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This 90-day study was aimed at characterizing the differences in biological activity between a 
crystalline ground reference quartz (DQ12) and a quartz with occluded surfaces (quartz isolate) 
obtained from a clay deposit formed 110 to 112 million years ago. In different test groups, rats 
were dosed with the same total mass and quartz level by intratracheal instillation, with a total 
high dose of 15.2 mg/kg (body weight, bw) or approximately 4.7 mg/rat of each quartz species in 
a saline suspension. The reference quartz was mixed with titanium dioxide to achieve a positive 
control mixture, which contained the same quartz content as in the quartz isolate. At 3 days 
post dosing, both quartz groups showed a significant inflammatory response based on total and 
differential cell counts from bronchoalveolar lavageate (BAL) analysis. At 28 and 90 days, the 
quartz isolate values were no longer statistically different from vehicle control group values; 
however, the positive control group values were approximately 12 and 65 times greater than 
those of the control group, respectively. After 28 days, histopathological evaluation showed 
moderate effects in the quartz isolate group compared to the saline control animals. These 
effects did not progress in severity at 90 days. In contrast, the positive control group exhibited 
more severe effects than the quartz isolate group and these effects showed a progression to 
a persistent and self-perpetuating inflammatory state. The toxicological properties of quartz 
particles can vary significantly dependent on their surface characteristics. Toxicity can range 
from a high-dose-induced, modest, transient inflammation from quartz with occluded surfaces, 
to a severe and persistent inflammatory state caused by ground quartz with fractured surfaces. 

In its 1997 monograph, the International Agency for Research 
on Cancer (IARC) assessed the carcinogenic potential of res-
pirable crystalline silica using data from human epidemiological 
and chronic animal inhalation studies. Their general conclusion, 
that respirable crystalline silica is a human carcinogen, was sup-
plemented by the restrictive statement “that carcinogenicity in 
humans was not detected in all industrial circumstances studied. 
Carcinogenicity may be dependent on inherent characteristics of 
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the crystalline silica or external factors affecting its biological 
activity or distribution of its polymorphs.” 

Research conducted by Hemenway (1986, 1990) has empha-
sized the crucial role of specific particle properties, such as sur-
face area, protein binding ability, and solubility for initiation of 
an inflammatory response in lungs. In these rat studies, different 
lung responses were obtained from α-cristobalite and various 
types of α-quartz. An important outcome of these studies was 
that some quartz types show a low and transient toxicological 
response after uptake in the lungs, as defined by inflammatory 
cells in the bronchoalveolar lavage (BAL) fluid. Mechanistic 
studies conducted by Donaldson and Borm (1998) have empha-
sized that the toxic impact of quartz is related to surface reac-
tivity and may vary dramatically depending on the origin of the 
quartz sample. These studies also showed that the mechanism 
of quartz toxicity includes the generation of free radicals and 
reactive oxygen species. Additionally, Fubini (1998) has found 

995 

https://item.fraunhofer.de


996 O. CREUTZENBERG ET AL. 

that the biological response to quartz can be reduced by sub-
stances affecting the quartz surface. These studies point out the 
need to better understand the relationship between quartz types 
and toxicological responses. 

The current study was undertaken to investigate the intrinsic 
lung toxicity of a respirable-size quartz, with naturally occluded 
surfaces (quartz isolate), that had been isolated from a sodium 
bentonite clay deposit which formed 110 to 112 million years 
ago. The isolation techniques used to obtain the quartz isolate 
enriched the quartz content while avoiding the use of chemicals 
or mechanical grinding that might artificially affect the occluded 
surfaces of the quartz particles. Lung effects were characterized 
using BAL and histopathological parameters at 3, 28, and 90 
days after intratracheal instillation of test materials into rats. 
The effects were compared to those of a reference quartz (DQ12) 
with a well-characterized biological activity. 

This study was preceded by a 28-day intratracheal rat instil-
lation study that investigated the inflammatory and genotoxic 
effects of similar quartz isolate and reference quartz (DQ12 fine 
size) samples (Creutzenberg et al., 2003). In the 28-day study, the 
intrinsic toxicity of the quartz isolate sample (geometric mean: 
3.70) was compared to that of the reference quartz (geomet-
ric mean: 1.31). The inflammatory endpoints, bronchoalveolar 
lavage (BAL) and histopathology of lungs, revealed a moderate 
effect induced by the quartz isolate, whereas the reference quartz 
showed a strong effect, e.g., 36% PMNs in BAL fluid on day 28 
after instillation versus 65%, respectively. 

Since it is known that particle diameter can play a significant 
role in the toxicity of crystalline silica, it could not be determined 
whether the results from the 28-day study were attributable to 
particle size differences or to other factors. In the current study, 
a quartz isolate and a reference quartz with similar particle size 
distributions, geometric means of 3.58 and 3.01 µm, respec-
tively, were used. A 3-mo postdosing observation period was 
also used, which gave a broader base for evaluating the effects 
on the lungs. This study also included lung retention measure-
ments of the test materials, which provided some information on 
the toxicokinetics and effects on the morphological properties 
of the quartz species after 90 days in the lungs. 

