of the physical and

chemical properties of the titanium
dioxide polymorphs . . . . .  ................ 182

VI.3 X-ray diffraction characterization 
of titanium dioxide specimens
used experimentally............................ 184

VI.4 Size distribution of titanium
dioxide and quartz specimens ................ 186

VI.5 Membranolytic activity of the 
naturally occurring titanium 
dixoide polymorphs: Rutile
and anatase.................................... 188

VI.6 Membranolytic activity of 
titanium dioxide specimens 
obtained as fine industrial
powders (synthetics) ........................ 189

VI.7 Relationship between particle 
size and surface area with 
constant shape for quartz,
anatase and rutile............................ 190



- X V  -

LZST OF ILLUSTRATIONS 
Figure Page
11.1 Hemolytic response of sheep

red blood cells to Industrial
Silica Flour (quartz) as a
function of age of cells....................  40

11.2 Hemolytic response of sheep 
erythrocyte cells to Industrial 
Silica Flour as a function of
mineral dust concentration ..................  42

11. 3 Hemolytic response of sheep 
erythrocytes to 6.5mg/ml of 
Industrial Silica Flour as a
function of time............................  44

II.4 Hemolytic response of sheep
red blood cells to Industrial
Silica Flour (ISF) and size 
fractions extracted from a
representative bulk sample of ISF............  46

111.1 Membranolytic activity of the
size fractionated Min-U-Sil 15 ..............  78

111.2 Membranolytic activity of size 
fractionated sigma "amorphous”
silica as a function of Stokes' diameter . . .  80

111.3 Comparison of the hydrogen bonding 
ability of four size-matched
quartz specimens ............................  82



- xvi -

Figure Page
111.4 Effects of heating on the 

membranolytic activity of two
size-matched quartz specimens................  84

111.5 Membranolytic activity of
KOH-modified quartz.......................... 86

111.6 Membranolytic activity of
HF-modified quartz .......................... 88

111.7 Membranolytic activity of 
dimethylchlorosilane-
modified quartz.............................. 90

111.8 Binding of 2-PVPNO to 
KOH-modified quartz and 
KOH-modified quartz which
was heated.................................. 92

111.9 Binding of 2-PVPNO to 
HF modified quartz and 
HF modified quartz which
was heated.................................. 94

111.10 Binding of 2-PVPNO to 
dimethylchlorosilane
modified quartz.............................. 96

IV.1 Micrographs of Min-U-Sil 15
by polarized light microscopy.................. 113

IV.2 Quartz binding of PVPNO in
linear binding range .........................  115

IV.3 Inhibition of quartz hemolysis
as a function of PVPNO absorption. . . . . . .  117



- xvii -

Figure Page
IV.4 Inhibition of quartz hemolysis 

as a function of cationic and
PVPNO binding.................................. 119

IV.5 Inhibition of quartz hemolysis 
by aluminum chloride as a
function of time.............................. 121

IV.6 The change in the zeta potential 
of quartz as a function of
aluminum chloride concentration................ 123

IV.7 The influence of quartz-bound
aluminum on the binding of PVPNO.............. 125

V.l Inhibition of quartz membranolytic
activity by DIDS.............................. 145

V.2 Inhibition of quartz membranolytic
activity by SITS.............................. 147

V.3 Inhibition of quartz membranolytic 
activity by irreversibly bound
DIDS and SITS................................149

V.4 Inhibition of quartz membranolytic
activity by pyridoxal 5'-phosphate .......... 151

V.5 Effect of pyridoxal 51-phosphate,
sodium chloride, and disodium phosphate
on quartz membranolytic activity ............ 15 3

V.6 Inhibition of quartz membranolytic
activity by NAP-taurine......................155

V.7 Effect of phloretin and phloridzin
on quartz membranolytic activity ............ 157



- xviii -

Figure Page
VI.1 Flow diagram for the synthesis of 

titanium dioxide via the
sulfate process.............................. 191

VI.2 Flow diagram for the synthesis of 
titanium dioxide via the
chloride process ............................ 193

VI.3 Comparison of the membranolytic
activity of six synthetic titanium
dioxide specimens and quartz ...............  195

VI.4 Comparison of the membranolytically 
active rutile (Dupont) with two 
fine particle size quartz specimens 
and two titanium dioxide specimens 
used in pneumoconiosis research
as inert controls.............................. 197

VI.5 Comparison of the membranolytic 
activity of two fine particle 
size quartz specimens and two
synthetic rutile specimens .................. 199

VI.6 The hydrogen bonding ability of 
two fine particle size quartz 
specimens compared to four
titanium dioxide specimens .................. 201

VI.7 The ability of four synthetic
rutiles to hydrogen bond with
the polymer, 2-PVPNO, was determined ........ 203



- xix -

Figure Page
VI.8 Inhibition of titanium dioxide 

#10082 membranolytic activity
with 2-PVPNO.................................. 205



- 1 -

CHAPTER I 
Introduction



- 2 -

The Hemolytic Model
Although hemolysis of erythrocytes plays no part in the 

pathogenesis of silicosis, the technique provides a simple 
and rapid way of studying the effects of inorganic dust (and 
mineral fibers) on biological membranes. The erythrocyte 
membrane is not typical, yet the in vitro technique of 
hemolysis has proved to be a simple and rapid way of 
attempting to find possible correlations between 
cytotoxicity and hemolytic activity. Numerous investigators 
have considered that this simple membrane model may be used 
as a measure of a mineral's cytotoxicity. The mature 
erythrocyte has been used as such a model since the early 
part of this century, and it appeared more recently with 
Goldie (1938) and Dogmon and Simonot (1951).

Citations exist in the literature concerning the 
importance of the erythrocyte membrane in studying effects 
of specific mineral dusts (see e.g., Harley and Margolis, 
1961; Stalder and Stober 1965; Allison et al., 1966; Nash et 
al., 1966? Macnab and Harington, 1967; Heppleston and 
Styles, 1967; Schlipkoter, 1968; Secchi and Rezzonico, 1968; 
Gabor and Anca, 1974; Hobza and Hurych, 1978). The use of 
the erythrocyte membrane specifically for the study of the 
actions of silica was the focus of several early 
investigations (Landsteiner and Jagic, 1904; Harley and 
Margolis, 1961; Kessel et al., 1963). Since these early 
investigations, numerous workers have found that there may 
exist several broad relationships between the cytotoxicity 
of a mineral species and its hemolytic activity (see e.g.,
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Koshi et al., 1968; Schnitzer and Pundsack, 1970; Harington 
et al. 1971a).

The hemolytic activity of various forms of silica has 
been reviewed by Harington et al. {1975). There are at 
least two types of such hemolysis: direct hemolysis
initiated by contact of the erythrocytes with silica, as a 
powder or, in certain circumstances, as a solution and 
indirect hemolysis in which colloidal silicic acid and 
certain soluble silicate polymers sensitize the erythrocyte 
to lysis by complement (Harington et al., 1971b).

Apart from occasional studies, for instance by 
Harington et al. (1971a), the mechanism of indirect 
hemolysis has been almost totally neglected and merits 
further analysis. By the same token, the effect of 
monomeric and polymeric silicic acid offers advantages to 
studies on mechanisms of hemolytic actions by silica 
compounds (see Iler, 1978). In addition, particle size of 
silica is important (Harley and Margolis, 1961), as is the 
likelihood that the hemolytic action of silica is basically 
an osmotic lysis which can in turn be prevented osmotically 
by polyvinylpyridine-N-Oxide (PVPNO) (Harington, et al. 
1971b).

Informative comparative investigations of the hemolytic 
activities of silica and various forms of asbestos fibers 
(Macnab and Harington, 1967; Harington et al. 1971b) and 
specific studies of the mechanisms of hemolysis by silica 
(Summerton et al., 1977; H e r  1978) have greatly clarified 
the manner in which the silica surface interacts with
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biological membranes.

The Surface of Quartz
The surface of quartz readily hydrates in the presence 

of water because of both geometrical and energetic 
considerations. This hydration process forms surface 
silanol groups (-SiOH) which, depending on pH, results in 
the presence of partially ionized silanol groups (-SiO-). 
The ratio of -SiO to -SiOH proton is pH dependent (Her, 
1978). The nonionized silanol groups is a hydrogen donor 
functionality which has been implicated in the biological 
activity of quartz. As proposed by Nash et al. (1966), 
surface silanol groups (polymeric silicic acid) act as 
proton-donor groups and may break structures of biological 
macromolecules (similar to actions of urea in the 
denaturation process of proteins). This hypothesis was 
further considered by Allison (1968) who suggested that most 
biological macromolecules are "hydrogen acceptors," and that 
those few compounds which are hydrogen donors are toxic. 
These same conclusions were reached by Stober and Brieger 
(1968), as well as by others. This general model of 
interaction, with a focus on the hydrogen-donor quality of 
the silanol group, has been accepted by most investigators 
on a number of experimental and theoretical grounds.

The non-ionized silanol groups occupying the surface of 
the quartz particles are essentially neutral so that the net 
surface charge is imparted by the ionized silanol groups. 
Under almost all physiological conditions, quartz remains
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essentially negative in surface charge (see e.g. Mehrishi 
and Seaman, 1966; Bergman and Langrish, 1972; Her, 1978). 
Even disruption of the crystalline character of the quartz 
surface and the creation of a Beilby layer does not appear 
to alter the negative surface character significantly. It 
has been broadly noted that a reduction in the measurable 
surface charges brings about a reduction in the cytotoxic 
character of quartz (see e.g., Bergman and Langrish, 1972). 
It has been presumed that the reduction of negative 
character merely reflected greater silanol group formation 
at the expense of the ionized form. Its acceptance appears 
odd in that these experiments, involving reduction of 
surface charge, were carried out under buffered pH 
conditions. The surface charge can be reduced by cations 
under these conditions as long as the cations are not H+.

A number of investigators have shown that the 
alterations of surface charge of quartz (reduction in 
negative charge) through bonding of trace metals markedly 
decrease its cytotoxicity (Stalder and Stober, 1965; Macnab 
and Harington, 1967; Policard et al., 1971; Bergman and 
Langrish, 1972; Beck et al., 1973). Yet, in these 
investigations, the effects of trace metal adsorption was 
never studied in relation to its effect on silanol groups 
disruption. The observation remained, however, that 
reduction of available ionized silanol groups markedly 
reduced cytotoxicity.

As an offshoot of the importance of surface charge, 
there is a school which supports the hypothesis that
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electron transfer effects ("semiconductor activity") may 
also be an important mechanism of activity. There has 
recently been a spate of studies focusing on the production 
of free electrons on the surface of quartz, as related to 
its cytotoxicity. The availability of these electrons (from 
both subsurface defects and those made available from 
conduction bands) appears to correlate with membrane 
activity. This thesis states that membrane damage is 
brought about by reduction of membrane macromolecules (see 
e.g., Robock and Klosterkotter, 1975; Beck et al., 1973; 
Kriegseis et al, 1976; Hobza and Hurych, 1978). 
Interestingly, there are two observations which appear to 
challenge this hypothesis: first, electron transfer effects
are related to trace metal substitution within the quartz 
structure, suggesting that electron transfer is following 
another, more important, characteristic (see Beck et al., 
1973), and second, conduction of electrons under 
physiological conditions is largely unknown, and may not be 
reflected by in vitro experimental conditions.

In addition to the surface silanol group (ionized and 
nonionized) and electron transfer characteristics of the 
surface, it should be noted that the reports which exist in 
the literature suggests that the state of the silica, in 
terms of crystallinity, may be a determinant of its 
pathogenicity (see discussion in Langer, 1978). Differences 
in biological activity have implicated the polymeric state 
of silica (see e.g., Harley and Margolis, 1961) which 
apparently produces differences in bond character (Her,
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1978) .

Silicosis and Silica
Silicosis is a disease of the lung cause by the 

inhalation of one or more of the several silica polymorphs. 
The pathological condition is marked by the development of 
fibrosis, which may occur in the lung parenchyma in any 
lobe. Peribronchiolar and perivascular lesions are common, 
and interstitial involvement may occur as well. The 
classical lesion (the silicotic nodule) is composed of 
concentric, laminated masses of acellular collagenous 
tissue. These scar lesions are frequently accompanied by a 
decrease in pulmonary function, occasionally with findings 
of obstructive airway disease. Numerous other complications 
may also ensue, e.g., tuberculosis as well as a number of 
systemic effects (see e.g., Holt, 1957; Schepers, I960? 
Zaidi, 1969; Kleinerman, 1974; Zuskind et al., 1976; Langer, 
1978).

Silica is an oxide of silicon and may occur in a number 
of polymorphic forms (see Frondel, 1962). It is well known 
that these polymorphs, forms to which humans are exposed in 
the workplace, possess different biological potentials. 
There has developed an enormous literature in this area, 
some of it recently reviewed in Bergman and Langrish (1972) 
and Langer (1978). Of the silica polymorphs, quartz is the 
most important: it is one of the most common minerals in the 
earth's crust, occurring as common rock former, as a common 
host substance for ore deposition, and therefore also as a
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common gangue mineral. The result is that large numbers of
workers are exposed to quartz dust occupationally. Its
ubiquitous nature underscores its importance biologically 
(see Langer, 1980).

It has been observed that even the single mineral
quartz may possess a range of biological activities.
Occurring in different geological localities, its physical- 
chemical properties may vary markedly and appear to impart 
different biological potentials. This feature has been 
discussed in a number of recent papers (Bergman and 
Langrish, 1972; Weiss et al., 1973; Robock and

itKlosterkotter, 1975; Langer, 1978). It has been shown, for
example, that quartz occurring with measurable 
concentrations of iron or aluminum has a blunted activity; 
that quartz of small particle size (0.5-2.0um) tends to be 
more hazardous to workers than coarse, respirable dust; that 
mechanical methods to size-reduce quartz may produce 
noncrystalline layers on the surface, thereby blunting its 
activity; and the mechanical activities which produce 
shattered crystalline surfaces tend to enhance activity (see 
review in Langer, 1978). Many of these observations support 
the hypothesis that the nature of the quartz surface and 
differences in physical-chemical properties are clearly 
first order determinants of biological activity.

The Biological Action of Quartz
There is general consensus among most investigators 

that the action of quartz follows a "well-developed
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sequelae"; the inhalation of quartz is generally restricted 
"to respirable particles," on the order of less than 3um in 
mean aerodynamic diameter; the nature of pulverized quartz 
is such that its surface easily hydrates, binding water 
either from the atmosphere or in the alveolar wall space 
(disposition of particles may occur in either the small 
airways or in the alveolar spaces themselves; once within 
the human host, the hydrated particles may be become coated 
with proteins, surfactants, or other substances normally 
available in these tissues; the presence of the dust elicits 
a response within the host (a chemotactic factor) which 
marshalls alveolar macrophages; quartz particles are 
phagocytosed (endocytosed) by the alveolar macrophages 
according to normal processes; the dust particles are 
encapsulated within a phagosomal vacuole which then fuses 
with primary lysosome organelles (containing lysosomal 
enzymes); lysosomal (hydrolytic) enzymes are discharged into 
the phagosomal vesicle forming a secondary lysosome (bounded 
by a lysosome-phagosome membrane wall) containing particles 
and enzymes; the enzymes digest organic molecules on the 
surface, "cleansing" the quartz surface; quartz particles 
with "clean" surfaces interact with the secondary lysosome 
membrane, causing it to either "leak" or disintegrate; 
lysosomal enzymes and undigested particles are released into 
the macrophage host, whereupon the cell undergoes autolysis 
and dies; at a time prior to, during, or after the 
macrophage death, substances are released ("collagen- 
stimulating factors") which stimulate fibroblasts to greatly
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increase collagen synthesis; and repeated macrophage death, 
fibroblast stimulation, and collagen synthesis produce the 
silicotic condition.

Within the above sequelae, there are some areas in 
which consensus is still lacking. For example, there are 
differences observed in rapid and delayed effects, in the 
exact nature of the factor which stimulates fibroblasts, 
etc. And even the final product, collagen, has been studied 
in terms of its own synthesis (see Stalder and Stober, 1965; 
Nash et al., 1966; Allison et al., 1966; Heppleston and 
Styles, 1967; Allison, 1968, 1971, 1978; Miller and
Harington, 1972; Harington et al., 1973; Harington, 1974; 
Chvapil, 1974, 1977; Gabor and Anca, 1974; Kriegseis et al., 
1976; Summerton et al., 1977; Depasse, 1978; Hobza and 
Hurych, 1978; Miller, 1979; Miller et al., 1980).

All current theories of silicosis generally agree on 
two points: the alveolar macrophage must be compromised or
damaged, and the mechanism of damage involves either the 
phagosome-lysosome membrane or the plasma membrane. The 
mechanism by which the membrane is damaged, resulting in 
release of the vesicle contents (including particles) into 
the cytoplasm, has been the focus of discussion. Although 
all theories agree that this important vesicle membrane is 
damaged, disagreement exists over the general biological 
events concerning the specific target of interaction 
(membrane components) and the extent and the nature of the 
damage (frank rupture, creation of osmotic channels, 
geometrical redistribution of membrane components, etc.).
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These may be summarized as follows:
- Catalytic peroxidation of membrane lipids (see e.g., 

Marasas and Harington, 1960; Gabor and Anca, 1974; 
Chvapil and Peng, 1975; Chvapil et al., 1976; 
Chvapil, 1977). Although this effect has been 
observed in a number of experimental systems, its 
reproducibility has not been uniform (see e.g., 
Kilroe-Smith, 1974). Those investigators reluctant 
to accept this mechanism have observed that 
superoxides are generated after membrane damage has 
taken place.

- Damage and/or rupture of membrane through particle 
interaction with phosphate ester groups on 
phospholipids (see e.g.. Brown, 1957; Stalder and 
Stober, 1965; Nash et al., 1966; Allison, 1971, 1978; 
DeKorosy and Taboch, 1973). The mechanism of 
interaction remains attractive on the basis of 
experimental evidence.

- Damage and/or rupture of the membrane through 
particle interaction with secondary amide groups on 
proteins (see e.g., Scheel, 1955; Harley and 
Margolis, 1961; Scheel et al., 1964; Desai et al., 
1975; Summerton et al., 1977; Desai and Richards, 
1978). As with the lipoprotein model, much evidence 
exists to support this. Support for the protein 
model of interaction is suggested by the presence of 
altered proteins, which are in part denatured and are 
"seen" as antigens by the host. This initiates
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within the host a form of autoimmune disease (see 
e.g., Vigliani and Pernis, 1963).

It is of interest to note that the material used in the 
experimental studies differed as to their state of 
crystal1inity, particle size, and geological origin. Some 
of the variations in experimental results may in part be 
explained by these differences (see e.g., Her, 1979, and 
discussion of bonding differences observed for silica in the 
different polymeric states).

After membrane damage, the dying and/or dead 
macrophage, through a released factor, stimulates the 
fibroblast in the production of collagen. The process and 
form of cell communication have been reviewed in a number of 
recent publications (Chvapil, 1977; Chvapil et al., 1976; 
Heppleston, 1978).
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CHAPTER II

Methodology for the Determination of the 
Membranolytic Activity of Quartz
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INTRODUCTION

It is often stated that the fibrogenicity and carcino­
genicity of a mineral dust may be measured by its cytotoxic 
potency (Harington et al., 1975). The hemolytic assay had 
been used to gauge mineral cytotoxicity. Quartz and many 
other fibrogenic minerals have the ability to interact with 
erythrocyte membrane and alter its permeability so that the 
hemoglobin contained within the cell is released. If the 
above stated relationship is true, then one may study the 
details of the hemolysis assay, the nature of the materials 
being tested and gain insights which may lead to an under­
standing of fibrogenic and carcinogenic potential of certain 
minerals.

Therefore, to gain an understanding of the action of 
mineral dust on cell membranes, the hemolysis assay repre­
sents a rapid and inexpensive model. A defined hemolytic 
assay has been developed which has sufficient precision and 
accuracy to differentiate a range of physicochemical states 
for a single mineral type. The variables which must be 
controlled for to have a reproducible hemolytic assay are 
described in this chapter.

The Hemolysis Assay as an Index of Cytotoxicity

Erythrocyte damage induced by mineral dust, and the 
accompanying quantitative measurement of the hemoglobin 
released on membrane failure, has developed into a rapid
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technique for gauging mineral cytotoxicity (Nolan et al., 
1981). However, a wide range of hemolytic indices can be 
found in the literature for a single mineral species. These 
values, often expressed as mass of mineral required to lyse 
50% of the erythrocytes in a stock suspension, vary so 
greatly that interstudy comparisons are impossible. 
Consequently, it has been observed that perhaps the 
hemolytic assay cannot be relied on for mineral dust 
evaluation, especially for measuring small differences in 
membrane activity for a single mineral species.