MATERIALS AND METHODS 
Test Materials 
Quartz Isolate 

A quartz isolate sample was extracted from crude, undried 
and unprocessed bentonite clay obtained from the 100- to 112-
million-year-old, lower Cretaceous age, northeastern Wyoming 
Newcastle formation. As used here, the term “bentonite” is 
restricted to a geologic deposit derived from the alteration of 
silica-rich, glassy volcanic ash that fell into a shallow sea, dis-
solved rapidly, and re-precipitated primarily as the aluminosili-
cate mineral montmorillonite. Excess silica resulting from this 
re-precipitation formed quartz and the amorphous silica hydrate 
mineral opal. Quartz formed in this manner bears the name “au-

thigenic” to differentiate it from quartz resulting from crystal-
lization from the molten state. Authigenic quartz, in bentonite, 
exhibits a low degree of internal crystal organization as com-
pared to quartz formed at high temperature, which exhibits a 
much higher degree of internal crystal organization. The sur-
faces of quartz particles formed in this manner are also inti-
mately associated with, and occluded by, coatings of the clay 
and amorphous silica with which they were formed, as well as 
water and metal ions such as Al3+ and Fe2+/3+ . 

The quartz isolate was gently extracted from an aqueous sus-
pension of crude, unground bentonite clay, without the addition 
of any chemicals, using a centrifugal method designed to avoid 
alteration of the quartz particle surfaces. The physicochemi-
cal properties of the quartz isolate obtained in this manner are 
presented in Table 1. The quartz isolate particles consist of a 
sedimentary, chert-like, microcrystalline form of quartz formed 
at low temperature in the presence of liquid water, intergrown 
with the amorphous hydrous mineral opal and the clay mineral 
montmorillonite. Figure 1 shows a scanning electron photomi-
crograph of a representative sample of quartz isolate. The con-
voluted nature of the quartz particles and their occluding coating 
can clearly be seen in this figure. The quartz content of the quartz 
isolate was 60%. Prior to use, the quartz isolate was stored at 
3◦C as a  34.8% suspension in deionized water. 

Reference Quartz 
The quartz sample DQ12 middle size was obtained from 

Bergbauforschung, Essen, Germany. This material, which was 
produced by mechanical grinding, was a mid-size fraction of a 
classified Dörentrup quartz sample, and was used as the refer-
ence quartz. It is thought to consist entirely of broken fragments 
of particles of single crystal α-quartz. α-Quartz is a polymorph 
of quartz crystallized from an igneous melt. The physicochem-
ical properties of the reference quartz are presented in Table 1. 
Figure 2 shows a scanning electron photomicrograph of a rep-
resentative sample of the reference quartz material. The clean, 
flat surfaces and highly angular nature of the particles of this 
material can clearly be seen here. 

Titanium Dioxide 
The titanium dioxide sample Bayertitan T (TiO2) was  ob-

tained from Bayer AG, Krefeld, Germany. Based upon infor-
mation obtained from the supplier, the chemical composition 
is 98.174% TiO2, the annealing weight loss is 0.22%, and the 
mineralogical composition is 99.5% rutile polymorph. The den-
sity of this material is 4.26 g/cm3. Additional physicochemical 
properties of the titanium dioxide are also presented in Table 
1. Figure 3 shows a scanning electron photomicrograph of a 
representative sample of the titanium dioxide. 

Animals and General Procedures 
Male Wistar rats (strain Crl:WU), approximately 6 wk of 

age at delivery, were obtained from Charles River Deutsch-
land, Sulzfeld, Germany. The age of the animals at the start 
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TABLE 1 
Physicochemical properties of test materials used in 90-day study 

Material 

Characteristic Quartz isolate Reference quartz TiO2 

Surface area 
By BET methoda (m2/g) 21.2 3.7 1.9 
By EGME methodb (m2/g) 213 5.6  21.7 

XRD average domain sizec (µm) 0.076 0.19 — 
XRD mineralogy 

Quartz (%) (per NIST 1878A standard reference) 60 87 0 
Montmorillonite (%) 30 0 0 
Undefined amorphous silica (%) 8 13 0 
Analcime (%) 2 0 0 
Rutile (%) 0 0 99.5 

Major element compositiond (normalized) 
SiO2 (%) 87.88 99.30 — 
Al2O3 (%) 7.58 0.00 — 
Fe2O3 (%) 1.39 0.04 — 
MnO (%) 0.00 0.00 — 
Na2O (%) 0.79 0.21 — 
K2O (%) 0.19 0.05 — 
MgO (%) 0.78 0.00 — 
CaO (%) 0.75 0.00 — 
TiO2 (%) 0.08 0.02 98.17 
P2O5 (%) 0.04 0.02 — 
F (%) 0.07 0.02 — 
S (%) 0.01 0.01 — 
Total C (%) 0.39 0.33 — 
Organic carbon (%) 0.05 0.00 — 

Particle size by scanning electron microscopy 
Mass mean geometric diameter (µm) 3.58 3.01 1.80 
Geometric Standard deviation 1.30 1.53 1.90 

Differential scanning calorimetry (DSC) 
α Quartz → β quartz transition temperature (◦C) Not detected 573 — 
β Quartz → α quartz transition None Yes — 

Thermal XRD Analysis 
α Quartz → β quartz transition temperature (◦C) by 675 573 — 

Zeta potentiale 

At pH 4 (mV) −20.49 −35.42 −11.47 
At pH 6 (mV) −25.32 −30.49 −35.08 
At pH 8 (mV) −31.14 −39.09 −43.03 

Electron spin resonance (ESR) f 

Hydroxyl radical (•OH) relative peak height 54 65 — 
Endotoxin content 

ng/g (EU/g) 100 (1000) 1.78 (17.8) <0.562 (<5.62) 

aBrunauer–Emmet–Teller method (Brunauer et al., 1938). 
bEthylene glycol monoethyl ether method (Carter et al., 1965; Bower and Goertzen, 1959). 
cUsing the Warren–Averbach procedure (Warren and Averbach, 1953). 
d Using standard lithium metaborate/tetraborate fusion methods with inductively coupled plasma (ICP) analysis. 
eA measurement of the magnitude of surface charge. 
f A measurement of the presence of free radicals. 
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FIG. 1. Quartz isolate (5000×). 

of treatment was approximately 11 wk and their weight was ap- Study Design and Dosing Scheme 
proximately 300 g. Rats were dosed with the test materials by The test materials were administered on a body weight basis 
intratracheal instillation. Males were preferred to females be- (Table 2). The quartz isolate and positive control were dosed at 
cause literature data indicate a higher sensitivity in the fibrotic 15.2 mg/kg body weight. Aliquots of 3.8 mg/kg body weight, 
response induced by crystalline silica (Honnons & Porcher, suspended in approximately 0.3 ml saline, were administered 
2000). intratracheally in 4 consecutive daily applications. To minimize 

FIG. 2. Reference quartz (5000×). 
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FIG. 3. Titanium dioxide Bayertitan T (5000×). 

particle agglomeration, the suspensions were shaken moderately 
prior to instillation but did not undergo an ultrasonic treatment. 
The study was designed to dose the animals, in the different test 
groups, with the same total mass and the same quartz level. The 
quartz content of the quartz isolate was 60% while the quartz 
content of the reference quartz was 87%. Thus, in order to de-
liver the same mass dose as well as the same dose of quartz, 
the reference quartz had to be supplemented with additional 
particulate material to produce a positive control mixture that 
contained 60% quartz. Fine titanium dioxide particles were se-
lected because they represent particles that have been used and 
recognized for decades, in inhalation toxicology, as a negative 
control particle (Ferin et al., 1965; Ferin, 1994). In the previously 
conducted 28-day study (Creutzenberg et al., 2003), separate 

groups of rats were dosed with reference quartz (quartz DQ12 
fine size) or a mixture of 71.25% reference quartz and 28.75% 
titanium dioxide. In both cases the total amount of reference 
quartz was identical. The results of the 28-day study clearly 
showed that, at all time periods, the effects caused by reference 
quartz alone were essentially identical to those seen in rats dosed 
with the mixture of reference quartz and titanium dioxide. Based 
on these results, it was concluded that the presence of titanium 
dioxide would not alter the toxicological effects of the refer-
ence quartz in the present study. Therefore, in the present study, 
the effects seen in the animals dosed with the positive control 
mixture are assumed to be attributable to the reference quartz. 

The quartz isolate was supplied as a 38.8% aqueous suspen-
sion in deionized water. Sodium chloride was added to reach a 

TABLE 2 
Study design 

Cumulative 
Cumulative dose: other Number of 

Test Cumulative dose: quartz particles animals 
Group material dose (mg/kg)a (mg/kg)a (mg/kg)a per group 

1 Saline Vehicle only Vehicle only Vehicle only 30 
2 Quartz isolate 15.2 9.1 6.1 30 
3 Positive control = 69.1% 10.5 Reference quartz 9.1 1.4 + 4.7 30 

reference quartz + 30.9% + 4.7 titanium 
titanium dioxide dioxide 

a All groups were dosed, over 4 days, with 4 aliquots of the test materials at a volume of 0.3 ml. 
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FIG. 4. Quartz isolate before instillation (5000×). 

FIG. 5. Quartz isolate recovered from rat lung after 90 days by low-temperature plasma ashing (5000×). 
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0.9% isotonic saline concentration. The suspension was further 
diluted with sterile and pyrogen-free saline to reach the target 
concentration for dosing. Only saline was added to the positive 
control mixture to prepare the positive control dosing suspen-
sion. Concurrent control animals were treated with the saline 
vehicle only. Prior to dosing, the rats were slightly anesthetized 
with CO2. 

Sacrifice of Rats 
Rats scheduled for bronchoalveolar lavage (BAL) were anes-

thetized by an intraperitoneal application of sodium pentobar-
bital (Narcoren at 0.1 ml per 100 g body weight) and exsan-
guinated by cutting the vena cava caudalis. Rats scheduled for 
histopathological examination were sacrificed by an overdose 
of carbon dioxide and subsequent bleeding via cutting the vena 
cava caudalis. 