Scrutiny of the variously reported assay systems, where 
sufficient details are given, suggests that technical 
factors play a major role in producing disparate results. 
Among the variables in study design are animal species from 
which the erythrocytes are obtained; age of the cells out­
side the intact animal (often not given); cell concentration
in the standard erythrocyte suspension, which range from 
5 810 -10 cells/ml; different test mass concentrations of the 

same mineral species; determination of hemolytic activity 
along different portions of the dose response curve; time of 
interaction between the erythrocytes and the mineral dust, 
which range from 15 to 120 minutes; different spectrophoto- 
metric criteria for the measurement of lysate absorbance 
(530-541nm); different cell media and uncharacterized 
mineral specimens. On the basis of these methodological 
variations, it may be anticipated that measureably different 
cytotoxicity values would be produced even for the same 
mineral species.
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MATERIALS AND METHODS

The Hemolytic Assay
The hemolytic assay described here is modified after 

Schnitzer and Pundsack (1970)/ who based their protocol on 
Macnab and Harington (1967) and Secchi and Rezzonico (1968). 
The hemolysis experiments were performed using packed ery­
throcytes which were suspended at approximately 4% concen­
tration in Veronal buffered saline (VBS). A 0.25ml aliquot 
of the 4% erythrocyte suspension was diluted to 5ml with 
distilled water. If the absorbance at 530nm was not 
0.300jf0.010 absorbance units (A) the volume (V) was adjusted 
using the following relationship:

Vf x Af = V. x A±
Where if the final volume, Af is the final absorbance, 
is the initial volume, and A^ is the initial absorbance. 
The Aj should be 0.300A, then it follows that:

Vf x 0.300 = V, x A.
It is experimentally desirable to prepare a greater than 4% 
erythrocyte suspension and then dilute to obtain a standard 
concentration, because it is easier to dilute than concen­
trate. The stock suspension of erythrocytes contains ap-

Qproximately 3.6 x 10 cells/ml.
The quartz was introduced into glass tubes from a stock 

suspension in VBS prepared on the day of the experiment. 
The volume was then adjusted to 4ml with VBS. The erythro­
cyte suspension was never added to dry quartz; the hemolysis 
experiments were always carried out in buffered suspension



maintained in standard 16 x 125mm flint disposable culture 
tubes. After addition of VBS, 4ml of stock erythrocyte 
suspension was added to the tubes containing the quartz and 
buffer. The addition made the final concentration of

Oerythrocytes 1.8 x 10 cells/ml with a final volume of 8ml.
The positive control used in the experiment was 4ml of 

stock erythrocyte suspension added to 4ml of distilled 
water, which yielded total lysis; the negative control was 
4ml of VBS added to 4ml of stock erythrocyte suspension, 
which gave background absorbance. This latter value re­
flected mechanical lysis or leaking from the cells.

The erythrocyte/quartz suspensions were placed in a 
temperature bath set at 37°C for a period of two hours. The 
tubes were inverted every 30 minutes by hand to resuspend 
the settled cells and quartz. In adddition, the suspension 
was generally maintained as the tubes were constantly moved 
by gyratory motion. At the end of two hours, the content of 
all the tubes were centrifuged (800xg) and the absorbance of 
the clear supernatant, cell and particle free, was deter­
mined at 530nm.

The absorbance of 100% should be ten times the Af value
from the standardization of the erythrocyte suspensions.
Once the absorbance of the sample (A ) has been determined,s
the percentage hemolysis (%H) can be calculated from the 
relationship:
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Determination of the Hemolytic Reference Point, HC50
The hemolytic activity of a mineral is defined as the 

mass of mineral required to release 50% of hemoglobin (HC50, 
mg/ml) contained in the standard erythrocyte suspension. 
The HC50 value was obtained through extrapolation of mul­
tiple (usually 4 points in duplicate) data points defining 
the linear portion of the dose-response curve. Further, as 
a function of the optical system used to measure absorbance, 
the direct, onscale measurement of the hemolytic activity 
was always less than HC33. The rationale for this was based 
on our experimental observation that at about 50% hemolysis 
the linear dose-response begins to alter, producing a marked 
change in line slope (dose-response variation).

Estimation of Variance
The degree of hemolysis is a dose-response function,

related to the mass concentration of the mineral dust in the
system. On the basis of several data points, the linear
regression lines (best estimates) were calculated. The co-

2efficient of determination (r ) yielded proportion of total 
variance explained. With measured challenges, we computed 
the standard error of the estimate for each experiment (the 
observed hemolytic value [y] and the predicted hemolytic 
value [y'])- When several experiments were carried out in a 
single system, F values were computed for related scatter- 
grams to determine their measure of difference.
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Powder Preparations
Quartz specimens were prepared and characterized in the 

manner described by Nolan, et al. (1981). For this study, 
the primary focus was on those quartz varieties that were 
visibly colored (e.g., rose quartz) or obtained from a non­
industrial source (e.g., Gauley Bridge, West Virginia) . (A 
description of these specimens, including their localities, 
is given in Table II.5.) Specimens obtained as quartz 
crystal were pulverized in a carborundum mortar and pestle, 
and then examined by both polarized light microscopy and 
powder x-ray diffraction. Most were found to be of high 
purity. Occasionally a few fragments of mica and feldspar 
were observed by polarized light microscopy but mineral 
impurity appeared to account for less than by 1 part in 1000 
by volume. For all specimens but one, these mineral 
contaminants were not detectable by the powder x-ray method. 
Microsize quartz fragments appeared colorless and 
indistinguishable as particulates when examined by polarized 
light microscopy. The specimen from Gauley Bridge, however, 
contained measurable amounts of mineral contaminants. The 
quartz, in this case derived from a quartzite formation in 
the southern Appalachian Mountains, appeared coated with 
limonite minerals and occurred with fibrous micas 
(sericite), rutile needles, and feldspar. These contaminant 
minerals appeared to acount for the high HC50 of this 
specimen.

Powder x-ray diffractometry produced patterns in excel­
lent agreement with the standard powder x-ray diffraction
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file data card ASTM 5-0490. Of the 14 characteristic 
reflections from 20° to 65° two theta, all were resolved, 
indexed, and their interplanar spacings measured. Those 
reflections that remained on scale (for the full-scale set­
ting at 2000 cps) were within + 0.002A of their reported 
values. Those reflections that were "off scale" —  in which 
the peak center was estimated —  were within _+ 0.00 6A of the 
reported d-spacing values. All the quartz specimens yielded 
x-ray data in excellent agreement with the published 
standard.

Particle Size Distribution
The hemolytic index of a single mineral species was 

measured for a number of different particle size fractions. 
In addition to size reduction, the comminution of quartz 
produces several related changes, that is, an increase both 
in particle number and surface area. The fractionation of 
the quartz size classes by Stokes' settling formula ideal­
ized particles as unit spheres to facilitate computation. 
The reduction of a unit sphere's diameter by one-half, 
corresponding to a halving of its radius, produces an eight­
fold increase in "spherical" particle number (for each cy­
cle) accompanied by a two-fold increase in surface area. 
Quartz, however, behaves physically as an "irregular" part­
icle, with most planes of failure not well crystallographi- 
cally controlled. These computed ideal relationships are 
therefore never achieved during comminution.

Stokes' law relates particle size to settling velocity.
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Considering resistance to settling (R), which impedes fall, 
it was determined that:

R = 6nrnv 
Where r = radius of particle (cm)

n = viscosity of the fluid in which particle fails 
v = settling velocity of particle (cm/sec)

Counter forces of gravity and buoyancy also act on falling
particles and, when equal to total resistance, the following 
condition is met:

36irrnv = 4/3irr d2^
Where d^ = density of particle with volume 4/3Trr̂

d2 = density of fluid
2g = acceleration due to gravity (980cm/sec )

Solving for velocity in cm/sec, the equation yields:
2(d - d„)gr2

V = — ----
9n

Substituting values of water for the fluid, with the
temperature set at 24°C, quartz with a specific gravity of

3 42.65g/cm , the desired constant, C, is 3.57x10 . Therefore,
2V = Cr

for quartz in water.
We note that this model is simplified and is based on a 

number of assumptions; nevertheless, reasonable size 
fractions may be extracted.

One of the silica specimens used in this experiment was 
"industrial silica flour" (quartz). To effect a uniform 
separation, the small particles (1 and 2um Stokes1 diameter)
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were removed by decantation after allowing all the larger 
ones to settle out in water. The small particles were 
concentrated by centrifugation and the process repeated 
until all the supernatant that could have contained parti­
cles of 1 and 2um Stokes' diameter appeared clear.

Velocity of Fal1 by Time
Particle
Diameter

Fall
Height

(urn) (cm) (hrs) (min) (sec) £Sec
20 20 9 17 557
15 15 12 22 742
10 10 18 34 1,114
5 10 1 14 4 4,444
2 10 7 43 48 27,828
1 10 30 55 48 111,348

The 5, 10, 15 and 20 micrometer size particles were removed
in 10ml fractions. The process was repeated until the
desired amounts of each of the size fractions were col-
lected.

Size-Fractionated Materials
Each of the size-fractionated splits of the silica was 

examined in a similar fashion as the parent powder. Polar­
ized light micropscopic examination of all size splits indi­
cated that the rarely appearing associated feldspar was not 
confined to any single size class of particle. X-ray dif­
fraction patterns obtained on the size splits were almost
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indistinguishable, with no line-broadening effects discern­
ible. This observation is in keeping with diffraction 
theory. The process by which the quartz specimens were 
pulverized appears to have produced little surface artifact 
(Beilby layer). Minor intensity changes were noted for some 
reflections in the S5um Stokes' diameter fractions, likely 
to be due to orientation effects.

The Stokes' diameter fractions represent mixtures of 
sizes (Table II.1). The original material examined by po­
larized light microscopy was observed to comprise hetero­
geneous mixtures of all size ranges. The coarse 20um 
Stokes' diameter fraction was noted to consist of many large 
fragments in matrices of smaller particles (Table II.1). 
The finer 5um Stokes' diameter fraction contained large 
particles but smaller particles were present in qreater 
abundance than in the coarse splits. Even the finest frac­
tion contained rare residual 5um grains within the fine 
matrix.

Two Stokes' diameters are included for comparison: the
20um fraction is skewed toward the larger particle size 
range, whereas the 5um fraction is skewed in the opposite 
direction. Approximately 18% of the 20um Stokes' diameter 
fraction is greater than 15um in size, compared with a 0.5% 
content of similar particles in the Sum fraction. Converse- 
ly, approximately 31% of the 5um fraction is less than Sum 
in size, compared to a content of only some 5% of similar 
particles in the 20um fraction. Interestingly, both mater­
ials possess the 5.1 to lO.Oum size range as their modal
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class. As to mean particle size, each split was shown to be 
different (see Table II.1). The heterogeneity of the dif­
ferent size classes is a function of the initial size dis­
tribution of the particles in the sedimentation cylinder.

EXPERIMENTAL RESULTS

Hemolysis as Related to Erythrocyte Age
Ten and thirteen days old mature sheep erythrocytes

were prepared for hemolysis as described in the Materials
and Methods. Age of the cells was based on the number of
days out of the animal (reported to us by the invoice accom­
panying receipt of each batch). These cells were challenged 
with unfractionated industrial silica flour. The results of 
these hemolytic experiments are shown in Table II.2 and 
Figure Il.l.

Best estimate analysis of these data sets shows a 
slight increase in standard error about the best fit re­
gression lines in progressively older cells. The 50% hemo­
lytic concentration (HC50) range for all 24 data points is 6 
parts in 133 (or just under 5%). All the best estimate 
lines are statistically indistinguishable by the F-test. 
The HC50 ranges from 12.67mg/ml to 13.78mg/ml. The high 
values were obtained on the more aged cells.

Sheep erythrocytes may be used for at least two weeks 
after leaving the animal host with no major introduction of 
age artifact. Some increase in scatter is evident, but it 
is not of sufficient magnitude to cause a statistically
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significant difference in hemolytic activity.

Hemolysis With Higher Particle Content
Lysates with absorbances greater than 1 may be in the 

nonlinear portion of the dose-response curve, and, there­
fore, direct measurement of the HCs greater than 33% may 
produce an incorrect value. To obtain accurate readings on 
such a concentrated particulate system or on minerals of 
potent activity the lysates must be quantitatively diluted. 
This allows the absorbance to be measured within the linear 
portion of the absorption curve.

Standard erythrocyte suspensions were challenged with 
quartz dust above and below this critical lysis range. The 
suspensions were appropriately diluted so that the measure 
of absorbance could accurately be made, and the results of 
these experiments are shown in Table II.3 and Figure II.2.

The observed HC50, calculated from the best estimate 
line for the eight points measured for dust concentrations 
equal to or greater than 8.84mg/ml, is greater than the 
value calculated for the lower 12 particulate concentrations 
(less than 6.47mg/ml; Table II.3). The differences in these 
values is approximately 2.4mg/ml, which corresponds to a 
mass of quartz capable of hemolyzing almost 10% of the cell 
population present in the test suspension (see Table II.2) .

Dilutions even at a silica concentration above 14mg/ml 
yield hemolytic activities in the linear range when diluted 
back onto scale (Figure II.2). When concentrations of dust 
produce activities greater than 50% the slope dramatically
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flattens out (see Figure II.2). This region is statistical­
ly different as evidenced by the F values. At or near the 
50% hemolysis point there is a dramatic change in the slope 
of the dose-response curve. This flattening out of the 
curve gives higher values for the HC50 than if the points 
below 33% hemolysis are used and the HC50 is extrapolated.

This slope effect may be related to a number of fac­
tors. For example, the cellular debris, i.e. hemoglobin, 
released after hemolysis may possibly be binding to the 
particulate surface, thereby blocking its active functional­
ity. This has been previously suggested by Desai and 
Richards (1978). Another point is that the particulates may 
be so concentrated that they are settling out of the cell 
suspension rapidly, so that the effective amount of particu­
late in contact with the cells is proportionately less or 
not linearly proportional to its concentration. Also, dilu­
tion itself introduces an error into the system.

If particle adsorption of protein is the predominant 
factor in change of slope, then mineral species of high 
adsorptive capacity, e.g. chrysotile, would produce even 
greater variation at similar or lower concentrations. These 
data support the conclusion that hemolysis may be more 
accurately measured when small amounts of dust are used to 
challenge high concentrations of erythrocytes.

Hemolysis With Time
It has been reported in the literature that there is an 

initial rapidly hemolytic period after which cell contact
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with the mineral particulate produces negligible additional 
effect. The cited time period for this varies, and it is 
unclear whether this is related to mineral species or to 
some feature of the experimental system.

Utilizing industrial silica flour, we have determined 
the hemolytic concentration, HC25, to be approximately 
6.5mg/ml. This single dose of quartz was used to challenge 
sheep erythrocytes in time increments of 30 minutes for as 
long as three hours. (The results of this experiment are 
given in Table XX.4 and Figure II.3.) As with previous 
reports in the literature, the first 30 minutes of mineral/ 
erythrocyte contact results in rapid hemolysis; over 85% of 
the total hemolysis occurs here. The first plateau is not 
reached until one hour after particle contact. An addi­
tional 30 minutes produces a leveling of activity and a 
further 30 minutes produces a slight increase of activity 
within statistical limit (_+lo). For quartz, a measure of 
hemolytic activity is achieved with 120 minutes of cell 
contact. Different mineral species must be tested before 
detailed experimentation to determine the optimum time for 
maximum hemolysis.

Hemolysis of Quartz Specimens From Different Geological 
Localities

On an epidemiological basis, quartz minerals from dif­
ferent geological localities appear to possess different 
biological activities (Langer, 1978). To this end, we com­
pared hemolytic activity of four varieties of natural quartz
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minerals with our standard industrial silica flour. Quartz 
crystals obtained from a number of geological localities 
were comminuted and passed through a 325 mesh ASTM sieve 
collecting particles less than 45um in size. These powders 
were tested with sheep erythrocytes and their results com­
pared with silica flour. The results are given in Table 
II.5.

The difference in erythrocyte membrane activity among 
these five quartz specimens is of almost two orders of 
magnitude. A likely cause is difference in size distribu­
tion of the specimens, which was observed when examined by 
optical microscopy. Another is impurity: specimen #4
(quartzite), representing a crushed quartz-rich rock 
(greater than 90% quartz content by weight) is contaminated 
by trace substances, including iron oxide minerals. Micro­
scopic examination of the crushed powder revealed limonite- 
like mineral on the quartz fragments. Iron compounds are 
well-known suppressors of silica activity. Rose quartz, 
specimen, is reddish in color, suggesting the presence of 
both mineral impurities and trace metals. Both specimens 
contain agents that act to blunt activity.

Hemolysis and Particle Size
The different size fractions, obtained from industrial 

silica flour specimens by sedimentation techniques, were 
examined separately. The results of the experiments are 
given in Table II.6 and Figure II.4. The HC50 varies from 
the large size particle fractions down to that of the 2um
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Stokes' diameter in a progressively decreasing order. At
2the Sum Stokes' diameter, the r value for the coefficient 

of determination dropped markedly, and scatter about the 
linear regression line increased dramatically, indicating an 
increase in unexplained variance. The coefficient similarly 
is low at the 2um Stokes' diameter and the scatter appears 
to increase as well.

From the 20um Stokes' diameter down to smaller sizes 
there is a corresponding increase in particle number (by 
almost two orders of magnitude) and an increase in surface 
area by several fold. The HCBO's correspondingly decrease 
approximately two-fold. The hemolytic activity appears to 
be surface area related in that increase in the number of 
active functionalities, e.g., doubling of surface area, 
correlates with increased membrane activity (one-half the
quartz required to lyse 50% of the erythrocytes).

2The decrease in the r value, increase in "scatter" and 
reduction in biological activity of lum Stokes' diameter was 
likely an effect of small particle clumping.

DISCUSSION AND CONCLUSIONS

To determine reproducible hemolytic activities for 
mineral dusts, it is important that the test system be well 
characterized. Erythrocyte concentration, method of lysate 
measurement, e.g. particle size distribution and presence of 
contaminants, must be known variables if the hemolytic 
phenomenon is to be understood.
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The use of aged sheep cells that have been out of the 
animal for up to two weeks does not influence the HC50 value 
for quartz in a two-hour determination. Standard error 
about the linear regression line is small and the HC50 
values are within 5%. The older cells show more scatter 
about the best-estimate line, which may reflect slightly 
greater membrane fragility. Still, the scatter shows only a 
0.5% variation between observed and computed hemolytic 
values —  not a significant variation. The F-test clearly 
shows the dose-response curves to be statistically 
identical.

Theoretically, utilizing a 2% sheep erythrocyte 
suspension, a full-scale spectrophotometric absorbance (up 
to 1.0) would be produced by 33% hemolysis. Any value above 
this hemolytic point necessitates dilution to provide an 
absorbance within the linear range of the spectrophotometer. 
This also avoids the considerable flattening of the response 
curve that occurs at high mineral concentration. As to 
hemolysis with respect to time, hemolysis in the 
quartz/sheep erythrocyte model is almost entirely complete 
after two hours. However, this may not be the case for 
other kinds of minerals and other cell systems.

The HC50 values can vary over two orders of magnitude 
depending on the geological localities from which the quartz 
is obtained. This may be a function of trace metal content, 
mineral contaminants or even differing size distributions 
for the different comminuted specimens. In terms of the 
latter, variation in the membranolytic activity may be ob­
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served with a single specimen.
Once a single quartz dust was size-fractionated into 

widely disparate Stokes' diameters, computation of particle 
number and surface area showed that the hemolytic activity 
more closely follows surface area. This is in keeping with 
the findings that the surface functionalities on quartz are 
responsible for the mineral's membrane-damaging effects. On 
size reduction, increase in surface area produces a progres­
sively more active dust per unit mass of challenge.

It has been observed that size fractionation of mineral 
dust may occur as it is manipulated or handled in a 
canister. Such physical manipulation may produce different 
size fractions within a single specimen and thereby produce 
different hemolytic responses. Characterization of multiple 
aliquots may be required, and optical microscopy may be 
useful in characterizing such splits.

The hemolytic activity of mineral dusts may be measured 
with good reproducibility if the test system is thoroughly 
described. Minerals of different species may be compared in 
a single system only if particle number and surface area are 
equivalent. Equal mass challenges may be misleading if 
these two physical characteristics do not match. When such 
parameters are controlled, then relative cytotoxicity may be 
compared between two populations of particles. It is only 
on this level that accuracy of the test system will be 
achieved and meaningful mineral comparisons made possible.

If the hemolytic test system can be used to measure 
cytotoxicity and fibrogenicity, we conclude the following:
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there may be no absolute value of fibrogenicity for a single 
mineral species. Unlike classical toxicological principles 
for organic compounds, mineral dust "toxicity" may be more 
closely related to particle size than total mass delivered 
to the biological test. If a mineral dust is not 
metabolized, then the existing surface area and resultant 
functionalities represent the interaction potential. Host 
processes may have limited effects on changing biological 
potential. The physical characteristics of quartz dust 
control, in large measure, its fibrogenic potential.



Table II.l —  Particle-size distribution in representative splits

Size
<um)

20um Stoke's 
N

Diameter
%

5um Stoke's 
N

Diameter
%

2 0 0.00 27 6.77
2.1- 5 21 5.34 96 24.06
5.1-10 200 50.89 242 60.65
10.1-15 100 25.45 32 8.02
15.1-20 46 11.70 2 0.50

20 26 6.62 0 0.00
X size = 10.5um X size = 6.3um

Means calculated on basis of particle class centroids.



Table II.2 —  Hemolytic response of sheep red blood cells of
different ages to Industrial Silica Flour (ISF)

As Received 10 days old 13 days old
ISF ISF ISF

(mg/ml) (%H) (mg/ml) (%H) (mg/ml) (%H

1.21 5.31 0.93 4.83 1.68 7.64
1.50 6.15 1.16 5.85 1.95 9.20
2.36 9.10 1.49 8.10 3.36 13.72
3.03 11.31 2.06 9.56 3.54 14.62
3.51 12.90 2.15 10.14 3.82 14.74
3.70 13.72 3.35 14.69 4.54 18.79
4.55 16.95 3.54 15.37 4.76 18.79
4.85 18.91 3.88 16.05 7.40 27.55

Computed HC50s
As received: 13.42 mg/ml

10 days old: 12.67 mg/ml
13 days old: 13.78 mg/ml

All (X 24): 13.29 + 0.6 mg/ml
+4.7% HC50 value



Table II.2 —  Hemolytic response of sheep red blood cells of
different ages to Industrial Silica Flour (ISF) (cont)

Best estimate and coefficient of determination 
As received: %H = 3.40 X mg/ml ISF + 0.33

r2 = 0.9944: SEb = 0.38
10 days old: %H = 3.81 X mg/ml ISF + 1.73

r2 = 0.9918; SE = 0.44
13 days old: %H = 3.47 X mg/ml + 2.17

r2 = 0.9943; SE = 0.52
aValues given to second decimal place; consider accurate to first, 

2r = coefficient determination.
^Standard error of Y. Note that estimating equation is expressed 
as mg/ml quartz.



Table II.3 —  Hemolytic response of sheep erythrocyte cells to
Industrial Silica Flour in a range of concentrations

ISF
mg/ml %H (y) SE(y')

1.86 8.83 7.73
2.38 12.59 0.15
2.55 11.42 4.00
3.22 15.08 0.01
3.48 16.40 0.29
3.61 14.79 1.99
3.66 15.17 1.28
4.18 16.75 0.88
5.15 21.45 1.48
6.16 22.78 0.01
6.36 24.61 1.46
6.47 25.34 2.89
8.84 30.76 9.73

11.11 37.16 2.59
11.43 41.80 5.48
12.81 41.59 0.72
14.22 49.59 16.81
16.63 51.74 1.10
19.28 55.52 0.82
23.98 64.98 2.52

HC50 values less than 30%: HC50 
r2 -

= 14.07 
0.9746

mg/ml; %H = 3.29X + 3.72

HC50 vlaues larger than 30% HC50
2r =

= 16.35 
0.9532

mg/ml; %H = 2.16X + 14.77



Table II.4 —  Change in hemolysis with time

Time
(min)

Percentage
Hemolysis

Change in. 
Hemolysis

Change in Percentage 
Hemolysis

30 25.76 0.00 0.00
60 27.49 + 1.73 + 6.79
90 27.53 + 1.77 + 6.87
120 29.17 + 3.40 +13.20
150 29.23 + 3.46 +13.43
180 29.76 + 3.99 +15.49

aBased on three determinations (average) 
^Thirty-minute interval used as the reference point
°Percentage change as compared to the reference percentage 
measured at 30 minutes



Table 11.5 —  Hemolytic response of sheep erythrocytes to quartz 
specimens gbtained from different geological 
localities

Specimens
HC50 
mg/ml

Best Estimate Coefficient 
of Determination

Smokey quartz 
Hydrothermalj quartz 
Rose quartz 
Quartzite (90% + Qul* 
Quartz Min-U-Sil 15

7.85 %H = 6.30X + 0.56; 2
r? = 0.99

6.44 %H = 7.79X + 0.13; r\ = 0.98
138.51 %H = 0.35X + 1.52; r2 = 0.93
56.59 %H = 0.88X + 0.20; = 0.98
2.72 %H = 15.37X + 8.25; r2 = 0.98

aSpecimens were hand-ground in a mortar and pestle and passed 
through a sieve. Splits less than 45 urn in size were used in these 
experiments.
Smokey quartz, prepared from a single crystal. Origin: Bancroft,
Ontario, Canada.
cHydrothermal crystal of quartz. Euhedral, clear and transparent. 
Origin: Mount Ida, Montgomery County, Arkansas.
dRose quartz, prepared from a massive, anhedral specimen. Origin: 
Texas Creek, Fremont, Colorado.
eQuartzite. Massive. Hand specimen of rock type. Origin:
Gauley Bridge, West Virginia.
■̂ Quartz, industrial-grade Min-U-Sil 15. Used in work of Nolan 
et al. (1981). Origin: Pennsylvania Glass and Sand Company. The
Min-U-Sil 15 hemolysis experiments were done with human erythrocytes.



Table II.6 —  Hemolytic activity of Industrial Silica Flour - 
Influence of particle size on hemolysis

Best Estimate Coefficient 
Material mg/ml of Determination

As received 11.46 %H - 4.25X + 1.27; 2
r? = 0.9930

lum Stokes 1 Diameter 6.12 %H = 7.38X + 4.79; r2 = 0.9519
2um Stokes' Diameter 4.90 %H = 9.68X + 2.53; r2 = 0.8460
5um Stokes 1 Diameter 10.35 %H = 4.24X + 6.12; r2 = 0.8061
lOum Stokes 1 Diameter 12.70 %H = 3.77X + 2.08; r2 = 0.9975
15um Stokes' Diameter 13.51 %H = 3.54X + 2.18; r o = 0.9982
20um Stokes1 Diameter 14.35 %H = 3.20X + 4.07; r2 = 0.9941
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Figure II.l —  Hemolytic response of sheep red blood cells 
to Industrial Silica Flour (quartz) as a function of age of 
cell outside the donor animal. Estimating equations, 
determined for each of the data sets, are statistically 
indistinguishable by F-test.
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Figure II.2 -- Hemolytic response of sheep erythrocyte cells 
to Industrial Silica Flour (quartz) as a function of mineral 
dust concentration. Dashed line is at the 30% hemolytic 
response, approximately at the point absorbance = 1. Note 
that the three points, defined by the silica concentration 
greater than 15.0 mg/ml, produce a change in slope and a 
corresponding change in the estimated equation. Table II.3 
gives an equation based on all data points above the HC30, 
thereby representing the change in the high particle concen­
tration range.
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Figure II.3 —  Hemolytic response of sheep erythrocytes to 
6.5mg/ml of Industrial Silica Flour (quartz) as a function 
of time. Each data point represents an average of three 
determinations. Measured variation above 120 minutes is 
within the limits of a standard deviation (1 sigma).
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Figure II.4 —  Hemolytic response of sheep red blood cells 
to Industrial Silica Flour (ISF) and size fractions ex­
tracted from a representative bulk sample of ISF. Specimen 
as received (ISF), 20um, 15um, lOum particle splits fall
about a line that is statistically identical for one esti­
mating equation. The steepest line is defined by data 
points obtained when 2um and lum Stoke's diameter particles 
challenged SRBCs. These extremes are significantly 
different on a statistical basis (by F-test).



PE
RC

EN
T 

H
E

M
O

L
Y

S
IS

-1
20

 
m

in
.

35

30

25

20

I 0

5

0
3 4 5 6 7 8

m g / m l  S I L I C A



- 48 -

Chapter III

Variability in the Membranolytic Activity of Quartz
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INTRODUCTION

The particle size of mineral dust capable of producing 
pneumoconiosis in man has long been recognized as one of the 
important factors imparting biological activity. Investiga­
tors have traditionally considered particle size in terms of 
inhalation potential, particle disposition in the lung, and 
the host's ability to effectively clear the material from 
the pulmonary tissue. In the earliest experimental studies, 
particle size was frequently correlated with magnitude of 
the tissue response elicited by the dust. For the silica 
polymorphs, reduction in particle size frequently produced 
more extensive silicotic lesions, a more rapid tissue 
response, greater systemic effect, and some variation in the 
location and nature of the lesions. Although it appeared 
that surface area and particle number were important vari­
ables controlling host response, very few subsequent in 
vivo, and virtually no in vitro, studies provided strict 
controls for these variables (Reiser and Last, 1979).

The importance of such oversights have had profound 
pragmatic effects. Gravimetric-based standards for dust 
control are average values and may be of limited usefulness 
in some circumstances, especially where fine dust are 
generated in the work environment (NIOSH/OSHA, 1980). Dusts 
of small particle size may be many times more fibrogenic 
than identical masses of dust made up of larger size 
particles. Comparative studies of mineral dusts cannot be 
made on a mass basis; study of biological responses to
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mineral dust requires knowledge of its state of aggregation.
In order to determine the range of biological activity 

of a single mineral, as many of its varietal types should be 
examined and as many variables as possible should be 
controlled for in the experimental protocol. If one accepts 
the hypothesis that the interactions of a mineral dust with 
the cellular components of an intact host is centered on 
mineral surface-cell membrane reaction, then particle size 
and surface properties are crucial variables. The surface 
properties of quartz were modified by treatment of the 
quartz specimens with acid, bases, water, and heat. In 
order to determine the contribution of the surface 
properties, the particle size must be held constant. 
Therefore, for the same unit mass of dust challenge, in any 
experimental system, narrow-size fractions are the most 
desirable to study. Additionally, the study of varieties of 
a single mineral provides data which concern the role of 
trace metals, and of compositional and crystallographic 
variation.

MATERIALS AND METHODS

Quartz Specimens
Min-U-Sil 15, a commercially available crystalline 

silica distributed by Pennsylvania Glass and Sand Company, 
3 Penn Center, Pittsburgh, PA 15235. PGS Company reports 
that 95% of the specimen is less than 15um in size. Nine 
hundred eighty-four particles were sized by direct measure-
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ment on light microscopy photographs: 11% possessed qreat-
est dimension between 5 and 20um, 22% between 2 and 4.9um,
and 67% at or below 1.9um (see Nolan et al., 1981).

Sigma Amorphous Silica, No. S-5031, Sigma Chemical 
Company, St. Louis, MO, was obtained as a pulverized, fine, 
industrial powder. Sigma reports 95% of the particles range 
between 0.5 and 20um and 80% between 1 and Sum. Sigma 
Amorphous Silica is a finer-sized quartz than Min-U-Sil 15. 
Sigma refers to their specimen as "amorphous" although it is 
crystalline with the quartz structure (see Characterization 
of Quartz below and Discussion of Davies, 1981).

Five naturally occuring specimens were obtained from 
Ward's National Science Establishment Inc., Rochester, NY, 
as both massive anhedral minerals and as large euhedral 
crystal:

Rock Crystal Quartz, large single crystal, Hot Springs,
Arkansas;
Rose Quartz, massive, Antsirabe, Madagascar;
Rose Quartz, massive, Custer, South Dakota;
Amethyst, large single crystals, Rio Grande do Sul,
Brazil;
Milky Quartz, massive, Grafton, New Hampshire.

Preparation of Quartz Specimens
Size reduction
The large single crystals were pulverized in the dry 

state by grinding in a carborundum mortar and pestle until 
all the particles passed through a 45um wire mesh opening
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(USA Standard Testing Sieve No. 325, Fisher Scientific 
Company).

Size fractionation
Each quartz specimen was size fractionated on the basis 

of particle settling velocity in water by means of the 
Andreasen pipette technique (Nolan and Langer, 1983) . The 
particles were suspended by agitation in a cylinder filled 
with distilled water. Size fractions were withdrawn from 
the cylinder at depths and times corresponding to Stokes' 
diameter of 1, 2, 5, 10, 15, and 20um according to a pub­
lished protocol (Nolan and Langer, 1983). Before use, each 
size fraction was dried at 110°C for 24 hours.

Characterization of Quartz
X-Ray diffraction
Quartz specimens were examined for homogeneity by 

polarized light microscopy and continuous-scan x-ray dif­
fraction. The £45um bulk specimen and each size fraction 
were scanned between 5 and 80 degrees 2 theta. Any peak 
three times greater than background (by visual inspection) 
was examined for position and relative intensity and then 
compared with two standard alpha quartz patterns (Frondel, 
1962) . Twenty-four reflections from 4.225A (3140) match
within _+ 0.002 A. For 2 theta above 45°, d-spacings match 
within _+ 0.001A. All of the specimens were found to be high 
purity (£99.5%) alpha quartz as indicated by both analytical 
techniques.
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Size distribution measurements
To determine size distribution, each size fraction of 

Stokes' diameter from 5 to 20um were photographed by light 
microscopy. A stage micrometer was photographed to provide 
calibration. Final enlargements yielding magnifications of 
500x-700x were used. Size fractions of Stokes' diameters 
1.0 and 2.Oum were photographed by transmission electron 
microscopy at 2000x direct magnification with a photographic 
enlargement of 2.5 (final enlargement, 5000x). In all 
cases, the greatest dimension was taken as the measure of 
particle size. The results are, therefore, skewed toward 
larger particle size values.

Surface area calculations
For each of the quartz size fractions, the surface area 

per particle and the particle number per unit mass differ. 
The quartz particles are irregular in shape and for this 
analysis, both particle shape and size distribution are 
approximated. It is assumed that all of the particles are 
cubic within each size class. Surface area/particle and 
particle number/mg were calculated for cubes of the 
following side lengths: 0.5, 1, 2, 5, 10, and 20um (see
Table III.l). The particle number per mg was calculated

3assuming the density of quartz to be 2.65gm/cm .
Hemolytic model
The lysis of erythrocytes by quartz is a useful quanti­

tative assay (Nolan et al., 1981). A standard suspension of 
washed human erythrocytes, at a final concentration of 1.8 x

p10 cells/ml, was incubated with various concentrations of
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quartz at 37°C for 120 minutes. The intact erythrocytes, 
quartz, and cell stroma were then centrifuged and the absor­
bance of the supernatant (proportional to the released hemo­
globin) was measured at 530nm (Nolan et al., 1981). The 
absorbances were normalized to 100% release of hemoglobin 
from osmotically lysed suspensions of erythrocytes.

The hemolytic activity of each quartz specimen as a 
function of particle size was determined. Each size 
fraction was suspended in veronal buffered saline and 
sonicated to form a uniform dispersion. Sonication was 
particularly important to disperse the aggregated particles 
with Stokes' diameter of 1 and 2um. The stock suspensions 
of quartz were diluted to four concentrations in duplicate 
and challenged with standard suspensions of erythrocytes. 
After the quartz and erythrocyte suspensions were incubated 
at 37°C for 120 minutes, the percentage hemolysis (%H) was 
spectrophotometrically measured. Min-U-Sil 15 was included 
in each experiment as a control for differences in 
erythrocytes. The observed linear relationship between (%H) 
and quartz concentration (mg/ml Si02) was measured between 
0-40% and quantitatively defined by linear regression 
analysis. The membranolytic activity is reported as the 
concentration of quartz required to lyse 50% of the cells 
(HC50, mg/ml) (Nolan et al., 1981). From the duplicate 
experiments the %H at each concentration was averaged and 
shown with their standard deviations. The variance observed 
in replicate runs is small (less than several percent of the 
calculated mean value).
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EXPERIMENTAL RESULTS

Membrolytic Activity as a Function of Particle Size 
Specimens obtained as fine industrial powder 
Both the Min-U-Sil 15 and the Sigma Amorphous Silica 

were obtained as fine industrial powder. The membranolytic 
activity of the size fractionated Min-U-Sil 15 was deter­
mined as a function of Stokes' diameter (see Figure III.1 
and Table III.2). The HC50 for the Min-U-Sil 15 ranged from 
0.3 + O.Omg/ml for the lum to 12.2 + 1.8mg/ml for the 20um
fraction. The HC50 for the Min-U-Sil 15 was determined 
using three different erythrocyte donors. The HC50s with 
standard deviation are shown in Table 111.2. The 
membranolytic activity of the Sigma Amorphous Silica 
specimen, which was obtained as a fine powder, was
determined as a function of Stokes' diameter. The HC50
range for the Sigma was 0.29 +_ 0.09mg/ml for the lum
fraction to 7.20 _+ 0.58mg/ml for the 20um fraction (see
Figure III.2). The HC50 of each size was determined using 
several different erythrocyte donors. The HC50s and the 
standard deviations are shown in Table III.3, along with the 
particle size distribution.

Different Quartz Varieties Obtained as Massive Anhedral 
Specimens and Single Crystals

The rock crystal, rose quartz (Madagascar), rose quartz 
(South Dakota), amethyst (Brazil), and milky quartz (New
Hampshire) were pulverized in a dry state to less than
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45um. The membranolytic activity was measured before size 
fractionation and the resulting HC50 values are shown in 
Table III.4. After fractionation in water, the activity of 
all the size fractions were markedly reduced. As an 
example, see activity of specific size fractions of rock 
crystal quartz and rose quartz (Madagascar) in Tables III.5A 
and III.5B.

Study of Non-Membranolytic Specimens
To test whether an impurity was binding to the surface 

of the size fractionated quartz specimen, thereby blocking 
its active surface sites, aliquots of the 20um rock crystal 
quartz were refluxed for one hour in aqua regia or 25% 
potassium hydroxide. Also, a residue aliquot of the size 
fractionated rock crystal was treated with hydrofluoric 
acid. Whereas none of these treatments increased the 
membranolytic activity of the minerals, hydrofluoric acid 
treatment of the Min-U-Sil 15 control reduced its membrano­
lytic activity markedly (Nolan.et al., 1985).

Although the size-fractionated rock crystal and rose 
quartz were found to have reduced membranolytic activity, 
the erythrocytes and particles were still able to adhere to 
each other in the test system. The erythrocytes and quartz 
form complexes and settle out of suspension, a feature 
readily observed by eye. As a further test of adherence, 
erythrocyte suspensions were preincubated with various con­
centrations of lum non-membranolytic rock crystal or rose 
quartz and then challenged with known membranolytically
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active Min-U-Sil 15. The hemolytic activity of Min-U-Sil 15 
(1.5mg/ml) was inhibited by about 50% (21%H to 11%H) by 
300ug/ml of lum rock crystal or rose quartz. Saturation of 
the inhibitory effects of lum rock crystal or rose quartz 
occurred at approximately the HC50 value of the membrano- 
lytically active lum quartz. Size-fractionated quartz 
specimens which have reduced membranolytic activity are 
apparently capable of adhering to the cell surface, and in 
doing so prevent attachment of other active particles to 
cells and thereby inhibit lysis. Mineral antagonism has 
been previously reported, but for asbestos (Harington, 
Personal Communication).

To determine whether hydrogen bonding of the different 
quartz specimens varied, the ability of the particles with 
the same Stokes' diameter to bind 2-poly(vinylpyridine-N- 
oxide) was determined. The 20um size fraction of Min-U-Sil 
15, Sigma Amorphous Silica, rock crystal, and rose quartz 
were compared (see Figure 111.3). The order of binding of 
2-PVPNO was: Sigma Amorphous Silica > Min-U-Sil 15 > rose
quartz > rock crystal quartz. This order of binding is 
consistent with the order of hemolytic activity for the 20um 
size fraction of these specimens (Tables III.5 and III.7).

The loss of membranolytic activity on hydration must be 
related to the quartz surface chemistry and structure. The 
effect of heating on the membranolytic activity of the size- 
fractionated rock crystal and rose quartz was studied. The 
lum size fractions of rock crystal and Sigma Amorphous 
Silica were heated to approximately 600°C for five hours.
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The heating increased the membranolytic activity of the lum 
rock crystal from a negligible level to that of lum Sigma 
Amorphous Silica. Heating increased the membranolytic 
activity of the Sigma Amorphous Silica only slightly (Figure 
III.4). Each of the specimens which had been size-reduced 
from large single crystals and fractionated in water by 
sedimentation lost membranolytic activity on hydration. 
Each of these size specimens were heated to 400-500°C for 
six hours, and the membranolytic activity was then restored 
and found comparable with the size-fractionated Min-U-Sil 15 
and Sigma Amorphous Silica (see Tables III.6 and III.7) 
(Nolan et al., 1985). Although the surface properties 
responsible for the membranolytic activity were restored by 
heating, the precise nature of the induced change is 
unknown.

Membranolytic Activity of Surface Modified Quartz
Potassium Hydroxide Modification —  Seven and one-half 

grams of Min-U-Sil 15 was added to 100ml of 10% potassium 
hydroxide solution (w/v), and the suspension was stirred at 
room temperature for two hours. After two hours, the 
suspension was centrifuged and repeatedly washed with 
distilled water. The potassium hydroxide-modified quartz 
was then dried at 110°C for 12 hours. After drying, the 
specimen was divided into equal samples, one of which was 
heated to 400-500°C for five to six hours. The membrano­
lytic activity of each of the two KOH-modified quartz speci­
mens and the control (a size-matched Min-U-Sil 15) was
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determined (see Figure III.5 and Table III.8).
Hydrofluoric Acid Modification —  Fifteen grams of Min- 

U-Sil 15 were added to 50ml of 20% hydrofluoric acid (v/v) 
for three minutes, then diluted with distilled water to 
100ml, centrifuged and washed repeatedly with distilled 
water. The HF-modified specimen was then divided in half 
and one-half was heated to 400-600°C for six hours. The 
membranolytic activity of the HF-modified specimens and the 
size-matched Min-U-Sil 15 were then determined (see Figure 
III.6 and Table III.8).

Dimethylchlorosilane Modification —  To investigate the 
possible effects of hydrophobicity on hemolysis, 25ml of 
dimethylchlorosilane was added to 10 grams of Min-U-Sil 15 
and stirred in an open flask overnight. The dimethylchloro­
silane evaporated by morning, and the dry quartz powder was 
washed with distilled water and dried at 110°C for 12 hours. 
The membranolytic activity of the dimethylchlorosilane-modi- 
fied quartz was determined and compared to the particle size 
matched control (see Figure III.7 and Table III.3).

Binding of 2-poly(viny1pyridine-N-oxide) to Surface 
Modified Quartz -- Various concentrations of quartz were 
added to 5ml of 50ug/ml 2-PVPNO solution. The quartz and 2- 
PVPNO were allowed to stand at room temperature for 60 
minutes. The suspensions were vortexed occasionally to 
resuspend the quartz. After an hour, the 2-PVPNO bound to 
the quartz surface was separated from the free 2-PVPNO by 
centrifugation. The concentration of 2-PVPNO in the clear 
supernatant was determined by the absorbance of the polymer
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at 260nm. This procedure allows the amount of 2-PVPNO bound 
to a given concentration of quartz to be determined (see 
Figures III.8, III.9, III.10 and Table III.9).