Endpoints 
Bronchoalveolar Lavage (BAL) 

On days 3, 28, and 90 posttreatment, a bronchoalveolar lavage 
(BAL) was performed and the lavage fluid collected for differen-
tial cell counts and analysis of biochemical parameters (see Ta-
bles 3 and 4). With minor alterations, the procedure followed the 
method described by Henderson et al. (1987). Following prepa-
ration, the lungs were lavaged with saline using 5 lavages of 5 
ml each. The lavage fluid was collected separately for lavages 1 
and 2 (first series, without massage of lungs) and for lavages 3 
to 5 (second series, using gentle massage of lungs). After cen-
trifugation of the first series, biochemical indicators relevant for 
diagnosis of lung damage were determined in the supernatant 
(lactic dehydrogenase [LDH], β-glucuronidase, total protein). 
The cell pellet of the first lavage series was resuspended in the 
residual supernatant, combined with the second lavage series, 
and the resulting cell pool of five lavages was used for cytology. 
The leukocyte concentration of the lavageate was determined 
using a counting chamber and two cytoslides were prepared 
with a cytocentrifuge (Shandon Co., Frankfurt, Germany) for 
differential cell count (macrophages, neutrophils, eosinophils, 
lymphocytes, epithelial cells). 

Histopathology 
On days 28 and 90 posttreatment, histopathology of all 5 lung 

lobes, including bronchi and the lung-associated lymph nodes 
(LALN), was conducted on 5 animals per group. Lungs were 
inflated under a pressure of approximately 20 cm water, with 
10% neutral-buffered formalin, and fixed by immersion. They 
were embedded in paraffin, sectioned, and stained with hema-
toxylin and eosin (H&E). A special stain (Masson’s trichrome) 
was applied for diagnosis of fibrotic changes. 

The lungs were then ashed using a low-temperature plasma 
technique and the inorganic content of the ash was ana-
lyzed by scanning electron microscopy to determine general 
particle morphology, particle size distribution, and particle 
chemistry. 

Statistics 
Differences between groups were considered to be statisti-

cally significant at the level of p < .05. Data were analyzed us-
ing analysis of variance. If the group means differed significantly 
by the analysis of variance the means of the treated groups were 

TABLE 3 
Means of parameters measured in BAL fluid 3, 28, and 90 days 

after the last of 4 instillations 

Lactic dehydrogenase (U/L) 

Group Parameter Day 3 Day 28 Day 90 

Saline control Mean 52 30 38 
SD 21 7 6 
n 6 6 7 

Quartz isolate Mean 166 107 128 
SD 39 25 18 
n 6 6 7 

Positive control Mean 284∗∗∗ 361∗∗ 734∗∗∗ 

SD 132 258# 132### 

n 6 6 7 

β−Glucuronidase (U/L) 
Saline control Mean 0.3 0.2 0.3 

SD 0.1 0.1 0.1 
n 6 6 7 

Quartz isolate Mean 1.1∗∗∗ 0.8 1.1 
SD 0.2 0.1 0.3 
n 6 6 7 

Positive control Mean 1.6∗∗∗ 2.7∗∗∗ 12.6∗∗∗ 

SD 0.5# 1.0## 4.6### 

n 6 6 7 

Total protein (mg/L) 
Saline control Mean 73 101 83 

SD 14 27 8 
n 6 6 7 

Quartz isolate Mean 204∗∗∗ 185 209 
SD 17 26 23 
n 6 6 7 

Positive control Mean 346∗∗∗ 512∗∗∗ 875∗∗∗ 

SD 60### 129### 182### 

n 6 6 7 

Morphology of Test Materials in Lungs Note. Statistics: ANOVA + Tukey test, ∗ P ≤ 5%, ∗∗ P ≤ 1%, and 
Lungs were harvested from dosed and undosed (reserve) ∗∗∗ P ≤ 0.1% (vs. control); # P ≤ 5%, ## P ≤ 1%, and ### P ≤ 0.1% 

rats and lyophilized 90 days after treatment of the animals. (positive control vs. QI). 
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TABLE 4 
Differential cell count 3, 28, and 90 days after intratracheal instillation (means) 

3 Days 

Group Dose (mg/kg) 
Leukocyte 

number (cells) 
Macrophages 

(%) 
Eosinophil 
PMNs (%) 

Neutrophil 
PMNs (%) 

Lymphocytes 
(%) 

Cell 
viability (%) 