DISCUSSION AND CONCLUSIONS

The ability of quartz to alter the permeability of the 
erythrocyte membrane to hemoglobin, i.e., induce erythrocyte 
lysis, depends largely on two mineral variables: particle
size (and therefore surface area) and surface properties. 
After all, it is the quartz surface which interacts with the 
cell membrane.

The amount of surface area per unit mass of any quartz 
specimen will vary with its particle size distribution. In 
order to define the concentration of quartz required to lyse 
50% of the cells in suspension containing a given number of 
erythrocytes, the particle size distribution must be 
specified. For example, the two fine industrial powders 
Min-U-Sil 15 and Sigma Amorphous Silica can be fractionated 
on the basis of their Stokes' diameter into several narrow 
size fractions. Size fractions of 1, 2, 5, 10, 15 and 20um 
Stokes' diameter were collected, and the concentration of 
quartz required to lyse 50% of the cells —  the HC50 (mg/ml 
SiC^) —  was determined for each of those size fractions. 
As the Stokes' diameter decreased from 20 to lum, the mem­
branolytic activity of Min-U-Sil 15 and Sigma Amorphous 
Silica increased by a factor of 40 and 25, respectfully.

The Stokes' diameter represents idealized particles.
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For calculating the Stokes' settling velocities, the as­
sumption is made that the quartz particles are spherical. 
They are not spherical, however, and the actual size distri­
bution within each Stokes' fraction must therefore be mea­
sured directly. Each Stokes' diameter contained a distribu­
tion of particle sizes. It is important to note that these 
size-fractionated materials have significantly narrowed size 
distributions as compared to the initial bulk powder, i.e., 
the measured size distributions of the 1 and 2um fractions 
differed significantly from the 5, 10, 15, and 20um frac­
tions. The HC50s of these fractions show differences and 
similarities that reflect size distribution. For example, 
10, 15, and 20um Stokes' diameters have almost the same 
size distribution and therefore the same HC50s. Experi­
mentalists may acquire narrow size-range minerals through 
sedimentation fractionation, but particle size determina­
tions requires direct measurement.

The ratio of the surface area of a gram of quartz 
composed of 20um as compared to a gram of 0.5um particles 
is about 1:45 (see TableIII.1). Considering the approxima­
tions, the difference in HC50s for the particle size frac­
tionation of Min-U-Sil 15 is about 40-fold, and the calcu­
lated change in surface area and the HC50 are therefore in 
reasonably good agreement (Nolan et al., 1985).

The five specimens of quartz were obtained as euhedral 
crystals and massive anhedral specimens weighing approxi­
mately 400 grams each. They were selected for study because 
they possessed the following properties: each was a high-
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purity quartz; the specimens could be pulverized by the same 
method of size reduction; the different quartz varieties 
were acceptable for comparative studies. Milky quartz, 
amethyst, rock crystal, and rose quartz (the last from two 
different geological locations) represent the different 
quartz varieties. These were identified by the color of the 
bulk specimens, although once reduced to a fine powder, the 
color differences were no longer discernible (Nolan and 
Langer, 1983). Large specimens are necessary for long-term 
study in multiple model systems. Varieties of the same 
mineral are important for ascertainment of secondary proper­
ties, e.g., role of trace metal impurities such as aluminum 
and iron.

The five specimens were pulverized by hand in a 
carborundum mortar and pestle to a particle size of less 
than 45um. The average HC50 of the five specimens was 
6.41^1.20mg/ml, while the average of the Min-U-Sil 15 
control was 2.9 7 +̂ 0.10mg/m 1. The <45um milky quartz was 
found to be the most hemolytic. This specimen was observed 
to be the most brittle and the easiest to pulverize during 
grinding (Table III.4). These specimens were then size- 
fractionated in water by sedimentation, and the membranoly­
tic activity of the 1, 2, 5, 10, 15, and 20um diameter
fractions were determined separately. The membranolytic 
activity of each size fraction of many specimens was 
markedly reduced. This reduction occurred in those 
specimens that had been size-reduced in a carborundum mortar 
and pestle and not in specimens that had been obtained
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commercially as fine powders (Table III.5) (Nolan et al., 
1985). Manipulation of mineral dusts in the laboratory may 
alter their membranolytic activity.

Although the powders derived from the massive quartz 
specimens lost their membranolytic activity upon hydration, 
they were still able to adhere to the erythrocyte membrane. 
The hydrogen bonding of 2-poly(vinylpyridine-N-oxide) to the 
quartz surface was determined quantitatively on two quartz 
samples obtained as fine industrial powders and two size- 
reduced from massive specimens. For each specimen, the 20um 
Stokes' diameter fraction obtained by water fractionation 
was studied. With surface area held constant, the non- 
membranolytic specimens were unable to hydrogen bond as much 
2-poly(vinylpyridine-N-oxide) as compared to the two mem­
branolytic quartz specimens. Increased hydrogen bonding 
ability therefore appeared to correlate with the increased 
membranolytic activity.

But further study of surface modified quartz has shown, 
however, that hydrogen bonding of 2-poly(vinylpyridine-N- 
oxide) need not always correlate with the membranolytic ac­
tivity (see Table III.9 and Nolan et al., 1985). The speci­
mens which lost membranolytic activity on hydration were 
found to recover that ability after heating. The membrano­
lytic activities of these heat-reactivated specimens were 
comparable to other quartz specimens of similar size distri­
bution. Heating had very little effect on the fine indus­
trial powders which lost no activity on hydration (see 
Figure III.4). The HC50 ratio of the 20 to lum Stokes'
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diameter for the five specimens average 30 _+ 15.
Chemically induced modification of the surface proper­

ties of quartz have a significant effect on the mineral's 
membranolytic activity. The surface properties of a 
standard quartz specimen were modified by treatment, singu­
larly, with potassium hydroxide, hydrofluoric acid, and 
dimethylchlorosilane. These surface modified specimens have 
similar particle size distributions and by continuous scan 
x-ray diffraction are indistinguishable from each other and 
a high purity alpha-quartz control. Yet the membranolytic 
activity of several of the specimens, as measured by their 
hemolytic index, differed markedly.

Potassium hydroxide-modified quartz increased in 
membranolytic activity by approximately 20% while quartz 
modified with hydrofluoric acid was markedly less active (a 
reduction of almost 450%). The activity of the hydrofluoric 
acid-modified quartz was restored to a value within 25% of 
its unmodified control by heating to 400-600°C for six 
hours. Recrystallization of a surface-disrupted layer is 
thought to be the mechanism of reactivation. Quartz ren­
dered hydrophobic by reaction with dimethylchlorosilane was 
over 600% less active than its untreated control. The 
variation in the membranolytic activity of the different 
quartz specimens could not be correlated with the ability of 
the different specimens to hydrogen bond 2-poly(vinylpyri- 
dine-N-oxide). Some data suggest that an increased hydrogen 
bonding ability may actually reduce activity (see 
Table III.9). The size distribution of the quartz alone is
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not sufficient information to predict the membranolytic ac­
tivity of an untested dust? characteristic(s) of the quartz 
surface properties must be specified.

Variation in surface properties created by hydration, 
the method of size reduction and treatment with hydrofluoric 
acid caused the largest differences in membranolytic 
activity. The quartz specimens which lost activity on 
hydration or hydrofluoric acid treatment, as well as those 
that were later heat-reactivated, were indistinguishable by 
the standard x-ray crystallographic and optical methods. 
The particle size difference was the second most important 
variable in determining the membranolytic activity. The 
differences in activity attributed to quartz variety emerged 
as the least important factor.



Table III.l —  Relationship between particle size and surface 
area with constant shape

Surface
Stoke's No. of Surface Area Area
Diameter particles/mg (um )/particle (um /mg)

0.50um 9
~3x10r ~ 4x10°

1.5 45x10
1.OOum 6.0 24x10
2.OOum ~4xl0' 24.0 9.6x10
5.OOum '3X10° 150.0 4.5x10
10.OOum '3x10° 600.0 1.8x10
20.OOum '4x10 2400.0 1.0x10



Table HI.2 —  Particle size distribution and membranolytic activity of size
fractionated Min-U-Sil 15

No. of
Stoke's Particles 1.0- 5.1- 10.1- HC50
Diameter Sized Cl.Oum 5.0um lO.Oum 15.0um >15.0um mg/ml

lum 605 81.0% 19.0% 0.0% 0.0% 0.0% 0.3+0.0
2um 448 13.2% 73.9% 12.9% 0.0% 0.0% 1.8 + 0.2
5um 555 2.7% 69.0% 22.3% 5.2% 0.8% 7.3 + 0.6
lOum 700 0.0% 27.0% 43.3% 21.9% 7.8% 11.7+1.8
15um 751 0.0% 12.3% 31.7% 37.4% 18.6% 11.9+2.0
20um 680 0.0% 22.9% 34.7% 26.8% 15.6% 12.2+1.8

Unfractionated 
Min-U-Sil 15 2.8+0.3



Table III.3 —  Particle size distribution and membranolytic activity of size
fractionated sigma amorphous silica

Stoke's 
Diameter 

(um)
No. of 

Particles 
Sized <1.Oum

1.1- 
5. Oum

5.1- 
10.Oum

10.1- 
15.Oum >15.Oum

HC50
mg/ml

lum 586 93.2% 6.8% 0.0% 0.0% 0.0% 0.29+0.09
2um 417 3.6% 92.6% 3.8% 0.0% 0.0% 3.14+0.13
5um 598 0.0% 62.9% 36.3% 0.8% 0.0% 5.85+0.35
lOum 619 0.0% 70.3% 29.7% 0.0% 0.0% 6.74+0.09
15um 683 0.0% 61.2% 38.2% 0.6% 0.0% 6.67+0.01
20um 629 0.0% 68.8% 30.9% 0.3% 0.0% 7.20+0.58

Unfractionated
Min-U-Sil 15 2 .8 6 + 0.2 3



Table III.4 —  HC50s of the unfractionated <45um quartz specimens

HC50
mg/ml

Unfractionated 
Min-U-Sil 15 
HC50, mg/ml

Rock Crystals, Hot Springs, Arkansas 6.44 2.86
Rose Quartz, Antsirabie, Madagascar 5.68 2.85
Rose Quartz, Custer, South Dakota 7.58 3.06
Amethyst, Rio Grande do Sul, Brazil 7.58 3.06
Milky Quartz, Grafton, New Hampshire 4.81 3.00



Table III.5 —  Membranolytic activity of the water fractionated quartz specimens

A. Rock Crystal B. Rose Quartz
Controls

Unfractionated
Hot Springs, AK Antsirabe, Madag. Min-U-Sil 15

Stokes' Quartz Quartz
Diameter mg/ml %H mg/ml %H

0.0625 2.1+0.1 1.0+0.0 A. mg/ml %H
l.Oum 0.1250

0.1875
2.9+0.1 
3.9+0.0

0.9+0.0 
0.9+0.0

0.375
0.750

7.4
14.8

0.2500 1.8 + 0 . 0 0 . 8 + 0.0 1.125 21.6
1.500 27.4

0.175 2.3 + 0.1 1.0 + 0.0
2. Oum 0.375

0.525
2.4 + 0.2 
2.1+0.0

0.9+0.1 
0.9+0.1 B. mg/ral %H

0.700 2 .7 + 0.3 0. 9^0.1 0.375 6.1
0.750 13.1
1.125 19.4

0.625 2.2+0.0 1.2+0.0 1.50 25.0
5um 1.250

1.875
2.5 + 0.0 
2.4 +0.0

1.3+0.0 
1.3_+0.0

0.875 2.4+0.0 1.2+0.0
lOum 1.750 2.6 + 0.1 1.4+0.2

2.625
3.50

3.0+0.1 
3.4+0.0

1.5+0.1 
1.5+0.0



Table III.5 —  Membranolytic activity of the water fractionated quartz specimens
(cont)

A. Rock Crystal 
Hot Springs, AK

B. Rose Quartz 
Antsirabe, Madag.

Controls 
Unfractionated 
Min-U-Sil 15

Stokes' 
Diameter

Quartz
mg/ml %H

Quartz
mg/ml %H

15um

20um

0.750 2.7 + 0.3 0.875 1.3 + 0.0
1.500 3.0+0.2 1.750 1.4+0.0
2.250 3.4+0.1 2.625 1.6+0.0
3.000 3.4+0.0 3.500 1.8+0.01

i
0.750 2.4 + 0.1 0.875 1.3 + 0.1 ^
1.500 3.1+0.1 1.750 1.5+0.1
2.250 3.9+0.2 2.625 1.7+0.0 1
3.000 4.7+0.1 3.50 1.8+0.1



Table III.6 —  Size distribution of quartz specimens size-reduced from
large single crystals and massive specimens

Rock Crystal Quartz, Arkansas

Stoke's 
Diameter

No. of 
Particles 
Sized <1.Oum

1.0-
5. Oum

5.1-
10.Oum

10.1- 
15.Oum >15.Oum

lum 667 66.1% 33.9% 0.0% 0.0% 0.0%
2um 246 4.9% 71.5% 23.6% 0.0% 0.0%
Sum 659 4.6% 53.0% 34.4% 6.7% 1.3%
lOum 547 5.3% 31.3% 39.5% 17.0% 6.9%
15um 586 2.5% 31.1% 45.9% 12.8% 7.7%
20um 602 0.0% 26.1% 38.4% 18.9% 18.6%

Rose Quartz, Madagascar

Stoke's 
Diameter

No. of 
Particles 
Sized Cl.Oum

1.0-
5. Oum

5.1-
10.Oum

10.1-
15.Oum >15.Oum

lum 479 78.7% 21.3% 0.0% 0.0% 0.0%
2um 211 2.4% 73.0% 24.6% 0.0% 0.0%
Sum 652 5.2% 42.5% 31.3% 18.2% 2.8%
lOum 845 5.7% 23.3% 47.2% 14.9% 8.9%
15um 575 0.4% 22.6% 41.9% 18.4% 16.7%
20um 422 0.0% 28.4% 38.9% 18.5% 14.2%



Table III.6 —  Size distribution of quartz specimens size-reduced from
large single crystals and massive specimens (cont)

Rose Quartz, South Dakota

Stoke 1s 
Diameter

No. of 
Particles 
Sized <1. Oum

1.0-
5. Oum

5.1- 
10.Oum

10.1- 
15.Oum >15.Oum

lum 805 85.7% 13.3% 1.0% 0.0% 0.0%
2um 346 34.0% 52.6% 28.7% 0.0% 0.0%
5um 507 0.0% 48.5% 42.0% 6.7% 2.8%
lOum 506 0.0% 36.4% 35.9% 13.1% 14.6%
15um 226 0.0% 33.5% 31.2% 16.2% 19.2%
20um 494 0.0% 29.8% 30.0% 18.8% 21.3%

Amethyst, Rio Grande do Sul, Brazil

No. of
Stoke’s Particles 1.0- 5.1- 10.1-

Diameter Sized <1.Oum 5. Oum 10.Oum 15.Oum >15.Oum

lum 193 86.8% 13.2% 0.0% 0.0% 0.0%
2um 209 34.0% 37.3% 28.7% 0.0% 0.0%
5um 601 0.0% 35.8% 55.7% 7.7% 0.8%
lOum 497 0.0% 47.7% 26.3% 18.3% 6.7%
15um 673 0.0% 73.4% 21.4% 2.8% 2.4%
20um 633 0.0% 41.6% 24.8% 17.8% 15.8%



Table III.6 —  Size distribution of quartz specimens size-reduced from
large single crystals and massive specimens (cont)

Milky Quartz, New Hampshire

No. of
Stoke's Particles 1.0- 5.1- 10.1-

Diameter Sized <1.0um 5.Oum 10.Oum 15.Oum >15.Oum

lum 1009 87.5% 12.2% 0.3% 0.0% 0.0%
2um 306 32.7% 42.2% 25.2% 0.0% 0.0%
5um 501 0.0% 27.3% 52.9% 16.6% 3.2%

lOum 736 0.0% 42.0% 27.0% 16.4% 14.5%
15um 578 0.0% 30.0% 56 .6% 10.9% 2.5%
20um 745 0.0% 33.6% 39.9% 14.4% 12.2%



Table 111.7 —  Membranolytic activity after heating of the quartz specimens
size-reduced from large crystallites

Stoke's 
Diameter

Rock Crystal 
Quartz 

HC50 (mg/ml)
Rose Quartz 
Madagascar 
HC50 (mg/ml)

Rose Quartz 
South Dakota 
HC50 (mg/ml)

Amethyst 
Brazil 

HC50 (mg/ml)
Milky Quartz 
Grafton, NH 
HC50 (mg/ml)

lum 0.61 1.26 0.34 1.22 1.06
2um 3.21 3.72 2.17 3.25 6.28
5um 8.42 6.74 7.04 8.57 7.51
lOum 15.65 12.12 11.28 11.92 15.11
15um 17.04 17.10 14.77 15.29 17.19
20um 19.40 38.86 18.31 17.84 21.82

Unfractionated
Min-U-Sil 15 3.86 2.91 3.48 2.85 2.82



Table III.8 —  Size distribution of surface-modified Min-U-
Sil 15

No. of
Particles 5.1- 10.1-

Modification Sized 1-5.Oum lOum 15.Oum >15.Oum

Unmodified 684 57.0 22.4 12.6 8.0
KOH 1061 51.5 28.5 15.3 3.7
KOH & Heat 1347 56.9 27.0 14.0 2.1
HF 1092 56.1 23.5 14.9 5.5
HF & Heat 772 52.5 19.8 13.3 14.4
(CH3)2sicl2 1034 49.5 31.6 14.1 4.8



Table 111.9 —  Variation in the amount of poly(2-vinylpyri- 
dine-N-oxide) which bound to 50mg/ml of each 
of the surface modified Min-U-Sil 15's

ug/ml of 2-PVPNO 
bound to 50mg/ml Quartz HC50, mg/ml

Unmodified
Min-U-Sil 15 70.2+0.2 2.72
KOH 44.9+0.1 2.13
KOH & Heat 37.3+0.1 2.58
HF 62.0+0.5 12.28
HF & Heat 40.0+0.4 2.98
(ch3)2sici2 19.1+0.3 21.74
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Figure III.l —  Membranolytic activity of the size frac­
tionated Min-U-Sil 15.
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Figure III.2 —  Membranolytic activity of size fractionated 
sigma "amorphous" silica as a function of Stokes' diameter.
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Figure III.3 —  Comparison of the hydrogen bonding ability 
of four size-matched quartz specimens.
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Figure 111.4 —  Effects of heating on the
activity of two size-matched quartz specimens.

membranolytic
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Figure III.5 —  Membranolytic activity of KOH-modified
quartz.
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Figure III.6 —  Membranolytic activity of HF-modified
quartz.
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Figure III.7 —  Membranolytic activity of dimethylchloro- 
silane-modified quartz.
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Figure 111.8 —  Binding of 2-PVPNO to KOH-modified quartz
and KOH modified quartz which was heated.
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Figure II1.9 —  Binding of 2-PVPNO to HF-modified quartz and 
HF modified quartz which was heated.
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Figure III.10 —  Binding of 2-PVPNO to dimethylchlorosilane- 
modified quartz.
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CHAPTER IV

Quartz Membranolytic Activity as Related to 
Its Surface Functionalities
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INTRODUCTION

The surface of quartz readily hydrates in the presence 
of water. This hydration process forms surface silanol 
groups (-SiOH) which, depending on pH, result in the pres- 
ence of ionized silanol groups (SiO ). The ratio of -SiO 
to SiOH is pH dependent (Her, 1978). The nonionized 
silanol group is a hydrogen donor functionality which has 
been implicated in the biological activity of quartz. As 
proposed by Nash et al (1966) , surface silanol groups (poly­
meric silicic acid) act as proton donor groups and may break 
down biological macromolecules (similar to the action of 
urea and the denaturation of proteins). This hypothesis was 
further considered by Allison (1968), who suggested that 
most biological macromolecules are "hydrogen acceptors," and 
that those few which are hydrogen donors are toxic. These 
same conclusions were reached by Stober and Brieger (1968), 
as well as by others. The general model of interaction, 
with a focus on the hydrogen-donor quality of the silanol 
group, has been accepted by most investigators on a number 
of experimental and theoretical grounds.

The contribution of the negative surface change of 
hydrated quartz to its activity is considered in the 
following experiments.

•kIn the following discussion when SiOH is shown, it should 
be understood that it is on the silica surface and is linked 
through three siloxanes, SiOSi, to three adjacent silica 
atoms.
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MATERIALS AND METHODS

The silica used in this experiment was a commercially 
available crystalline quartz,trade name Min-U-Sil 15. Min- 
U-Sil 15, a pulverized Oriskany sandstone, was obtained from 
the Pennsylvania Glass and Sand Company, Pittsburgh, PA. 
"15” connotes that all particles are less than 15um. The 
received specimen was examined by polarized light microscopy 
and found to consist of fine powder, almost entirely 
composed of particles with optical properties consistent 
with alpha quartz. When immersed in an oil (n = 1.548), most 
of the particles "disappeared" because of low relief, an 
effect consistent with a randomly oriented aggregate of 
particles with refractive indices closely matched to that of 
the immersion oil (quartz, N„ = 1.553; Nv = 1.544). It was

L X
visually estimated that 99% of the specimen, by volume, was 
quartz. Other mineral impurities were noted, by relief and 
birefringence characteristics, but no attempt was made at a 
definitive identification. Traces of feldspar were among 
these phases.

Nearly all the mineral fragments in the specimen lay 
well below the 15um size range (Figure IV.1). Size measure­
ments determined on photomicrographs (obtained by light 
microscopy) of a disperse aliquot indicated that only some 
11% of the particles possessed greatest dimensions between 5 
and 20um, 22% between 2 and 4.9um, and 67% at or below 1.9um 
(n=110, 214, and 660, respectively). The same material was 
to be used for all manipulations, and therefore it was
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considered unnecessary to size-fractionate the specimen.
The Min-U-Sil 15 specimen was examined by a powder 

diffraction technique using a Philip x-ray diffractometer. 
The specimen was examined by continuous-scan x-ray diffrac­
tion analysis using standard diffractometry methods. The x- 
ray diffraction analysis was performed in the following 
manner: copper target; 45kV/20mA; curved crystal graphite
monochrometer; scintillation counter (1020V dc); scan 1° 
29/minutes; 2000 counts per second, full scan; time con­
stant, 1 second.

In the scan from 5 to 85° 20, almost all the charac­
teristic quartz reflections were observed. Those which 
escaped detection are listed on the standard powder diffrac­
tion data card (5-0490) with the intensities of less than 1. 
However, of the 22 reflections in this region with intensi­
ties greater than 1, all were observed to be present in the 
spectrum. Of these, 13 reflections agreed with the powder 
standard to the third place (_+0.000A), and those which were 
"at variance" with these values were within _+0.002A. The 
comparison was excellent.

Biological Systems, Inhibitors, and Physical Measurements
The cells used were human erythrocytes or red blood 

cells (RBCs) obtained from volunteers by venopuncture. The 
buffy coat and white cells were removed in the standard 
manner and the erythrocytes were washed three times with 
veronal buffered saline (VBS). The hemolytic inhibitors 
used to antagonize membrane lysis were of two varieties: a
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hydrogen-bonding polymer, i.e., poly-(2-vinylpyridine-N- 
oxide) (PVPNO) was obtained from Polyscience, Inc., 
Warington, PA 18976), and several metal salts whose cations 
are often observed as contaminants of quartz varieties, 
i.e., iron (as ferric chloride, FeCl3:6H20), aluminum (as 
aluminum chloride, A1C13:6H20), and zinc (as zinc chloride, 
ZnCl2). The cationic salts are reagent-grade chemicals
available from Fisher Scientific, Springfield, NJ.

The ultraviolet spectra used to measure PVPNO hydrogen 
bonding onto quartz particles were recorded at 260nm on a 
Beckman Model 25 spectrometer. Amount of liberated 
hemoglobins, or hemolysis, were measured at 530nm using a 
Coleman absorbance spectrometer Mode 6/20A.

The surface charge of the quartz was determined as a
function of zeta potential. The zeta potential of quartz
was measured in aqueous suspension using a Zeta Meter 
(manufactured by Zeta-Meter, Inc., 1920 First Avenue, New 
York, NY).

The Hemolytic System
The hemolytic system described here is modified after 

Schnitzer and Punsack (1970), who based their protocol on 
Macnab and Harington (1967) and Secchi and Rezzonico (1968). 
The hemolysis experiments were performed using packed red 
cells which were suspended at approximately a 4% suspension 
in VBS. A 0.25ml aliquot of the 4% RBC suspension was 
diluted to 5ml with distilled water. If the absorbance at 
530nm was not 0.3 absorbance units (A), the volume (V) was
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adjusted using the following relationship:
Vr x Aj- = V. x A. f f l l

where is the final volume, A^ is the final absorbance,
is the initial volume, and A. is the initial absorbance.i
The A^ should be 0.300 _+ 0.010 A, so then it follows that:

V.c x 0.3 = V . xA. f 1 1
It is therefore experimentally desirable to prepare a 
greater than 4% erythrocyte suspension and then dilute to 
obtain a standard concentration, thereby avoiding differ­
ences in cell number due to packing differences. The stock

Osuspension of erythrocytes contains approximately 3.6 x 10 
cells/ml.

The quartz was introduced into glass test tubes from a 
stock suspension in VBS prepared on the day of the experi­
ment. The volume was then adjusted to 4ml with VBS. The 
erythrocyte suspension was never added to dry quartz; the 
hemolysis experiment was always carried out in buffered 
suspension maintained in 16 x 125mm flint disposable culture 
tubes. After addition of the quartz and VBS, 4ml of stock 
RBC suspension was added to the tubes. The addition made

gthe final concentration of 1.8 x 10 cells/ml with final 
volume 8ml.

The positive control used in the experiment was 4ml of 
stock erythrocyte suspension added to 4ml of distilled 
water, which yielded total lysis. The negative control was 
4ml of VBS added to 4ml of stock RBC suspension, which gave 
"background" absorbance, reflecting mechanical lysis or 
leaking from the cells.
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The erythrocyte/quartz suspensions were placed in a 
temperature bath set at 3 7°C for a period of two hours. The 
tubes were inverted every 30 minutes by hand to resuspend 
the settled cells and quartz. In addition, the suspension 
was generally maintained as the tubes were constantly moved 
by gyratory motion. At the end of two hours, the contents 
of all tubes were centrifuged (800xg), and the absorbance of 
the clear supernatant, cell and particle free, was deter­
mined at 530nm.

The absorbance of the 100% lysate should be ten times 
the A^ value from the standardization of the erythrocyte 
suspension. Once the absorbance of the sample (Ag) has been 
determined, the percentage hemolysis (%H) can be calculated 
from the relationship:

%H ■ A X  10 X 100

Hemolysis with Quartz —  A Surface Phenomenon
The hemolytic potency of Min-U-Sil 15 was tested. On

the basis of eight data points, the hemolytic concentration
at which 50% of the cells were lysed (HC50) was determined

2to be 2.72mg/ml of suspension (r = 0.98 for the computed 
best fit regression line). Min-U-Sil 15, like a number of 
other quartz varieties, is a potent hemolytic agent (Nolan 
et al., 1985).

The interaction between quartz and red cells may be 
probed with chemical inhibitors. In this study, inhibitors 
were used to block the surface functionalities of Min-U-Sil
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and the effect of this blocking on the hemolytic potency was 
measured.

Inhibition Studies
Inhibition of hemolysis by PVPNO. The high molecular 

weight polymer PVPNO is a powerful hydrogen bonding agent. 
Therefore, the interaction of the polymer with the quartz 
silanol groups is very strong. The effects of this is that 
the quartz surface will bind virtually all of the PVPNO 
present until the surface is saturated (see Her [1978] for 
discussion). This polymer, bound to the surface of quartz, 
has been shown to inhibit hemolysis markedly (Schlipkoter 
and Brockhaus, 1961).

The binding of PVPNO to quartz may be followed quanti­
tatively, in that the polymer absorbs strongly in the ultra­
violet region at about 260nm. The absorption band varies 
linearly with the concentration of PVPNO up to 50ug/ml in 
solution. Different concentrations of quartz were added to 
a 50ug/ml PVPNO solution in distilled water. The quartz was 
then spun down and the absorption of the supernatant PVPNO 
solution at 260nm was measured. In all cases below satura­
tion, a marked decrease in the 260nm peak was noted in the 
supernatant solution, indicating that PVPNO had been removed 
from solution and had bound to the surface of the quartz 
(Figure IV.2).

The amount of PVPNO bound by a given mass of quartz may 
be calculated from the binding data. Quartz, at a concen­
tration of 1.5mg/ml, may bind up to approximately 4ug/ml of
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PVPNO (Figure IV.2). Inhibition of hemolysis by PVPNO over 
a range of concentrations (0.63ug/ml to 15.63ug/ml} shows a 
marked increase in activity at approximately 3.2ug/ml 
(Figure IV.3). At concentrations of lOug/ml, hemolysis is 
almost totally blocked. The amount of PVPNO required to 
antagonize the hemolytic effect is less than 0.25% of the 
total mass of the quartz, indicating a surface effect. 
Further evidence is that this value varies with the surface 
area of the quartz.

As shown spectrophotometrically, very little unbound 
PVPNO appears in solutions below the concentration at which 
the quartz surface is saturated. The sudden drop in the 
percentage hemolysis below the calculated saturation level 
indicates that the primary site of action of the inhibitor 
(at these concentrations) is on the surface of the quartz 
and not on the erythrocyte membrane (or as an osmotic regu­
lator; see Shnaidman, 1974). The sharp linear reduction in 
%H (percentage hemolysis) with the addition of even a few 
micrograms of PVPNO indicates the sensitivity of the hemoly­
tic assay system to changes in the character of the quartz 
surface.

Inhibition of hemolysis by metal salts. Inhibition of 
quartz hemolysis was measured after mineral interaction with 
solutions of aluminum chloride, ferric chloride, and zinc 
chloride. The concentrations of inhibitors were selected on 
the basis of change in zeta potential measurements. Those 
concentrations which rendered the quartz isoelectric 
(3mg/ml of quartz in veronal buffer at pH 7.4) were used.
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This isoelectric 3mg/ml suspension of quartz was used as a 
stock solution for the hemolysis experiments (Figure IV.4).

Zinc chloride was the least effective agent for reduc­
ing the surface charge of quartz. The high concentrations 
of zinc chloride required for the neutralization of the 
surface charge agglutinated the cells as well. The secon­
dary effect compounded the variable, so that no clear state­
ment could be made about the effects of zinc cations on the 
quartz surface. The bonding of the iron cations on the 
surface of quartz, however, markedly reduced hemolysis. No 
erythrocyte agglutination was observed. Determinations may 
be followed in Figure IV.4. The inhibition of hemolysis as 
a function of aluminum chloride concentration, for two 
periods of time, was also determined (Figure IV.5). It is 
clear from these data that at extraordinarily low concentra­
tions of aluminum chloride the hemolytic activity of quartz 
is inhibited far more effectively as compared to iron. The 
period of incubation of aluminum chloride with the quartz 
was varied and the hemolytic activity after 150 minutes was 
observed to be less than the value measured at 30 minutes. 
This appeared to be related to the quartz surface and not 
the erythrocyte. In both instances, the erythrocyte/alum­
inum chloride interaction conditions were identical (Figure 
IV.5). The sudden decrease in the hemolytic activity 
occurred over the same concentration range -- where the 
surface charge (zeta potential) approaches zero. No cell 
agglutination was noted, even at the highest concentrations.

It was considered important to determine changes in the
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surface charge of quartz as a function of aluminum chloride 
concentration. The results are shown in Figure IV.6. From 
these data, the relationship between the decrease in 
hemolytic activity and the decrease in the negative surface 
charge can be followed. The point of zero surface charge 
correlates well with the lowest point in hemolytic activity.

It was thought possible that the presence of aluminum 
or other cation salts on quartz could alter the hydrogen- 
bonding character of its silanol groups. Excess aluminum 
chloride was added to varying amounts of quartz in aqueous 
suspension, along with controls (silica without aluminum 
chloride). The suspensions were incubated at room 
temperature for two hours to equilibrate. A stock solution 
of PVPNO was added to these mixtures. These suspensions 
were incubated at room temperature for 30 minutes, they were 
spun down, and the absorbance of the supernatant determined. 
A plot was made of mg/ml Si02 vs. ug/ml PVPNO (Figure IV.7). 
The presence of the aluminum chloride did not effect the 
ability of the silica to bind PVPNO. Zeta potential meas­
urements showed that the surface remained positive in the 
presence of PVPNO, again indicating that both compounds were 
absorbed on the surface, simultaneously, in a noninter­
fering manner. Binding of PVPNO and that of Al3 + occur 
independently of each other, indicating that different sites 
are involved for each compound. The negative centers bind 
the Al3+ and the protons on the silanol group bind the 
PVPNO.
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DISCUSSION AND CONCLUSIONS

In the presence of water, the surface of quartz forms
silanol groups which are partially ionized. At a pH 7, the
ratio of -SiOH to -SiO sites is approximately 30:1. (In

_ p0.1 N NaCl, amorphous silica has been about 0.25 SiO /nm , 
yielding a -SiOH to -SiO ratio of about 32:1 [R.K. Her,
personal communication]). This high ratio is, in part, 
responsible for the previous lack of focus on the SiO 
groups in silica activity.

The hydrogen-bonding characters of the quartz surface 
has been extensively studied and implicated in the patho­
genesis of silicosis (see, e.g., Nash et al., 1966; Mehrishi 
and Seamen, 1966; Stober and Brieger, 1968; Allison, 1968). 
PVPNO has been shown to inhibit the cytotoxic effect (fibro- 
genicity) of silica in vitro and in vivo. This polymer 
possesses two lone pairs of electrons on terminal oxygens 
resulting in strong hydrogen bonding potential. The use of 
this compound has been extensive in silicosis research and 
has been demonstrated to effectively blunt the activity of 
quartz (see, e.g., Schlipkoter and Brockhaus, 1961; Macnab 
and Harington, 1967; Schlipkoter, 1968; Klosterkotter, 1968; 
Schnitzer and Pundsack, 1970).

From our experiments, measurements show that 1.5mg/ml 
of quartz will bind approximately 4ug/ml of PVPNO. The 
quartz binds less than 0.25% of its mass in PVPNO, 
confirming that this interaction occurs with the silanol 
groups, which exist only at the surface. Therefore,
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equivalent masses of quartz which differ in surface area 
{with varying particle size) will bind different amounts of 
PVPNO. Binding curves must, therefore, be determined for 
each individual specimen. The hemolytic activity of quartz, 
as a function of PVPNO bonding, shows that the %H drops off 
rapidly after the concentration of PVPNO goes above the 
point of saturation, and that the quartz remains inactive at 
higher concentrations. Quartz has a very high affinity for 
the PVPNO polymer and binds virtually all the polymer 
present below the saturation points.

It has been suggested that PVPNO might absorb on the 
erythrocyte surface and thereby act to stabilize the 
membrane. At the concentration of PVPNO used in this 
experiment, it appears that the polymer is acting solely on 
the quartz surface. The %H decreases linearly with 
increasing PVPNO concentration below the point of 
saturation. Assuming that the polymer is distributed 
randomly over the surface of all the quartz particles, these 
data suggest that the particle requires only a small amount 
of surface in actual contact with the erythrocyte to induce 
lysis.

The negative charge from the ionized silanol groups can 
be reduced and the surface may even become positive at high 
concentrations of Lewis acids. These Lewis acids, such as 
aluminum and ferric chloride, ionize in water and the metal 
cations bind to the negative centers on the surface of 
quartz. The suitability of these cations for the quartz 
surface is related to their charge/radius ratio and the
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geometrical features of the surface oxygen groups. These 
cations are frequently encountered in naturally occurring 
quartz specimens. When they are present in quartz in mea­
surable concentrations the biological activity is blunted. 
This may be of importance when miners are exposed to silica 
during hematite (iron) mining and when coal miners are 
exposed to host rocks which include aluminous shales (see 
discussion in Langer, 1978). The charge on the surface of 
naturally occurring quartz is therefore a function of cation 
concentration, and may be followed by measurement of zeta 
potential. When the surface charge of quartz is made iso­
electric by the addition of aluminum chloride, the hemolytic 
activity is observed to decrease by 90%. The concentration 
of aluminum chloride required to produce such a diminution 
in hemolytic activity is only some 0.3% of the mass of 
quartz used. The reduction in the absolute value of the 
negative charge of quartz follows the addition of aluminum 
chloride; the isoelectric point occurs at approximately the 
same concentration as that at which the %H becomes minimum.

At higher concentrations of aluminum chloride, the zeta 
potential becomes positive. Additional aluminum chloride in 
amounts qreater than the isoelectric point has very little 
effect on further reducing the %H, and may actually increase 
hemolysis. This compound is a strong Lewis acid and can 
reduce the pH. Therefore, the membrane damage is likely 
related to strong pH shifts. As the amount of aluminum 
chloride increases in the system beyond the quantities re­
quired for maximum inhibition, membrane lysis is induced.
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Inhibition of hemolysis can occur by bonding a cationic 
metal or a hydrogen-bonding polymer to the surface of 
quartz. The two inhibitors, specific for different 
functionalities, are independent of each other and noninter­
fering. The question of which of the blocked 
functionalities (or both) is responsible for membrane damage 
remains unanswered. It is possible that the high molecular 
weight polymer, PVPNO, may physically prevent the quartz 
particle from interacting with the red cell membrane. Light 
scattering study has shown that the polymer used in these 
experiments is a random coil with a radius of gyration of 
approximately 100-200A (Nolan, Langer, and Oster, 
unpublished data). This coiled polymer would present a 
formidable steric obstruction. The negatively charged 
quartz surface is therefore "buried" several hundred 
angstroms below the new surface created by the bonding of 
the polymer. Even when the surface silanol groups are 
available for bonding, if the net negative surface charge is 
reduced, hemolytic activity is also markedly reduced. The 
contribution of the negative surface charge to the hemolytic 
activity appears to be real, significant, and of a sizable 
magnitude.



Figure IV.1 -- 
polarized light
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Micrographs of Min-U-Sil 15, by plane 
microscopy.
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Figure IV.2 —  Quartz binding of PVPNO in linear binding 
range. The introduction of varying concentrations of quartz 
to a stock solution of PVPNO produced binding, measured by a 
decrease in the ultraviolet intensity at 260nm. (Quartz 
mg/ml binding of PVPNO (ug/ml), QrPVPNO = 1.87:5.4;
2.24:5.4; 2.41:6.6; 2.74:7.0; 4.49:12.6; 4.86:11.2;
5.45:14.3; 7.05:18.6).
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Figure IV.3 —  Inhibition of quartz hemolysis as a function 
of PVPNO absorption. In this experiment, 1.5mg/ml quartz 
induced 27% hemolysis. (In other experiments, 1.52mg/ml 
quartz produced 28% hemolysis, in good agreement with this 
data set.) With only 3.4ug/ml of PVPNO, a 75% reduction in 
hemolytic potency is observed. This reduction appears to 
continue with a gradual decline in membrane activity until 
almost 16ug/ml are present. (PVPNO: %H = 0.00:27.37;
0.63:25.84; 1.25:20.71; 3.13:7.44; 6.25:6.01; 9.38:4.22;
15.63:3.41.)
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Figure IV.4 —  Inhibition of quartz hemolysis as a function 
of cationic and PVPNO binding. Aluminum and iron chloride 
hydrates (Lewis acids) were added to stock suspensions of 
quartz at concentrations which rendered the quartz isoelec­
tric (zeta potential = O.OOmV). Inhibition was achieved up 
to 97% for iron chloride and 98% for aluminum chloride. 
More iron was required for reaction (30ug/ml) as compared to 
aluminum (lOug/ml). Although not shown, 300ug/ml zinc 
chloride produced marked antagonism, but also agglutinated 
RBCs.
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Figure IV.5 -- Inhibition of quartz hemolysis by aluminum 
chloride as a function of time. Using a stock suspension of 
quartz, longer time of contact produces more bound cations 
and more effective antagonism of hemolysis as compared to 
short contact time. Note that concentrations which produce 
marked blunting of hemolysis are those which render 
equivalent masses of quartz isoelectric.
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Figure IV.6 —  The change in the zeta potential of quartz 
(HC50 concentration suspension) as a function of AlCl^ze^O 
concentration in veronal buffer (without saline) at pH 7.4. 
Note that the first challenge of aluminum into the system 
causes a measurable negative shift in the surface charge. 
This effect has been observed in other systems previously 
and the explanation offered is that "bulk" stress causes a 
contraction of the double layer giving the particle an 
enhanced electrophoretic mobility. This effect is reversed 
at higher cationic concentrations and the shift is then 
toward the "positive" (Riddick, 1968). The concentration at 
which AlCl^SH^ establishes an isoelectric particle is that 
at which hemolysis is most effectively blocked.
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Figure IV.7 —  The influence of quartz-bound aluminum on the 
binding of PVPNO. The generation of two areas of binding 
PVPNO onto quartz, with and without the presence of alum­
inum, produced statistically identical binding curves: 
Q/PVPNO, Y = 2.OlX +3.58, r2 = 0.99; Q/PVPNO + A1, Y = 
2.41x + 2.53, r2 = 0.99; all points, Y = 2.15x + 3.29, r2 = 
0.97.
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CHAPTER V

Recognition of Quartz by Erythrocyte Membranes
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INTRODUCTION

The nature of the membranolytic interaction between the 
quartz surface and the erythrocyte membrane has been 
characterized using inhibitors. The inhibitors were first 
bound to the quartz surface and the specimens then used to 
challenge erythrocytes. This experimental approach led to 
the conclusion that the quartz surface was best able to bind 
hydrogen bonding polymers and that the presence of these 
polymers inhibited cell lysis {Nash et al, 1966). Quartz 
membranolytic activity was attributed to the proton-donor 
characteristics of the surface (Allison, 1978). This 
concept was further generalized to conclude that most biol­
ogical macromolecules are hydrogen-acceptors and the few 
compounds which are hydrogen-donors are toxic.

Of the many hydrogen bonding polymers studied, 2-poly- 
vinylpyridine-N-oxide was found to be the most effective 
inhibitor. For inhibition, the polymer must be of a 
molecular weight of 10,000 daltons or greater (Holt, 1968). 
It was further hypothesized that membrane lysis was caused 
by the rigidly placed silanol groups on the quartz surface. 
These are able to form multiple hydrogen bonds with the 
phosphate ester groups of phospholipids, and probably also 
with the secondary amide groups of proteins, thereby 
distorting the membrane and increasing its permeability 
(Allison, 1973).