Saline control 

Quartz isolate 

Positive control 

0 

15.2 

10.5 + 4.7 

Mean 
SD 
Mean 
SD 
Mean 
SD 

4.73 × 106 

0.71 × 106 

12.42 × 106* 
2,17 × 106 

19.95 × 106∗∗∗ 

6.88 × 106# 

99.7 
0.5 

79.9∗∗∗ 

2.7 
58.0∗∗∗ 

7.3### 

0.0 
0.0 
0.0 
0.1 
0.0 
0.1 

0.0 
0.0 

18.1∗∗∗ 

2.6 
39.0∗∗∗ 

7.3### 

0.3 
0.3 
2.0∗∗ 

0.8 
2.9∗∗∗ 

1.2 

99  
1 

100 
1 

100 
1 

Saline control 

Quartz isolate 

Positive control 

0 

15.2 

10.5 + 4.7 

Mean 
SD 
Mean 
SD 
Mean 
SD 

3.44 × 106 

1.04 × 106 

10.88 × 106 

5.16 × 106 

40.82 × 106 ∗∗∗ 

7.55 × 106 ### 

99.4 
0.5 

72.7∗∗∗ 

7.3 
49.5∗∗∗ 

4.9### 

28 Days 
0.0 
0.0 
0.3∗ 
0.2 
0.0 
0.0# 

0.3 
0.3 

24.9∗∗∗ 

7.1 
44.8∗∗∗ 

6.2### 

0.3 
0.4 
2.3 
1.1 
5.8∗∗∗ 

2.0## 

99  
1 

99  
1 

100 
0 

Saline control 

Quartz isolate 

Positive control 

0 

15.2 

10.5 + 4.7 

Mean 
SD 
Mean 
SD 
Mean 
SD 

3.34 × 106 

0.36 × 106 

6.81 × 106 

2.07 × 106 

218.21 × 106 ∗∗∗ 

79.36 × 106 ### 

99.3 
0.7 

64.5∗∗∗ 

11.6 
51.2∗∗∗ 

6.2# 

90 Days 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

0.1 
0.2 

31.6∗∗∗ 

11.3 
45.8∗∗∗ 

5.5## 

0.6 
0.7 
4.0∗∗∗ 

0.7 
3.0∗∗∗ 

1.2 

100 
0 

99 
1 

100 
0 

Note. SD, standard deviation; n = 6–7 = number of animals. Statistics: ANOVA + Tukey test, ∗ P ≤ 5%, ∗∗ P ≤ 1%, and ∗∗∗ P ≤ 0.1% (vs. 
control); #P ≤ 5%, ## P ≤ 1%, and ### P ≤ 0.1% (positive control vs. QI). 

compared with the means of the control groups. Tukey’s test RESULTS 
was used. Incidences of histopathological microscopic findings Survival of Animals and Clinical Observations 
were compared using the two-tailed Fisher test at a level of p < No deaths occurred during the course of the study. Body 
.05. weights were in the normal range and treatment-related effects 

were not observed. 

FIG. 6. Lactic dehydrogenase levels in bronchoalveolar lavage 
fluid measured on days 3, 28, and day 90 after end of treatment. 

FIG. 7. ß-Glucuronidase levels measured in bronchoalveolar 
lavage fluid on days 3, 28, and day 90 after end of treatment. 
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FIG. 8. Total protein levels in bronchoalveolar lavage fluid mea- FIG. 9. Absolute numbers of polymorphonuclear neutrophils 
sured on days 3, 28, and day 90 after end of treatment. (PMNs) in bronchoalveolar lavage fluid (note log scale). 

BAL Enzyme and Total Protein Levels 
The results of BAL fluid analysis are summarized in Tables 3 control group. However, during the 90-day posttreatment ob-

and 4. Plots of lactic dehydrogenase, β-glucuronidase and total servation period there was no progression of these effects. In 
protein are presented in Figures 6 through 8. The saline control contrast, at all time points in the positive control group, val-
group values were at historical levels. ues showed strong, statistically significant differences from the 

At day 3, the quartz isolate group’s β-glucuronidase and total saline control group and there was a significant progression in 
protein values were statistically greater than those of the saline severity during the study period. 

TABLE 5 
Terminal body and lung wet weights 3, 28, and 90 days after the last of 4 instillations—BAL rats 

Group Dose (mg/kg) Body weight (g) Lung weight (g) Lung weight/body weight × 1000 

Saline control 0 Mean 316.3 
Day 3 

1.1007 3.479 

Quartz isolate 

Positive control 

15.2 

10.5 + 4.7 

Std 
Mean 
Std 
Mean 

12.7 
317.4 

15.4 
317.4 

0.0662 
∗1.3298 
0.0759 

∗∗∗1.5630 

0.129 
4.191 
0.136 

∗∗∗4.950 
Std 17.7  #0.2025 #0.808 

Saline control 0 Mean 360.2 
Day 28 

1.2076 3.350 

Quartz isolate 

Positive control 

15.2 

10.5 + 4.7 

Std 
Mean 
Std 
Mean 
Std 

34.4 
363.3 

34.6 
372.8 

16.4 

0.1707 
1.3729 
0.1335 

∗∗∗1.8735 
###0.0771 

0.307 
∗3.787 
0.286 

∗∗∗5.032 
###0.254 

Saline control 0 Mean 422.0 
Day 90 

1.2215 2.892 
Std 14.8 0.1094 0.194 

Quartz isolate 

Positive control 

15.2 

10.5 + 4.7 

Mean 
Std 
Mean 
Std 

442.9 
29.9 

415.8 
31.0 

1.4174 
0.0881 

∗∗∗2.4602 
###0.2948 

3.208 
0.233 

∗∗∗5.908 
###0.420 

Note. Statistics: ANOVA + Tukey test, ∗ P ≤ 5%, ∗∗ P ≤ 1%, and ∗∗∗ P ≤ 0.1% (vs. control); #P ≤ 5%, ## P ≤ 1%, and ### P ≤ 0.1% 
(positive control vs. QI). 
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TABLE 6 
Histopathological findings on days 28 and 90 posttreatment 