The hydrogen-donor hypothesis does not explain the 
observation that quartz membranolytic activity can be
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completely inhibited by blocking the negative charge on the 
quartz surface (Nolan et al, 1981). The membranolytic 
activity is reduced in a dose response manner as the surface 
charge is reduced and the isoelectric quartz particle 
retains its hydrogen-donor character. The negative surface 
charge of quartz is attributed to the ionized silanol 
groups. To further demonstrate the importance of surface 
charge in quartz membranolytic activity, it would be useful 
to identify a receptor on the erythrocyte membrane with 
which the charge could bind. The human erythrocyte contains 
an extensive anion transport system, the receptor of which 
would have the appropriate chemistry to bind an anion.

Anion transport in erythrocytes was first described by 
Hermann Nasse in 1878; he observed that horse erythrocytes 
were capable of exchanging chloride for bicarbonate. This 
was nine years before Arrhennis described electrolytic 
dissociation (see Knauf, 1979 for discussion). The 
physiological purpose of anion transport was to increase the 
CC^-carrying capacity of the blood. The C02 rapidly 
diffuses into the erythrocyte where the intracellar enzyme, 
carbonic anhydrase, catalyzes the hydration of CC>2 to H2CC>3, 
which dissociates to H+ + H<- ® 3 * T^e intracellular
bicarbonate anion is then exchanged with extracellular 
chloride one for one in an electrically silent step. The 
reduction of the partial pressure of C02 and the removal of 
the bicarbonate anion from the cell increases the overall 
C02~carrying capacity of the blood.

The anion transport system of the erythrocyte has been
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extensively studied (see Cabantchik, 1978; Knauf, 1979, for 
review) and many low molecular weight probes have been 
identified which inhibit anion transport. To test the 
hypothesis that the anion transport receptor is the site of 
attachment for the quartz surface charge, the effect of 
anion transport inhibitors on quartz membranolytic activity 
was determined.

MATERIALS AND METHODS

Quartz Specimen
A single quartz specimen obtained as a fine powder was 

used in this study. It is a commercially available 
crystalline silica distributed under the trade name Min-U- 
Sil 15 by Pennsylvania Glass and Sand Company, Pittsburgh, 
PA. It was shown by continuous scan x-ray diffraction to be 
a high purity alpha quartz. The size distribution was 
determined by counting 984 particles by direct measurement 
on light microscopy photographs: 11% possessed greatest
dimension between 5-20um, 20% between 2-4.9um, and 67% at or 
below 1.9um (see Nolan et al, 1981; Nolan et al, 1985).

Inhibition of Quartz Membranolytic Activity
The effect of the following anion transport inhibitors 

on quartz hemolysis was determined:
4,4'-diisothiocyanostilbene-2,2'-disulfonic acid di­

sodium salt trihydrate (DIDS) MW 552.5, 4-Acetamido-4'- 
isothiocyanostibene-2,2’-disulfonic acid (SITS) MW 498, and
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N- (4-Azido-2-nitrophenyl) - 2-aminoethy 1 su lfonate (NAP-taur- 
ine) MW 345.23, all of which were obtained from Pierce 
Chemical Company, Rockford, IL.

Pyridoxal S'-Phosphate (P5P) MW 247.2, phloridzin MW 
436.4, and Phloretin MW 274.26 were obtained from Sigma 
Chemical Company, St. Louis, MO.

Hemolytic Model
The ability of each of the anion transport inhibitors 

listed above to inhibit quartz from altering the 
permeability of the human erythrocyte to hemoglobin was 
determined. The erythrocytes were obtained from peripheral 
blood (50ml) taken by venipuncture in a plastic syringe 
containing 15U/ml preservative-free heparin. Ficol1-Hypaque 
gradient centrifugation was used to separate the peripheral 
blood lymphocytes and plasma proteins from the erythrocytes. 
Fifty milliliters of blood was diluted with an equal volume 
of saline, overlaid onto a 25ml Ficol1-Hypaque gradient, and 
centrifuged at F~800g at 20°C for 45 minutes. The 
lymphocytes and plasma proteins were removed and the 
erythrocytes were stored at 4°C and used within a week.

Before the stored erythrocytes were used, approximately 
5m 1 of packed human erythrocytes were diluted to 50ml with 
pH 7.4 Veronal Buffered Saline (VBS, 24mM sodium barbital 
and 145mM sodium chloride) in a plastic centrifuge tube and 
spun at F~800g, at room temperature, for 30 minutes. The 
erythrocyte wash was repeated twice. Using optical spectro­
scopy, the washed human erythrocytes were made into a
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Ostandard suspension which contained approximately 3.6x10 
cells/ml (Nolan et al, 1981).

For the experiments in which the inhibitors were 
studied under conditions of irreversible binding, a single 
stock suspension of Min-U-Sil 15 was made in VBS. The 
quartz suspension was diluted to four concentrations in 
duplicate. Each of the four different dilutions were 
adjusted to 4ml and then 4ml of the standard erythrocyte 
suspension was added. The final volume at each 
concentration was therefore 8ml and the erythrocyte

Qconcentration was 1.8x10 cells/ml. The quartz and the 
erythrocytes were incubated at 37°C for 120 minutes and 
shaken continuously with a gyratory motion. The plot of 
mg/ml of mineral vs %H is generally linear up to about 40% 
hemolysis, below which all of the measurements reported here 
fell. The duplicate determinations were averaged and the 
values are shown with variance. Linear regression analysis 
was made for each set of eight points and the equation of 
the line calculated. This equation was used to compute the 
HC50, the concentration of quartz (in mg/ml) required to 
lyse half of the erythrocytes in the suspension.

In the experiments where the concentration of inhibitor 
is varied, the quartz concentration is held constant at 
1.5mg/ml SiC^. A stock solution of the inhibitor is made up 
such that when 1ml is diluted to 8ml, this is the highest 
final concentration used. Various concentrations of 
inhibitor were diluted to 1ml, to which 4ml of the standard 
erythrocyte suspension is added and the 5ml suspension is
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allowed to incubate. During this period, the inhibitor is 
allowed to interact with the membrane. Then 3ml of a 4mg/ml 
SiC>2 stock suspension is added, making the final volume 8ml. 
The inhibitor concentrations shown are the final 
concentrations when the erythrocytes are at a concentration 
of 1.8xl08 cells/ml.

EXPERIMENTAL RESULTS

Bimodal Class of Anion Transport Inhibition
Bimodal inhibitors are able to bind both reversibly and 

irreversibly to the cell membrane. The reversible bonding 
is electrostatic via negatively charged groups, i.e., 
sulfate or phosphate, while the irreversible binding 
involves a covalent bond.

Disulfonic Acid Stilbene
The sulfonic acid stilbenes are one of the most 

effective classes of anion transport inhibitors so far 
identified (Knauf, 1979). DIDS and SITS were studied to 
determine their effect on quartz membranolytic activity. 
The reversible binding is considered to be electrostatic via 
the charged sulfate groups while the irreversible binding is 
covalent involving a functional group reaction with the 
isothiocyano groups and an amine on the erythrocyte membrane 
(Cabantchik and Rothstein, 1972, 1974a,b). The criterion 
used to differentiate the two types of binding is washing 
the inhibitor treated cells with bovine serum albumin. It
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is assumed that any inhibitor not covalently bound would be 
removed by binding to albumin. Albumin is known to bind 
anions and can undergo a functional group reaction with the 
isothiocyano group(s). It has been demonstrated using 
radioactively labeled albumin that the protein does not bind 
to the erythrocyte membrane (Cabantchik and Rothstein, 
1974a) .

Both DIDS and SITS were inhibitors of quartz 
membranolytic activity. At concentrations of luM DIDS 
inhibited over 50% of the membranolytic activity while SITS 
at a concentration of 95uM gave 35% inhibition (Figures V.l 
and V.2). At higher concentrations, DIDS inhibited the 
activity of quartz almost completely (Table V.l). DIDS, 
irreversibly bound to the erythrocyte, increased the HC50 by 
almost 2.5 times (Table V.2) and SITS also showed inhibitory 
activity under irreversible conditions (Figure V.3). The 
same erythrocyte suspensions used in the experiment shown in 
Figure V.3 were challenged with UICC Canadian chrysotile and 
no inhibition was observed (see Table V.3).

Pyridoxal 51-Phosphate
Pyridoxal 5'-phosphate has been used as a probe to 

explore the "sidedness" of membrane proteins (Cabantchik et 
al, 1973). The salient features of the probe as regards to 
its chemical reactivity and labeling characteristics of 
intact erythrocytes are the following: 1) P5P reacts with
amino groups with a high degree of specificity by forming a 
Schiff base which can be reduced by sodium borohydride.



- 135 -

This probe is of the bimodal class due to the fact that it 
can bind reversibly via a Schiff base and an electostatic 
bond from the phosphate group. The probe is irreversibly 
bound when the double bond of the Schiff base is reduced by 
sodium borohydride; 2) P5P interacts with intact erythrocyte 
membranes and can label all the protein bands seen by 
staining with SDS-polyacrylamide gel electrophoresis and 
hemoglobin under conditions of maximum uptake: low pH
(approximately pH 6), prolonged incubaton, increased PSP 
concentration, and elevated temperatures. Under a different 
set of conditions, uptake of the probe into the cell can be 
minimized which results in specific labeling of band 3, a 
95,000 dalton transmembrane protein associated with anion 
transport and three glycoprotein (Cabantchik et al, 1975). 
This rapid probe binding is favored by lower temperatures, 
high pH (approximately pH 8), and shorter incubation times. 
The lower temperature reduces transport and the high pH is 
thought to enhance the formation of the Schiff base, pos­
sibly by allowing the probe to displace a proton from the 
charged amino group more easily and/or catalyzing the dehy­
dration. The "rapid binding" of the P5P to the erythrocyte 
membrane is considerably reduced by DIDS, a specific inhibi­
tor of anion transport. The DIDS also blocks the slow 
component labeling of the cell, implying that the probe 
enters the cell through the anion transport system.

Inhibition of quartz membranolytic activity by P5P 
under conditions of reversible binding is shown in Figure 
V.4. The PSP inhibition of quartz membranolytic activity
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occurs at high inhibitor concentration, i.e., in the 
millimolar range. To determine if the effect is non­
specific and related to ionic strength or the presence of 
anions, the inhibitor activity of both sodium chloride and 
disodium phosphate were determined in similar concentration 
ranges. Only P5P had inhibitory activity (Figure V.5).

NAP-Taurine
The photoaffinity label, NAP-taurine, was found to be 

an effective inhibitor of quartz membranolytic activity (see 
Figure V.6). The vermillion-colored NAP-taurine is photo­
activated to a highly reactive group called a nitrene 
(Staros and Richards, 1974). The nitrene group is reactive 
enough to displace a hydrogen from a carbon-hydrogen bond 
(Knowles, 1972). Arylnitrenes have a range of lifetimes 
from 0.1 to 1.0msec in hydrolytic solvents (Reiser et al, 
1968). The photoactivated nitrene can form covalent bonds 
with proteins, lipids, and carbohydrates, although the 
predominant stable products are probably secondary amines 
produced by insertion into a carbon-hydrogen bond (Smith, 
1970).

At 0°C, the NAP-taurine does not enter the erythrocytes 
to any significant extent (Staros and Richards, 1975). It 
was also found that the probe had a high affinity for band 3 
(see Fairbanks et al, 1971 and Steck, 1974, for discussion 
of nomenclature). At 37°C, the NAP-taurine enters the 
erythrocyte via a pathway inhibited by DIDS (Cabantchik et 
al, 1976). The earlier observation that NAP-taurine has a



- 137 -

high affinity for band 3 was confirmed by this study.
The NAP-taurine probe can inhibit anion transport bound 

to either side of the membrane. If two erythrocyte 
suspensions were exposed to NAP-taurine, one at 37°C and the 
other at 0°C, and then photolyzed to make the bonding 
covalent, the labeling would be different. The erythrocytes 
exposed at 37°C and photolyzed have the label internally 
bound while the erythrocytes exposed at 0°C and photolyzed 
have the probe bound externally. Data obtained on the 
transport of chloride and sulfate in these cells showed 
marked differences depending on how the cells were labeled. 
The probe was 15 times more effective as an anion transport 
inhibitor when bound externally than internally (Knauf et 
al, 1978a). The position of the probe was further charac­
terized by using radioactively labeled probes and then 
enzymatically cleaving the erythrocyte membrane proteins. 
The fragments are then separated using SDS-polyacrylamide 
gel electrophoresis to determine which fragment contains the 
label (Knauf et al, 1978b).

Non-Covalent Inhibitors of Anion Transport
Phloretin and its derivatives were studied to determine 

their inhibitory effect on quartz membranolytic activity. 
Phloretin, also known as 2', 4', 6'-trihydroxy 1-3-(p- 
hydroxylphenyl) propiophenone, is almost insoluble in water. 
Phloridzin, sometimes called phlorizin, differs from 
phloretin in that it has a glucose in the 2' position of the 
aromatic ring alpha to the ketone that makes phloridzin much
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more water-soluble. Only the more soluble phloridzin had an 
inhibitory effect (Figure V.8).

Phloretin is an effective inhibitor of anion transport 
in the micromolar range (Knauf et al, 1979). It is an 
effective inhibitor of monosaccharide transport from either 
side of the erythrocyte membrane (Benes et al, 1972). 
Phloretin has been shown to effect the interfacial dipole 
fields of thin lipid membranes (Andersen et al, 1978). 
Structure activity studies of the effect of phloretin on 
chloride permeability support this observation (Cousin and 
Motais, 197 8). Phloretin has been shown to be a competitive 
inhibitor with the anion transport inhibitor, 4,4'- 
dibenzamido-2,2'-disulfonic acid stilbene (DBDS) (Forman et 
al, 1982). DBDS is a fluorescent analog of DIDS. Phloretin 
has a high affinity for band 3 and at higher concentrations 
it can interact with the lipid bilayer.

Phloridzin is a less effective inhibitor of anion 
transport than phloretin. It is effective in the millimolar 
range (Knauf et al, 1979). This molecule has a low dipole 
moment (Andersen et al, 1976) and does not effect the 
binding of l-fluoro-2,4-dinitrobenzene or H2DIDS to band 3 
(Passow, 1977). As an inhibitor of sulfate, chloride, and 
iodide exchange, phloridzin is effective only externally 
(Lepke and Passow, 1973; Schnell et al, 1973).

DISCUSSION AND CONCLUSIONS

Quartz membranolytic activity can be inhibited by the
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presence of anion transport inhibitors. DIDS and SITS, the 
two inhibitors shown to bind to the anion transport 
receptor, were the most effective inhibitors of quartz 
membranolytic activity. On the other hand, phloretin, 
thought to be a non-competitive inhibitor of anion 
transport, had no effect on quartz membranolysis (Knauf, 
1979). DIDS is a more effective inhibitor of anion 
transport than SITS. The same was found to be true for 
their relative inhibition of quartz membranolytic activity.

By binding radioactively labeled DIDS to the 
erythrocyte membrane under the conditions shown in Figure 
V.l and then isolating the membranes and then separating 
their constitutive proteins using SDS-polyacrylamide gel 
electrophoresis, 95% of the label is found associated with 
band 3 (Cabantchik and Rothstein, 1974a). Maximum 
inhibition of quartz membranolytic activity at low DIDS 
concentration occurs at 1.13uM DIDS. There are 1.2xl06

Ocopies of band 3 per erythrocyte and 1.8x10 erythrocytes
per milliliter in the standard erythrocyte suspension

14(Branton, 1983). This means there are 2.16x10 band 3
proteins per milliliter of erythrocyte suspension. At a

14concentration of luM DIDS, about 10 DIDS molecules per 
milliliter are present. The high affinity inhibition 
becomes a maximum at approximately one DIDS molecule/band 3 
protein.

Under the conditions described above, the DIDS 
molecules are thought to bind to the receptor site of anion 
transport (Knauf, 1979). These data support the hypothesis
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that quartz surface charge can damage the erythrocyte 
membrane by interacting with the anion transport receptor on 
band 3. The possibility that the unbound DIDS is 
interacting with the quartz surface is small considering 
that the inhibition is the same when DIDS is bound 
irreversibly (very little unbound DIDS is present to 
interact with the quartz surface under conditions of irre­
versible binding).

Pyridoxal S'-phosphate was also found to be an 
effective inhibitor of quartz activity. The probe at a 
higher concentration than DIDS or SITS was very effective 
and it has a high selectivity for proteins (Cabantchik et 
al, 1975). Virtually all of the activity can be inhibited 
by P5P and this strongly suggests that quartz membranolytic 
activity is a protein-mediated process. It has previously 
been speculated that a quartz/lipid interaction is important 
in lysis (Weissmann and Rita, 1972; Dakorosy and Tabuch, 
1973).

The NAP-taurine inhibited quartz activity although it 
is thought to bind to a modifier site and not the anion 
transport receptor (Knauf et al, 1978a, b). The probe is 
known to reduce the binding of DIDS and it may act as a 
steric hindrance to SiO-/erythrocyte interaction.

Phloridzin was an effective hemolytic inhibitor while 
phloretin was not. This is unexpected because phloretin is 
a more efective anion transport inhibitor than phloridzin 
(Knauf, 1979). Although phloretin and phloridzin are 
structural analogs and both inhibit anion transport non­
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competitively, the mechanism of action is thought to differ. 
Phloretin has been shown experimentally to have a strong 
interaction with lipids (because of its high dipole moment), 
but this is not true for phloridzin (Andersen et al, 1978). 
The observation that one probe inhibits quartz membranolytic 
activity while the other does not further supports the idea 
of different mechanisms. It is not the inhibition of anion 
transport which is important, then, it is specifically 
blocking the anion transport receptor which is critical for 
inhibition of quartz membranolytic activity.



Table V.l -- Effect of DIDS at high concentrations on quartz membranolytic 
activity. The erythrocytes, from a single donor, were washed and standardized 
in VBS containing various concentrations of DIDS. The DIDS and the erythrocytes 
were allowed to stand for 10 minutes at room temperature before the addition of 
quartz. The quartz and DIDS treated erythrocytes were then incubated at 37°C 
for 120 minutes.

Si02
mg/ml

Control
%H

10 M 
DIDS 
%H

io"6m
DIDS
%H

10 5M 
DIDS 
%H

10"4M
DIDS
%H

_ ... 1.4 1.5 1.7 1.2 2.6
0.375 10.7 7.5 6.5 6.1 3.0
0.750 18.8 12.6 11.4 9.9 3.2
1.125 24.9 17.0 14.6 13.1 5.0
1.50 29.8 19.6 17.2 15.8 6.0

Control %H = 17.04X + 4.97, r2 = 0.99, HC50 = 2.64mg/ml
10-7M DIDS %H = 10.89X + 3.96, r2 = 0.98, HC50 = 4.23mg/ml
io"6m DIDS %H = 9.41X + 3.60, r2 = 0.98, HC50 = 4.93mg/ml
io~5m DIDS %H = 8.66X + 3.12, r2 = 0.99, HC50 = 5.41mg/ml
-4 10 M DIDS %H = 2.90X + 1.61, r2 = 0.92, HC50 = 16.69mg/ml



Table V.2 —  Effect of DIDS on quartz membranolytic activity under conditions of 
irreversible binding. Seven milliliters of packed erythrocytes were added to 
50ml of VBS which contained 70uM DIDS and the suspension was allowed to stand 
for 36 hours at 4 C. The control was the same concentration of erythrocytes 
suspended in 50ml of VBS without DIDS. After 36 hours, the cells were spun down 
and the unbound DIDS removed by washing three times with 50ml of VBS. The 
standard erythrocyte suspensions were made and then challenged with quartz.

Si02
mg/ml

Control
%H

DIDS
Modified

%H

— — — 0.9+0.3 0 .8 + 0 .0
0.439 4.0 + 0.2 3.9 + 0.1
0.875 16.6+2.6 8.2+0.2
1.313 25.8+2.2 11.8+0.8
1.750 34.0+1.4 14.9+0.3

Control %H = 22.7X -4.73, r2 = 0.99, HC50 = 2.41mg/ml
DIDS Modified %H = 8.37X + 0.54, r2 = 0.99, HC50 = 5.91mg/ml



Table V.3 -- UICC Canadian chrysotile was not inhibited by DIDS or SITS under 
conditions of irreversible binding.* The chrysotile was suspended at 2mg/ml and 
sonicated at 50 Watts for 5 minutes to disperse the fibers.

UICC
Chrysotile
ug/ml

Control
%H

50uM
DIDS
%H

75uM
SITS
%H

150uM
SITS
%H

■ ■ ■ 1.1 1.8 1.1 1.1
2.5 3.1 3.8 4.0 3.9
5.0 5.8 6.6 8.7 7.2

10.0 11.2 13.0 18.6 14.7
20.0 22.2 25.9 29.7 26.3

*The erythrocytes were modified with DIDS and SITS as described in Figure V.3

i
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Figure V.l —  Inhibition of quartz membranolytic activity by 
DIDS. The standard erythrocyte suspension was modified with 
various concentrations of SITS and allowed to stand for 30 
minutes at room temperature before the addition of quartz. 
The quartz was then added to the DIDS-modified erythrocytes 
and incubated at 37°C for 120 minutes. The concentration of 
quartz was held constant at 1.5mg/ml.
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Figure V.2 -- Inhibition of quartz membranolytic activity by 
SITS. The standard erythrocyte suspension was modified with 
various concentrations of SITS and allowed to stand for 135 
minutes at room temperature before the addition of quartz. 
The quartz was then added to the SITS-treated erythrocytes 
and incubated at 37°C for 120 minutes. The concentration of 
quartz was held constant at 1.5mg/ml.
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Figure V.3 —  Inhibition of quartz membranolytic activity by 
irreversibly bound DIDS and SITS. The erythrocytes were 
washed three times with VBS. Then 2ml of the washed packed 
erythrocytes were brought to 50ml with each of the following 
solutions: a) 50uM DIDS in VBS; b) 150uM SITS in VBS; and c) 
VBS without any inhibitor as a control. All three 
suspensions were stored at 4°C for 72 hours. The three 
suspensions were then standardized and challenged with 
quartz. The erythrocytes and quartz were incubated at 37°C 
for 120 minutes.
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Figure V.4 —  Inhibition of quartz membranolytic activity by 
pyridoxal 5'-phosphate. The erythrocytes and the probe were 
incubated at room temperature for 30 minutes before the 
addition of quartz. The quartz was then added to the 
pyridoxal 5'-phosphate-modified erythrocytes and incubated 
at 37°C for 120 minutes. The concentration of quartz was 
held constant at 1.5mg/ml.
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Figure V.5 -- Effect of pyridoxal S'-phosphate, sodium 
chloride, and disodium phosphate on quartz membranolytic 
activity. The compounds were incubated with erythrocyte 
suspensions at room temperature for 30 minutes before the 
addition of quartz. The quartz and the modified erythrocyte 
suspensions were incubated at 37°C for 60 minutes.
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Figure V.6 —  Inhibition of quartz membranolytic activity by 
NAP-taurine. The standard erythrocyte suspension was 
modified with various concentrations of NAP-taurine and 
allowed to stand at ice temperatures for 170 minutes in the 
dark. The NAP-taurine-modified cells were then challenged 
with quartz and incubated at 37°C for 120 minutes.
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Figure V.7 -- Effect of phloretin and phloridzin on quartz 
membranolytic activity. The standard erythrocyte suspension 
was modified with various concentrations of phloretin or 
phloridzin and allowed to stand at room temperature for one 
hour. The quartz was then added to the modified 
erythrocytes and incubated at 37°C for 120 minutes.
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CHAPTER VI

Membranolytic Activity of Rutile and Anatase —  
Two Titanium Dioxide Polymorphs
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INTRODUCTION

The occurrence of interstitial fibrosis, bronchiolo- 
alveolar adenomas and squamous cell carcinomas in rats 
exposed to high concentrations of synthetic rutile by 
inhalation has recently been reported (Lee et al, 1985a, b). 
Previously, very low biological activity was attributed to 
both of these titanium dioxide polymorphs. To underscore 
how inert rutile and anatase have been considered, these 
materials were often used as control or "sham" dusts against 
which the activity of other mineral particulates were 
compared (Ferin and Oberdorster, 1985; Richards et al, 
1985). In support of these observations, a few studies of 
workers engaged in the synthesis of titanium dioxide have 
failed to demonstrate health effects attributed specifically 
to inhalation of titanium dioxide dust (Uragado and Pinto, 
1972; Daum et al, 1977). Although both of the titanium 
dioxide polymorphs have occasionally been found to have in 
vitro properties consistent with a biologically active 
particulate (Harington et al, 1971; Zitting and Skytta, 
1979), they are today generally considered inert.

Both rutile and anatase are important materials in a 
number of consumer products, e.g., as pigment in paints, 
food items, cosmetics, etc. (Verbonic, 1985). Titanium 
dioxide production in the United States for the year 1985 is 
expected to exceed 800,000 tons (Table VI.1). Virtually all 
of the synthetically produced titanium dioxide is in the 
respirable-size range. The widespread use of these
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materials and its ubiquitous presence in the environment 
raises several important issues: What is the biological
activity which may be attributed to the titanium dioxide 
polymorphs, in all the forms in which it can exist, and, 
were the results of the most recent inhalation study valid 
(Lee et al, 1985a, b) ?

The interstitial fibrosis and lung tumors caused by 
synthetic rutile upon inhalation (Lee et al, 1985b) cannot 
be readily compared to previous reports in the literature 
for the following reasons: 1) often, the specific titanium
dioxide polymorph used experimentally in these studies was 
not properly identified (Lee et al, 1985b); 2) no data on 
particle size distribution were given for the materials 
used; and 3) important surface characteristics of the 
particle, i.e., the ability to bind specific polymers, or 
the biological activity in one of the L̂n vitro assays 
commonly used in pneumoconiosis research for the assessment 
of the toxicity of inorganic matter, were not determined 
(Leyko and Gendek, 1985). It would also have been useful if 
the source of the material had been reported. The use of 
minerals in some experiments often reflects the presence or 
absence of specific trace metals, e.g., iron, which has been 
shown to lessen the activity of other oxide minerals, i.e., 
quartz (Langer, 1978; Engelbrecht and Thiart, 1972).

The only identification frequently given for materials 
tested is titanium dioxide (Lee et al, 1985a). However, 
often the characterization may be incomplete or misleading. 
As examples, Aldrich Chemical Company's titanium oxide-
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anatase is a mixture of rutile and anatase; Fisher Scienti­
fic Company's titanic oxide is pure anatase; the British MRC 
Pneumoconiosis Research Units' "respirable Ti02" used as a 
control dust, is a mixture of rutile and anatase (Table 
VI.3). The conflicting reports concerning the biological 
activity of titanium dioxide found in the literature may in 
part be related to inadequate characterization of the 
mineral.

The following section provides a brief description of 
some important minera 1ogica 1 differences between the 
titanium dioxide polymorphs which facilitate 
interpretation of the data presented.

Naturally Occurring Titanium Dioxide Polymorphs
Three titanium dioxide polymorphs have been identified 

in nature: rutile, anatase, and brookite (Deer et al,
1972). Brookite is unimportant in terms of human exposure 
and is included in the data comparison (Table VI.2) only for 
completeness. Rutile and anatase are formed under a wide 
range of physico-chemical conditions and are present 
throughout a number of geological provenances. Although 
common in nature, industrially used titanium dioxide is 
mostly the product of chemical synthesis.

Crystal Structure of the Titanium Dioxide Polymorphs
The three crystal structures of TiC>2 are made of 

titanium octahedrally coordinated with oxygen atoms. They 
display a six-fold coordination of oxygen about a titanium
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atom, with each of the oxygens occupying the corners of a 
regular octahedron. In turn, every oxygen atom is 
coordinated with three titanium atoms which occupy the 
approximate corners of an equilateral triangle. This 
structure has been referred to as a 6:3 coordination and is 
referred to by crystallographers as the "rutile structure" 
(Table VI.2) (Bragg et al, 1965; Bunn, 1961). Though this 
coordination is constant, the octahedra bond angles and 
distances differ between the polymorphs so that the sharing 
of edges of the octahedrons increase from two in rutile to 
three in brookite to four in anatase. For the two most 
commercially important polymorphs, rutile and anatase, the 
position of the octahedra in the lattice and the number of 
octahedra in the unit cell differ. Anatase contains four 
TiC>2 molecules per unit cell while rutile contains two. As 
edges and faces of the octahedra are increasingly shared, 
the titanium distances decrease setting up cation-repulsive 
forces. This decreases the stability of the mineral 
structure and is reflected in such basic features as 
hardness and solubility. Rutile, the most stable, is the 
hardest and least soluble polymorph (Pauling, 1961).

Crystal Structure and Surface of Titanium Dioxide Polymorphs 
The small variations in the structure of rutile and 

anatase lead to different cleavage and twin planes along 
which separation tends to occur. Therefore, one would 
assume that the density of surface titanols and their 
isoelectric point for anatase and rutile would be different
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regardless of whether the crystals were grown to a certain 
size or reduced in size from larger particles (Table VI.2) 
(Furlong and Parfitt, 1978).

Chemistry of the Titanium Dioxide Polymorphs
The bulk chemistry for the titanium dioxide polymorphs 

has the empirical formula Ti02. However, the natural 
titanium dioxide specimens contain substantial guantities of 
trace or minor metals and even discrete mineral impurities 
(Table VI.3). Although the naturally occurring titanium 
dioxides possess very high light dispersion capacity, 
natural minerals cannot be used as a pigment because of the 
trace metal content which imparts dark color and 
occasionally even opacity (Kitel, 1967). It has been noted 
that iron substitution not only effects the optical 
properties of rutile but alters its density as well.

The hydration of anatase gives rise to two different 
titanol groups, each with a different reactivity (Kennedy, 
1979). Comparing the hydrated surface of anatase with 
rutile, it is observed that the titanol vibrations occur at 
3717cm  ̂ and 3676cm 1 in anatase. The doublet is produced 
by the two titanol groups on the (001) plane. The single 
titanol vibration of rutile occurs at 3780cm 1. The 
chemical reactivity of these protonated surfaces differs 
markedly (Kennedy, 1979).

It has been noted that the titanol vibration at 
3676cm  ̂on anatase disappears at 150°C, whereas the rutile 
may be heated to temperatures in excess of 200°C with
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preserved titanol vibration. At higher temperatures, up to 
450 C, a titanol vibration has been resolved at 3740cm- . 
The rutile surface still has scattered titanols at 610°C. 
The importance of temperature-stable titanols with regard to 
biological activity is discussed later.

Preparation of Synthetic Titanium Dioxide for Pigment
Two commercial processes, sulfate and chloride, are 

used to produce synthetic rutile and anatase. The sulfate 
process is the older of the two and the bulk of the world 
TiC>2 pigment product is made by this process. The starting 
material for the sulfate process is ilmenite ore (FeTiOj), 
which is converted to Ti0S04 after reaction with concen­
trated sulfuric acid at 150-180°C:

Ti02FeO + H2S04 + Ti0S04 + FeS04 + H20 
This solution is then cooled, filtered, and 

concentrated by evaporation under reduced pressure to 
crystallize the ferrous sulfate. The crystalline FeS04 is 
separated. The titanium sulfate solution is then hydrolyzed 
by heating to 90°C to form insoluble titanyl hydroxide: 

Ti0S04 + 2H20 + TiO(OH)2 + H2S04 
The titanyl hydroxide precipitate is then separated 

from the solution by filtration and washed extensively to 
remove all traces of discoloring elements (Fe, Cr, V, and 
Mn). The hydrated precipitate is then modified to produce 
the characteristics desired in a pigment. If the solution 
is seeded with rutile prior to hydrolysis, then rutile is 
formed. In the absence of seed crystals, the product will
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be anatase. The modified precipitate is calcined at 800- 
1000°C (see Figure VI.1).

The chloride process was commercially developed in the 
1950s and requires an enriched titanium dioxide ore. The 
ilmenite may be beneficiated or natural rutile used. The 
high grade titanium dioxide ore (70-85% Ti02) is chlorinated 
in a fluidized bed reactor with coke at 925-1010°C:

Ti02 + C + 2C12 - 2CO + TiCl4 
The volatile titanium tetrachloride is then separated 

from the unreacted solids and non-volatile chlorides by 
double distillation. Impurities can alter the brightness 
and color of the pigment. The TiCl^ is then reacted with 02 
in a flame reaction at 925°C. This reaction produces fine 
particle Ti02 and liberates Cl2 gas, which is recycled (see 
Figure VI.2) :

T i C l 4 + 0 2 -*■ T i 0 2 + C l 2 

The low temperature sulfate process can be used to 
produce either 100% rutile or 100% anatase, while the high 
temperature chloride process cannot be used to produce a 
100% anatase product and is generally used to produce rutile 
(see Singer, 1982; Knittel, 1982; and Whitehead, 1982).

MATERIALS AND METHODS

Sixteen specimens of rutile and anatase were studied 
experimentally:

I. Naturally-Occurring Titanium Dioxide:
Rutile, Muiane Altoligoha, Mozambique, Africa —
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obtained as two single crystals, together 
weighing approximately 4gm, from the Department 
of Mineral Sciences, Catalogue #27404, The 
American Museum of Natural History, Central Park 
West at 79th Street, New York, NY, 10024.
Rutile Sand, Myrtle Beach, South Carolina - - 
obtained as a coarse powder from Ward's Natural 
Science Establishment, Inc., Rochester, NY. 
Rutile, Graves Mountain, Georgia —  obtained as a 
large euhedral crystal weighing approximately 
25gm, from Ward's Natural Science Establishment, 
Inc., Rochester, NY.
Rutile, Champion Mine, White Mountains, Mono 
Co un t ̂ , Ca_l^f or n j.a —  obtained as a large 
euhedral crystal weighing approximately 25gm, 
from Ward's Natural Science Establishment, Inc., 
Rochester, NY.
Anatase, Minas Girais, Brazi1 -- obtained as a 
collection of pellets from Ward's Natural Science 
Establishment, Inc., Rochester, NY.

The above five specimens were ground dry by hand in a 
carborundum mortar until the particle size was fine enough 
to pass through a 45um mesh screen.

II. Synthetic Titanium Dioxide; The following 
specimens were obtained as fine industrial 
powders:
Titanium Dioxide #10082 -- obtained from N.
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Wotherspoon, Mount Sinai School of Medicine 
(reportedly a rutile made by Dupont).
Titanium Dioxide, Rutile —  Central Research and 
Development Department, E.I. Dupont de Nemours & 
Co., Inc., Haskell Laboratory for Toxicology & 
Industrial Medicine, Haskell #11,564, P.O. Box 
50, Elkton Road, Newark, Deleware, 19714.
Titanic Oxide Anhydrous -- Fisher Scientific 
Company, Fairlawn, NJ (chemical reagent grade). 
Titanium (IV) Oxide Anatase —  Aldrich Chemical 
Company, Inc., Milwaukee, WI (chemical reagent 
grade).

III. Titanium Dioxide Specimen Used in Penumoconiosis 
Laboratories a s Controls. The following 
specimens were obtained from Pneumoconiosis 
Laboratories and have been used as inert control 
dusts experimentally.
Respirable TiQ2 PRU No. 159 (Hexhlet Collected) 
obtained from R. Davies, MCR Pneumoconiosis Unit, 
Llandough Hospital, Penath S. Glamorgan, U.K. 
Titanium Dioxide -- obtained as two separate 
specimens called IOM-1 and 1.0 M-^ from K. 
Donaldson, Institute of Occupational Medicine, 
Roxburgh Place, Edinburgh, U.K.
Titanox AWO -- obtained from R.J. Schnitzer, 
Mount Sinai School of Medicine.

IV. Anatase Specimens. The following specimens were
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obtained from K. Towe, Smithsonian Institution, 
Washington, DC.
Calcined anatase -- origin through industrial 
processing; synthetic.
Milled anatase -- origin through industrial 
processing; synthetic.
Precipitated TiO., :xH.,0 -- origin through indus­
trial processing; synthetic.

The following quartz specimens were obtained as fine 
industrial powders from Pennsylvania Glass and Sand Company 
and were used as positive controls in the hemolytic test 
systems.

Min-U-Sil 5 and Min-U-Sil 15 —  Both specimens 
were obtained as fine industrial quartz powders. 
The 5 and 15 denotes that 98% of the particles 
are less than 5 and 15um in size, respectively. 
The 1 and 2um Stokes' diameter of each specimen 
was separated by sedimentation techniques (Nolan 
and Langer, 1983). Min-U-Sil 15 was used as a 
positive control (Nolan et al, 1981).

Binding studies, for determination of the hydrogen 
bonding character of the mineral surface, were carried out 
with:

2-poly(vinylpyridine-N-Oxide) obtained from 
Polyscience, Inc., Warrington, PA. The weight- 
average molecular weight of the 2-PVPNO polymer, 
as determined by light scattering, was '276,000 
(Nolan and Langer, unpublished data).
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Characterization of Specimens
The examination of these specimens by polarized light 

microscopy and continuous scan x-ray diffraction was carried 
out for: determination of the presence or absence of
crystalline impurities; ascertainment of gross size 
distribution; identification of specific polymorphic phase.

Polarized 1ight microscopy. Approximately O.lmg of 
powder was withdrawn from each specimen and placed on a 
glass slide. The powder was covered with an immersion oil 
(n = 1.52) and dispersed by sliding another glass slide 
across the preparation surface. Virtually every specimen 
smeared to yield a uniform homogeneous distribution. The 
natural specimens produced a yellow-brown opaque suspension 
in natural light, whereas the synthetic specimens produced 
an opaque white suspension. The smear was further "wetted" 
with an additional drop of immersion oil and then a cover 
slip placed on its surface. The preparations were examined 
by polarized light microscopy, both in plane polarized light 
and between crossed Nicols, at magnification ranging from 
35X-500X magnification.

The natural minerals are composed of large-sized, 
yellow-brown fragments. Some particles are lOOum in 
greatest dimension, but the numerically preponderant size is 
about 3-5um. Single rutile particles show twin-plane 
lamellae, as well as some mineral intergrowths. These 
latter impurities are clearly evident when specimens are 
viewed between crossed Nicols. Quartz, other silicates, 
e.g., micas and clays, and brown opaques (limonite
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minerals?) are observable in several specimens and are not 
restricted to any single polymorphic species.

In contrast, the synthetic preparations are all fine­
grained with particles <lum in size, and with no visible 
mineral impurity. The impressive features of the synthetic 
materials are their small and uniform particle sizes, 
purity, and opacity.

££2£.i22£2£ ££22 2z£2X diffraction. Two hundred 
milligrams of powder were withdrawn from each specimen, 
tamped into a 1x2cm area in an aluminum specimen holder, and 
subjected to continuous scan x-ray diffraction analysis. 
The experimental conditions are identical to those used for 
the analysis of silica specimens (Nolan et al., 1981). The 
x-ray diffraction tracings were converted to d-spacings and 
these were compared with standard diffraction data for 
rutile (ASTM 21-1276), anatase (ASTM 21-1272) and other 
minerals. The results are given in Table VI.3.

Size Distribution Measurements
Each titanium dioxide specimen and the 1 and 2um 

Stokes' diameter fractionated by sedimentation from Min-U- 
Sil 5 and Min-U-Sil 15 were photographed by transmission 
electron microscopy at 2000x direct magnification, and were 
photographically enlarged 2.5x to yield a final enlargement 
of 5000x (Nolan and Langer, 1983). The longest dimensional 
aspect was measured as particle diameter. The results are, 
therefore, skewed toward larger particle-size values. The 
particle size distribution of the titanium dioxide specimens
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studied and the five quartz specimens used as controls are 
given in Table VI.4.

Hemolytic Model
The ability of each of the titanium dioxide and quartz 

specimens to alter the permeability of the human erythrocyte 
was determined quantitatively. The erythrocytes were 
obtained from peripheral blood (50ml) taken by venipuncture 
in a plastic syringe containing 15U/ml preservative-free 
heparin. Ficol1-Hypaque gradient centrifugation was used to 
separate the peripheral blood lymphocytes and plasma 
proteins from the erythrocytes. Fifty ml of blood was 
diluted with an equal volume of saline, overlaid onto a 25ml 
Ficol1-Hypaque gradient and centrifuged at F~850g at 20°C 
for 45 minutes. The lymphocytes and plasma proteins were 
removed and the erythrocytes were stored at 4°C and used 
within a week (Nolan et al, 1981).

Before the stored erythrocytes were used, approximately 
5ml of packed human erythrocytes were diluted to 50ml with 
pH 7.4 veronal buffered saline (VBS, 2.4mM sodium barbital 
and 145mM sodium chloride) in a plastic centrifuge tube and 
spun at F~80'J g at room temperature for 30 minutes. The 
erythrocyte wash was repeated twice. Using optical spectro­
scopy, the washed human erythrocytes were made into a

Dstandard suspension which contained approximately 3.6 x 10 
cell/ml (Nolan et al, 1981).

A single stock suspension of each specimen was also 
made in VBS. To disperse the suspensions, each was
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sonicated using a Sonifier Cell Disrupter (Heat Systems - 
Ultrasonics Inc.) at 50 watts power for several minutes 
until the suspension was visibly homogeneous. Each of the 
stock mineral suspensions were diluted to four 
concentrations (mg/ml) in duplicate. Each of the four 
different dilutions were adjusted to 4ml, and the 4ml of the 
standard erythrocyte suspension was added. The final volume 
at each concentration was 8ml, and the erythrocyte

Oconcentration was 1.8 x 10 cells/ml. The powder and 
erythrocytes were incubated at 37°C for 120 minutes and 
shaken continuously with a gyratory motion. The plot of 
mg/ml of mineral vs. %H is generally linear up to about 40% 
hemolysis, below which value all measurements fell. The 
duplicate determinations were averaged, and the values are 
shown with their variance. Linear regression analysis was 
made for each set of eight points and the equation of the 
line calculated. This equation is used to compute the HC50, 
the concentration of powder (in mg/ml) required to lyse half 
of the erythrocytes in the suspensions.

Determination of 2-poly (vinylpyridine-N-Oxide) Binding
The amount of 2-PVPNO that bound to selected titanium 

dioxide and quartz specimens was determined quantitatively. 
Various amounts of the mineral powders were weighed out into 
glass centrifuge tubes and to each was added 30ml of 50ug/ml 
2-PVPNO in distilled water. The tubes were allowed to stand 
at room temperature for 30 minutes. The tubes were then 
centrifuged at F~8000g at room temperature for 40 minutes,
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which pelletized the powder at the bottom of the tubes. The 
amount of polymer able to bind to each concentration of 
powder is thereby removed from the supernatant. The 2-PVPNO 
polymer has an absorbance peak in the ultraviolet at 260nm, 
and a molar absorptivity (a) of 5631, calculated using the 
molecular weight of the monomer (MW 121.1). The absorbance 
of the supernatant was then measured at 260nm and the 
concentration of 2-PVPNO removed from the supernatant was 
assumed to be bound to the powder surface. The data was 
plotted graphically as mineral powder (mg/ml) vs. 2-PVPNO 
(ug/ml).

Positive Controls
Unfractionated Min-U-Sil 15 was included in each 

experiment as a positive control. The Min-U-Sil HC50 value 
and any variation in this value indicates the extent of 
difference among the erythrocyte suspensions which may 
exist, e.g., due to donor, etc.