Day 28 Day 90 

Reference Reference 
Quartz quartz/TiO2 Quartz quartz/TiO2 

Finding Grade isolate positive control isolate positive control 

Lungs 
Multifocal alveolar accumulations of slight 3 5 

particle-laden macrophages moderate 2 5 4 
severe 1 

Interstitial accumulations of particle-laden very slight 1 1 
macrophages slight 4 5 4 5 

Multifocal interstitial fibro-histiocytic slight 3 5 
granulomata moderate 1 

Multifocal alveolar lipoproteinosisa slight 2 5 
moderate 3 

Multifocal interstitial (predominantly very slight 4 2 1 
perivascular) mononuclear cell infiltrations slight 1 2 1 2 

moderate 3 2 
Alveolar granulocytic infiltration very slight 3 4 

slight 2 1 1 2 
moderate 4 3 

Multifocal bronchiolo-alveolar hyperplasia very slight 5 2 3 
(bronchiolar type) slight 3 1 5 

Multifocal mucus (goblet) cell hyperplasia of very slight 2 1 2 
the bronchi/bronchioles slight 1 5 3 

Multifocal very slight (minimal) interstitial very slight 5 2 4 
fibrosisb 

slight 3 5 
LALN 

Accumulation of particle-laden macrophages (very) slight 5 3 
moderate 4 2 
severe 1 5 

Reactive lymphoid hyperplasia slight 1 1 3 
moderate 1 4 2 5 

a The pulmonary macrophages of the quartz isolate-treated group showed a marked foamy appearance, but without significant signs of degen-
eration and necrosis. In contrast, in the positive control group, the majority of alveolar macrophages were degenerating or necrotic, as reflected 
by alveolar lipoproteinosis. Lipoproteinaceous intra-alveolar material appeared to be mainly derived from decaying macrophages. 

bInterstitial fibrosis developed in close association with accumulation of (particle-laden) macrophages and inflammatory cells (PMN, mononu-
clear cells) and was characterized by localized discrete thickening of intra-alveolar septa due to increased deposition of collagen. In the positive 
control group, the interstitial fibro-histiocytic granulomas, when present, were characterized by central foci of foamy macrophages which at the 
periphery were rimmed by minimal amounts of collagenous (fibrotic) tissue that was continuous with the interstitium. 

Total and Differential Cell Counts was 39%. The PMN values for the quartz isolate and positive 
The results of differential cell counts are presented in Table control groups after 28 days were 25% and 45%, respectively. 

4. Differential cell counts for the saline control group resulted in After 90 days they were 32% and 46%, respectively. These data 
polymorphonuclear neutrophil (PMN) levels of 0.0% to 0.3% at indicate a moderate inflammatory response for the quartz isolate 
3, 28, and 90 days after the last intratracheal instillation. These group and a strong response for the positive control group. When 
values are comparable to historical values. considering the large increase in the total cell number by quartz 

After 3 days, the PMN value for the quartz isolate group (Table 4, Fig. 9), the number of PMNs for the positive quartz 
reached 18%, while the value for the positive control group control and quartz isolate (in parenthesis) show even greater 
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FIG. 10. Mean absolute lung wet weights, BAL rats. 

differences: 7.78 × 106 (2.25 × 106) on  day 3; 18.29 × 106 

(2.71 × 106) on  day 28; and 99.94 × 106 (2.15 × 106) on  day 
90. This means, that the elicited PMNs in the quartz exposed rats 
were manyfold higher than those of quartz isolate exposed rats: 
3.5 fold on day 3; 6.8 fold on day 28; and 46 fold on day 90. 
These data indicate the strongest and persistent inflammatory 
response in the quartz positive control group, and this response 
was evidently considerably smaller in the quartz isolate group. 

Terminal Body and Lung Wet Weights (BAL Rats) 
Absolute and relative wet lung weights of BAL animals were 

statistically significantly elevated, in both treatment groups, after 
3 and 28 days (Table 5; Figure 10). After 90 days, lung weights 
in the quartz isolate group were not statistically different from 

those in the saline control group. By contrast, the positive con-
trol group continuously increased lung weights throughout the 
postexposure period and showed a high degree of statistical dif-
ference when compared to the quartz isolate and saline control 
groups. 

Histopathology 
Histopathologically, the quartz isolate group showed a very 

slight to slight inflammatory response compared to the saline 
control group (Table 6). At 28 days and 90 days, there was no 
progression of the effects. The positive control group, after 28 
days and 90 days, exhibited a significantly stronger reaction 
than the quartz isolate group and the effects showed a continued 
progression in the intensity. 

Lungs 
Very slight interstitial fibrosis of the lungs was observed in 

the quartz isolate group in all 5 rats after 28 days. At 90 days, 
the incidence was 4 of 5 rats (Table 6). In contrast, all animals 
of the positive control group, at 28 and 90 days, showed a higher 
grade of interstitial fibrosis. Alveolar lipoproteinosis, which is 
a measure of alveolar macrophage degeneration or necrosis, 
was statistically significantly increased, after 28 and 90 days, 
in the positive control group. Alveolar lipoproteinosis was not 
observed in the quartz isolate or saline control groups (Table 6). 

Lymph Nodes 
Accumulation of particle-laden macrophages was most pro-

nounced in the positive control group(moderate: 4/5; severe: 
1/5). Particle-laden macrophages were present only to a mini-
mal degree in rats in the quartz isolate group (very slight: 5/5). 

TABLE 7 
Summary of the toxicological effects of the quartz isolate and positive control 

Quartz isolate Positive control 

Parameter 

3 days 
post 

treatment 

28 days 
post 

treatment 

90 days 
post 

treatment 

3 days 
post 

treatment 

28 days 
post 

treatment 

90 days 
post 

treatment 

BAL of  lungs 
Total protein (BAL) (ratio treatment/control) 
Total cell number (BAL) (ratio treatment/control) 
PMN (BAL) (% in differential cell count) 
Lung wet weights (absolute) 

∗∗∗2.8 
∗2.6 

∗∗∗18.1 
∗ 

−1.8 
−3.1 

∗∗∗24.9 
— 

–2.5 
–2.0 

∗∗∗31.6 
— 

∗∗∗4.7 
∗∗∗4.2 

∗∗∗39.0 
∗∗∗ 

∗∗∗5.1 
∗∗∗11.9 
∗∗∗44.8 

∗∗∗ 

∗∗∗10.5 
∗∗∗65.3 
∗∗∗45.8 

∗∗∗ 
∗ ∗∗∗ ∗∗∗ ∗∗∗Lung wet weights (relative) — — 

Histopathology 
Inflammation (+) to  + (+) to  + + to ++ + to ++ 
Interstitial fibrosis (+) (+) + + 
Alveolar lipoproteinosis — — ++ + 
Note. Significant effects as compared to positive control group: ∗5% ∗∗1% ∗∗∗ 0.1% (numerical values: see Tables 7–13). Histopathology: (+) 

very slight effect, + slight effect, ++, moderate effect, + + +  high effect, – not significant. 
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Associated with this finding was reactive lymphoid hyperpla-
sia, which occurred at slight to moderate degrees in 2/5 (slight: 
1/5; moderate: 1/5) animals in the quartz isolate group and 5/5 
(slight: 1/5; moderate: 4/5) animals in the positive control group. 

DISCUSSION AND CONCLUSION 
The focus of this study was to characterize differences in 

biological activity between different quartz species of similar 
particle size. A vast literature exists suggesting that (1) geo-
logically old mixtures, (2) aging of freshly cleaved quartz (not 
for all varieties observed), and (3) experimental surface mod-
ification have an attenuating effect on the intrinsic toxicity of 
quartz-containing particles. For example, contaminants such as 
coal dust or metals (aluminum, iron) can diminish the toxic po-
tential of quartz in quartz-containing materials (Fubini, 1998), 
and crushed quartz and aged quartz behave differently in terms 
of toxicological potency (Vallyathan et al., 1995; Castranova 
et al., 1997). The fracturing of quartz generates silicon-based 
free radicals that are able to produce reactive oxygen species 
(ROS) (Donaldson & Borm, 1998). In terms of toxicological 
potency, freshly ground quartz-containing materials are signifi-
cantly more capable of causing lung injury than corresponding 
aged materials. The surfaces of freshly ground quartz particles 
become less active as they age due to the reaction of free radicals 
on the fractured surfaces with other ions or molecules. Although 
an aging effect may not be observed for every quartz modifica-
tion, it is, nevertheless, an important parameter that must be 
considered in evaluating the toxic potential of quartz-containing 
materials from different sources. 

Ross et al. (1962) exposed rats to a mixture of quartz dust 
and very low quartz coal dust (ground together at a ratio of 5% 
and 95%). Although the quartz/coal dust mixture was inhaled 
16 h/day at 60 mg/m3 for 1 yr, the high level of inhaled quartz 
induced only little fibrosis, demonstrating the reduction of tox-
icity due to the accompanying coal dust. In a complementary 
rat experiment, Le Bouffant et al. (1982) compared a quartz-
containing coal dust to an artificial quartz/coal dust mixture (not 
ground together) of the same quartz content. Following a 12-
mo inhalation, lung collagen analysis revealed that the artificial 
mixture had induced 3 times more collagen as compared to the 
quartz occurring naturally in association with the coal. 