EXPERIMENTAL RESULTS

Membranolytic Activity of the Titanium Dioxide Specimens
Of the five naturally occurring rutile and anatase 

specimens studied, none were found to have significant 
membranolytic activity (Table VI.5). Of the 11 titanium 
dioxide specimens obtained as fine industrial powders, only 
two were found to be membranolytically active (Table VI.6, 
Figures VI.3 and VI.4). These, the Dupont rutile and Ti02
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#10082, were markedly hemolytic. The membranolytic activity 
of Dupont rutile was compared to four fine particle size 
quartz specimens and two titanium dioxide specimens used as 
an inert control in experimental pneumoconoisis (Figure VI.4 
and VI.5). The precipitated Ti02:xH20, when suspended in 
VBS, was found to lower the pH to 3 but was adjusted back to 
pH 7.4 with IN sodium hydroxide.

Comparison of the Bonding Abi1ity of the Titanium Dioxide 
Specimens and Quartz With 2-poly(vinylpyridine-N-oxide)

The biological activity of quartz, a potent fibrogenic 
mineral, has been shown to be related to the ability of that 
mineral to bind 2-PVPNO (Nash et al, 1966). The current 
binding studies were carried out to determine if the 
different membrane behavior observed for the titanium 
dioxide specimens could be distinguished on the basis of 
their differential 2-PVPNO binding abilities. If a titanium 
dioxide specimen could bind the polymer, would it act as an 
inhibitor of membrane activity, as happens with quartz?

The ability of two membranolytically active rutile 
specimens to bind 2-PVPNO was quantitatively compared to two 
fine sized quartz specimens and several of the non-membrane 
active titanium dioxide specimens. The Dupont rutile and 
Ti02 #10082 have hydrogen bonding ability comparable with 
the 1 and 2um Stokes' diameter fractions of Min-U-Sil 15 
(Figures VI.6 and VI.7). The two membranolytica 1 ly active 
Ti02 specimens are of a smaller particle size and thus 
greater surface area than the two fine particle size quartz
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specimens.
The titanic oxide from Fisher did not have the 

appropriate surface chemistry to hydrogen bond the polymer 
while the rutile from White Mountain, California, bound 
relatively high amounts of 2-PVPNO. The amount of 2-PVPNO 
bound by the California rutile is even more significant 
considering it is of a much coarser particle size than the 
Fisher specimen and therefore has much less surface area 
(Figures VI.6 and VI.7). The concentration of Ti02 used in 
the experiment (in Figure VI.6), 5-40mg/ml were on the
plateau of the adsorption isotherm (Adamson, 1982). The 
polymer binding experiment was repeated at lower 
concentrations of Ti02 so that an increase in binding could 
be shown as a function of Ti02 concentration (Figure VI.5). 
The titanium (IV) oxide and rutile IOM-1 bound significantly 
less 2-PVPNO than the two membranolytically active Ti02 
specimens.

The Ti02 #10082 was found to be the most hemolytic of 
all the titanium dioxide specimens studied. The concentra­
tion of Ti02 #10082 was held constant at 2.25mg/ml and the 
amount of 2-PVPNO per tube was varied from 0-25ug/ml. The 
Ti02/2-PVPNO tubes were allowed to stand for 30 minutes at 
room temperature and then challenged with standard 
erythrocyte suspension as described in Materials and 
Methods. Almost 88% of the membranolytic activity was 
inhibited at the highest concentration of 2-PVPNO (Figure 
VI.8). The polymer binding on the titanium dioxide 
specimens and its subsequent antagonism of membrane activity
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parallels 2-PVPNO effect on quartz.

DISCUSSION AND CONCLUSIONS

The biological potential of the titanium dioxide 
polymorphs, rutile and anatase, are incompletely understood. 
Although both of these polymorphs commonly exist in the 
environment, experimental studies regarding their activities 
have rarely specified which was studied.

The surface properties of the two polymorphs vary 
depending on whether they are naturally occurring or 
synthetically made. The surface properties of synthetic 
rutile vary greatly depending on the conditions of the 
synthetic process. Membrane activity probably depends on 
the conditions of synthesis which control surface chemistry, 
e.g., titanol formation. The difference in surfaces makes 
it more difficult to define the biological potential of 
synthetic rutile and anatase.

The naturally occurring specimens of rutile and anatase 
used in this study contained a few large, colored particles: 
the Brazilian anatase fragments were up to lOOum in size and 
were cream colored; all the other natural rutiles also 
contained large, brownish fragments. These colors suggest 
the presence of trace metal and mineral impurities. Both of 
these factors have been linked to reduced membrane activity 
(Langer, 1978).

Synthetic rutile or anatase form white homogeneously 
fine powders. Several of the synthetic preparations were
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mixtures of both polymorphs (Table VI.3). The synthetic
polymorphs differ in composition, color, and particle size
as compared to the natural minerals. Virtually every
particle within these specimens exists in a size si.Oum (see
Tables VI.4 and 7). It should be noted that the synthetic
materials also differ from the naturally occurring materials
in particle shape, tending to be oval-to-rounded, with less
straight edges .

Only two of the sixteen specimens tested were found to
be membranolytically active in a human erythrocyte model.
All the anatase specimens and all the naturally occurring
rutiles were found to be inactive (Tables VI.5 and 6). Of
the five synthetic rutiles studied, only the Dupont rutile
and Ti02 #10082, were found to be active (Figure VI.3).
Other investigators have observed synthetic anatase to be
active and rutile inert (Zitting and Skytta, 1979).

The membranolytic activity of the Dupont rutile and
Ti02 #10082 were compared to four fine particle size quartz
specimens. Computation of the surface area (SA) for the
mineral dusts shows the Min-U-Sil 15 to possess an expressed 

2SA of “4.5m /gm as compared to the Dupont and #10082
2rutile's “15.7m /gm. These values are based on an average 

particle size of 0.5um for quartz, and a size of O.lum for 
the rutile specimens. The activity of rutile is, therefore, 
less than quartz on a single particle basis (Table VI.7). 
Although the synthetic anatase specimens have very small 
size distributions and possess surface areas as high as 
those calculated for the active rutiles, they are inactive.
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Thus, the importance of the nature of the particle surface 
is underscored.

The ability of several of the titanium dioxide
specimens to bind 2-PVPNO was compared to 1 and 2um Stokes' 
diameter Min-U-Sil 15. The two active rutiles had the 
appropriate surface chemistry to hydrogen bond the polymer 
as did the naturally occurring rutile from White Mountain, 
California (Figures VI.6 and VI.7). The 2-PVPNO was found 
to inhibit hemolysis by the Ti02 #10082. The maximum 
inhibition for #10082 (Figure VI.8) occurred at about the 
same concentration of 2-PVPNO as the maximum polymer binding 
for that Ti02 at that specific mineral concentration (Figure 
VI.6). Two other synthetic rutiles and one anatase, all 
inactive, were unable to bind the polymer. As a point of 
comparison, much experimental data indicate that the
biological activity of quartz is related to the mineral's 
ability to hydrogen bond 2-PVPNO (Langer and Nolan, 1985). 
This latter paper highlighted the importance of the SiOH 
functionality for mineral-cell attachment, claiming it to be 
required as the initial step in membrane lysis.

The PRU titanium dioxide, the two IOM specimens, and 
the Dupont specimen have been shown by x-ray diffractometry 
to be rutile. The PRU rutile has been shown to be weakly
cytotoxic to macrophages (Davies et al, 1984). Electron
microscopic studies show them all to be of similar particle- 
size and therefore to have comparable surface area. 
However, the surface properties of the active rutile are 
clearly different from that of the other three specimens.
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These chemical differences are recognized by the erythrocyte 
membrane.

A single mineral species may possess a range of 
biological activities depending on the nature of the 
chemical functionalities at the particle surface and its 
particle size distribution and trace metal content. Anatase 
and rutile appear to have a range of biological activity.



Table VI.1: Production of synthetic titanium dioxide in the United States —
1985

Producer Location
Production
Sulfate*

in Tons/Year 
Chloride*

Dupont de Nemours Antioch, CA 
DeLisle, MS 
Edge Moor, DE 
New Johnsonville, TN

35,000
150.000
110.000 
228,000

Kenira Oy (Finnish) Savannah, GA 66,000
Kerr-McGee Hamilton, MS 64,000
SCM Corporation Ashtabula, OH 

Baltimore, MD 66,000
42.000
43.000

NL Industries no longer operates U.S. plants. St. Louis, MO, plant was closed 
in 1980, as was Sayerville, NJ, plant. Most sulfate plants closed because of 
stringent EPA pollution codes.
♦Sulfate process produces anatase; chloride process produces rutile.
Foreign produced titanium dioxide now constitutes about 20% of U.S. consumption: 
sources from Canada, Norway, Belgium, West Germany.
Based on data from the U.S. Minerals Yearbook, 1981, chapter on titanium by Lynd 
and Hough, and on data reported in an article by C. Verbonic, Chemical Business, 
August, 1985.
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Table VI.2: Comparison of the physical and chemical properties of the titanium
dioxide polymorphs

Property
TITANIUM

Rutile
DIOXIDE POLYMORPH 
Anatase1 Brookite

X-ray data ASTM SPDF* 21-1276 21-1272 16-617
Crystal system Tetragonal Tetragonal Orthorhombic
Space group P4-/m nm(136) 14./a md (141) P cab (61)
Unit cell x-axis 4.5933(4.59) 3.7852(3.78) 9.1819(9.14)

y-axis 5.4559(5.44)
z-axis 2.9592(2.96) 9.5139(9.50) 5.1429(5.15)

Z-cell _ 2 4 8
Density 4.250(4.18-4.25) 3.893 (3.82-3.95) 4.119(3.87-4.12)
Packing coordination 6:3 HCP 6:3 CCP 6:3

Bulk chemistry Ti°~ Ti02 TiO-
Trace metals Cr,v,Fe,Al,Sn, 

Mn,H20,Ta,Nb 
Quartz,ilmenite,

V,Ve,Al,Sn,Ca Fe,Mg,Many Tr 
metals reported

Trace minerals Many minerals Many minerals
Planes of Failure

biotite,others reported reported
Twinning e(101) common 

v(301) rare 
(Oil) glide

(112) rare (230) possible

Cleavage a (100) moderate c(001) perfect m(120) poor

Parting
m(110) good 
s(111) traces 
Along glide planes

p(011) perfect c(100) v.poor

Fracture Uneven, subcon- Uneven, subcon- Uneven, subcon-
choidal choidal choidal

*ASTM-SPDF = American Society of Testing Materials —  Standard Powder Diffrac­
tion File



Table VI.2: Comparison of the physical and chemical properties of the titanium
dioxide polymorphs (cont)

Property
TITANIUM

Rutile
DIOXIDE POLYMORPH 
Anatasê " Brookite

Stability - T,pH Highest Least Intermediate
2 shared edges 3 shared edges 4 shared edges 

1 shared face
Color3 R,B,Br,V,Y,G Br,Y,G,B,B1 R,Br,B,V
Dispersion Very strong Strong Strong, variable
Refractive Index W 2.605-2.613 

E 2.899-2.901 
J 0.286-0.296

E 2.488 
W 2.501 
J 0.073

1Anatase is also referred to as octahedrite in older mineralogical literature.
2Density appears to vary according to iron content which may occur as a "minor11 
element rather than as a "trace" element {some %). The density of anatase 
changes dramatically after heating (d = 4.16).
^Colors are R=red, B=blue, Br=brown, V=violet, Y=yellow, G=green, Bl=black. 
Synthetic rutile tends to be white. Titania in pulmonary tissues tends to be 
greenish-white.



Table VI.3 —  X-ray diffraction characterization of titanium dioxide specimens 
used experimentally

Specimen Name Source % Rutile % Anatase Other Phases

I. Natural Minerals
Rutile Mozambique, ^ 99 0 Tr quartz,

Africa clay minerals.
Rutile sand Myrtle Beach, > 98 0 Up to 2% ilmenite,

S. Carolina silicates.
Rutile Graves Mountain, > 99 0 Tr-1% ilmenite.

Georgia
Rutile White Mountain, > 97 Tr-1 Tr-2% silicates,

California clay minerals.
Anatase Brazil Tr-1 > 99 Tr-1% silicates,

clay minerals.
II. Synthetic Titanium Dioxide— Industrial Powders
TiO„ #10082 N. Wotherspoon, 100 0 None detected.

MSSM, CUNY
Rutile Dupont 100 0 Tr phase, un­

Haskell Labs identified.
Titanic oxide Fisher Scientific 0 100 None detected.
Titanium (IV) Aldrich Chemical '5 '95 None detected.
III. Polymorphs Used in Pneumoconiosis Laboratories
Rutile PRU #159 > 99 Tr-1 None detected.

Wales, U.K.
Rutile IOM-1 > 99 Tr-1 None detected.

Scotland
Rutile IOM-2 100 0 None detected.

Scotland
Titanox AWO R.J. Schnitzer Tr-1 > 99 None detected.



Table VI.3 —  X-ray diffraction characterization of titanium dioxide specimens
used experimentally (cont)

Specimen Name Source % Rutile % Anatase Other Phases

IV. Anatase Specimens— Smithsonian Institution
Calcined anatase K. Towe 

Smithsonian
“2 “98 None detected.

Milled anatase K. Towe 
Smithsonian

0 100 None detected.
Ti02 X H20 K. Towe 

Smithsonian
0 100 None detected.

The clay minerals include the alteration product leucoxene; the silicate most 
frequently encountered appears to be a feldspar phase.
The PRU is the Pneumoconiosis Research Unit of the British MRC. 
The IOM is the Institute of Occupational Medicine, Edinburgh.



Table VI.4 —  Si2e distribution of titanium dioxide and quartz specimens
Percent Within Each Size Class

I. Natural Titanium Dioxide Minerals
0.51- 1.01- 2.01- 5.Ol-

Specimen Phase* (N) SO. 50um l.OOum 2.OOurn 5.OOurn IO . OOum S10.lur
Mozambique R 597 51.6% 16.2% 20.8% 8.6% 2.8% 0.0%
Myrtle Beach R 767 48.9% 21.6% 17.9% 9.0% 2.1% 0.5%
Graves Mtn. R 783 41.4% 26.0% 22.0% 8.4% 1.8% 0.4%
White Mtn. R 735 60.7% 22.9% 11.5% 4.9% 0.0% 0.0%
Brazil A 783 61.4% 23.0% 12.0% 3.2% 0.4% 0.0%
II. Industrial Powders; (Synthetics)

0.26- 0.51-
Specimen Phase (N) SO.25um 0.50um 1. OOurn SI.Olum
#10082 R 309 66.4% 33.3% 0.3% 0.0%
Dupont R 376 62.2% 37.3% 0.5% 0.0%
Fisher A 376 88.1% 9.8% 2.2% 0.0%
Aldrich A 332 86.1% 13.0% 0.9% 0.0%
III. Titanium Dioxide Used in Pneumoconiosis; Laboratories as Control Dusts

0.26- 0.51-
Specimen Phase (N) SO.25um 0.50um 1.OOurn Si.Olum
PRU #159 R 320 48.8% 51.2% 0.0% 0.0%
IOM-1 R 344 46.0% 51.7% 2.3% 0.0%
IOM-2 R 200 43.5% 49.5% 7.0% 0.0%
Titanox AWO A 219 92.2% 7.8% 0.0% 0.0%



Table VI.4 —  Size distribution of titanium dioxide and quartz specimens (cont)
Percent Within Each Size Class

IV. Anatase Specimens'— Smithsonian Institution
0.26- 0.51-

Specimen Phase (N) £0.25um 0.50um 1.OOurn Si.Olum
Calcined A 345 76.5% 22.6% 0.9% 0.0%
Milled A 376 96.8% 3.2% 0.0% 0.0%
Precipitated A — 100.0% — — -
V. Min-U-Sil (Quartz) Controls

0.51- 1.01- 2.01-
Specimen Phase (N) £0.50um 1.OOurn 2.OOum 5.OOum £5.011
MOS 5 1 urn Q 380 17.6% 26.3% 33.4% 21.9% 0.8%
MUS 5 2 urn Q 387 18.1% 19.4% 13.4% 30.3% 18.8%
MUS 15 1 urn Q 443 24.6% 32.1% 26.6% 16.2% 0.5%
MUS 15 2 urn Q 307 12.7% 14.7% 7.5% 43.6% 21.5%

*R, A, and Q denote rutile, anatase, and quartz, respectively.



Table VI.5 —  Membranolytic activity of the naturally occurring titanium dioxide 
polymorphs: Rutile and anatase

Ti02
mg/ml

Anatase
Brazil

%H
Rutile Sand 
S. Carolina 

%H
Rutile

California
%H

Rutile
Georgia

%H
Rutile
Africa

%H
Min-U-Sil
mg/ml %H

0.625 1.3+0.1 1.0 + 0.0 1.2 + 0.0 1.1+0.0 1.2 + 0.0 0.375 5.2+0.0
1.250 1.8+0.0 1.1+0.0 1.8 + 0.2 1.2+0.1 1.5+0.0 0.750 11.4+0.0
1.875 2.2+0.0 1.3 + 0.1 2.5+0.4 1.5+0.0 1.8+0.1 1.125 16.7+0.0
2.500 2.5+0.3 1.5 + 0.0 3.7+0.2 1.9 + 0.0 1.8+0.1 1.500 21.6+0.1

i188



Table VI.6 —  Membranolytic activity of titanium dioxide specimens obtained as 
fine industrial powders (synthetics)

Ti02
mg/ml

Dupont
%H

Ti02
#10082

TiO,
mg/ml

Calcined
Anatase

%H
Milled
Anatase

%H
Ti09 x H-0 

%H *

0.313
0.625
0.938
1.250

5.1 + 0. 3 
14.3+0.8 
27.6+3.1 
38.0+4.5

6 .4 + 0 .3 
16.4+2.2 
30.7^1.2 
37.5+2.2

0.50
1.00
1.50
2.00

1.2+0.1 
1.2+0.1 
1.1+_ 0.1 
1.0+0.1

1. 2+̂ 0.1 
1.4^0.1 
1.5+̂ 0.1 
1.7+0.1

1.5 +0.1 
2.0+0.1 
2.7 + 0.0 
3.4 + 0.3

Ti02 
mg/ml

Anatase
Titanox

%H
Anatase
Aldrich

%H
Titanic Acid 
Fisher 
%H

Min-O-Sil 15 
mg/ml %H

Sonicated
%H

CO\D

0.625
1.250
1.875
2.500

3 * °i°•1 3 .8 + 0.3
4.8+0.1
5.9+0.0

2.1 + 0. 2 
2.9 + 0.1 
4.0 + 0.1 
5.3+0.1

1.9+0.1 
2.3+0.1 
4.2+0.1 
4.4+0.2

0.375 7.7+0.2
0.750 15.3^0.4
1.125 21.8^0.4
1.500 27.6+0.6

11.8+0.1
25.7+0.3
35.3+0.5
44.1+0.1



Table VI.7 —  Relationship between particle size and surface area with constant shape for quartz, 
anatase and rutile

Particle
Size
um

No. of particles/mg Surface Area 
(um )/particle

Surface 2Area (um )/mg
Quartz Anatase Rutile Quartz Anatase Rutile

0.5 3.02X109 2.05xl09 1.88xl09 1.5 4.5x10® 3.0x10® 2.8x10®
1.0 3.77X107 2.57x10® 2.35x10® 6.0 2.2x10® 1.5x10® 1.4x10®
2.0 4.72X107 3.21xl07 2.94X107 24.0 1.1x10® 7.7x10® 0.7x10®
5.0 3.02X106 2.05X106 1.88x10® 150.0 4.5x10® 3.1x10® 2.8x10®

10.0 3.77X105 2.57xl05 2.35xl05 600.0 2.3x10® 1.5x10® 1.4x10®
20.0 4.72X104 3.21X104 2.94X104 2400.0 0.9x10® 0.8x10® 0.7x10®

Density of Quartz s 2.656 g/cc # 5-0490 (SPDF)
Density of Anatase = 3.893 g/cc #21-1272 (SPDF)
Density of Rutile = 4.250 g/cc #21-1276 (SPDF)
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Figure VI.1 -- Flow diagram for the synthesis of titanium 
dioxide via the sulfate process.
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Figure VI.2 —  Flow diagram for the synthesis of titanium 
dioxide via the chloride process.
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Figure VI.3 —  Comparison of the membranolytic activity of 
six synthetic titanium dioxide specimens and quartz.
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Figure VI.4 -- Comparison of the membranolytically active 
rutile (Dupont) with two fine particle size quartz specimens 
and two titanium dioxide specimens used in pneumoconiosis 
research as inert controls.



%  H 
4 0  -

M IN - U - S IL  15, I f/m SD

3 0  -
M IN -U -S IL  
2 p m  S D

20 - M IN -U -S IL  15 
UNFRACT.

RUTILE, S  
DUPONT ‘ a IO M - I -  SCOTLAND 

6— ° PRU WALES

0.5 1.0
mg /ml

198



- 199 -

Figure VI.5 —  Comparison of the membranolytic activity of 
two fine particle size quartz specimens and two synthetic 
rutile specimens.
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Figure VI.6 —  The hydrogen bonding ability of two fine 
particle size quartz specimens was compared to four titanium 
dioxide specimens.
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Figure VI.7 -- The ability of four synthetic rutiles to 
hydrogen bond with the polymer, 2-PVPNO, was determined.
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Figure VI.8 —  Inhibition of titanium dioxide #10082 
membranolytic activity with 2-PVPNO.
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