Other examples include studies showing that the strong hy-
drogen bonding agent polyvinylpyridine N -oxide (PVPNO), af-
ter surface treatment, can powerfully attenuate the hemolytic 
activity of quartz (Nolan et al., 1981). Another study of Ernst 
et al. (2002), investigating the quartz surface-modifying effect 
of PVPNO, confirmed strong reduction of the inflammogenic 
effect of quartz DQ12 in terms of BAL endpoints or histopatho-
logical effects. 

Still other studies have demonstrated that aluminum ions can 
lower quartz-induced toxicity. Brown et al. (1990) found that 
aluminum-coated quartz was substantially less inflammogenic 
to the rat lung than native quartz as evaluated by a differential 
cell count. Thus, as this quenching effect of aluminum lactate 

is quartz specific it can be used to modify the surface of quartz-
containing particles and to distinguish between a quartz-specific 
induction of inflammation and a general particle effect. 

More recently, Fubini et al. (2004) characterized four differ-
ent quartz samples and could attribute physicochemical prop-
erties to the varying lung toxicity potential observed by Seiler 
et al. (2004) in parallel rat studies. Two samples induced in-
flammation in vivo, whereas the other two were mostly inert. 
With respect to physicochemical parameters, the two less in-
flammogenic quartzes were more resistant to solubility in HF, 
irreversibly coordinated H2O molecules, and exhibited strong 
adsorption sites. In addition, they appeared to be covered by 
aluminum ions known to quench quartz-specific toxicity. 

The quartz isolate investigated in this study was derived from 
a sodium bentonite deposit formed 110 to 112 million years ago. 
It is composed of quartz particles that were formed by precipi-
tation from aqueous solution, at the time the clay was formed, 
and has been in contact with the clay since that time. In contrast, 
the reference quartz in the positive control is relatively recently 
crushed quartz that has been accepted as a biologically active 
standard in other toxicological studies (Robock, 1973; Clouter et 
al., 2001). The physicochemical properties of the quartz isolate 
and the reference quartz sample reveal that these materials are 
substantially different (Table 1). In particular, the crystal domain 
size of the reference quartz is 2.1 times that of the quartz isolate, 
indicating that the reference quartz has a much coarser crystal 
structure than does the quartz isolate; the zeta potential of the 
reference quartz is 20 to 75% higher than that of the quartz iso-
late, depending on pH, indicating that the reference quartz has 
a much more electrically reactive surface than does the quartz 
isolate; and the mineralogical composition, as determined by 
XRD analysis, and the chemical analysis show the reference 
quartz to be nearly pure silicon dioxide while the quartz isolate 
contains 30% montmorillonite clay as an inseparable coating 
on the surface of the quartz particles. Additionally, the mor-
phological characteristics of particles of these materials are also 
quite different, as illustrated in Figures 1 and 2. These, and other 
differences, provide some physicochemical basis for the differ-
ences observed in the overall toxicological results. Based on the 
greater specific surface area of the quartz isolate compared to 
the reference quartz (Table 1), one would expect that the toxicity 
of quartz isolate should be significantly greater than for quartz 
if surface reactivity were the same for both. The opposite was 
found, i.e. quartz isolate was significantly less toxic than quartz, 
indicating that surface reactivity of quartz isolate is considerably 
less reactive than that of the reference quartz. 

Samples of the quartz isolate and positive control from low-
temperature plasma-ashed lungs of treated animals were evalu-
ated at the end of the study. No significant difference in particle 
size distribution, morphology, or chemistry between the recov-
ered and original materials was found. Figures 4 and 5 show 
the appearance of the quartz isolate before and after 90-day 
retention in rat lungs. The only significant change noted was 
a decrease in the reference quartz/TiO2 ratio in the recovered 
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positive control, possibly indicating an overproportional clear-
ance of the reference quartz. This effect can be explained by the 
high cytotoxicity of the reference quartz allowing the permeation 
of free reference quartz particles through the alveoli walls into 
the interstitium/lymph nodes. This translocation of quartz parti-
cles retained in lungs to lung-associated lymph nodes has been 
described by Porter et al. (2004). The result of the histopatho-
logical examination of the lung associated lymph nodes, pre-
sented in Table 6, provides evidence that there was significant 
movement of the reference quartz particles, from the lungs, into 
the lymph nodes. In addition, there was a marked difference in 
the degree of accumulation of particle-laden macrophages, be-
tween the quartz isolate and the positive control groups. The 
effect was significantly more progressive in the positive control 
group, from the 28-day to the 90-day sacrifice. This indicates 
a greater degree of tissue damage in the positive control group 
relative to the quartz isolate group. A similar pattern of particle 
accumulation was also seen in the previously conducted 28-day 
study (Creutzenberg et al., 2003). 

Geh et al. (2006) found that respirable bentonite particles, 
with up to 6% quartz, did not induce micronuclei (MN) in human 
lung fibroblasts, whereas the positive control material (quartz 
DQ12) did. In the 28-day study preceding this 90-day study, 
micronuclei (MN) in alveolar macrophages were evaluated as an 
endpoint to determine genotoxic potential. This work revealed 
a significant increase in MN in the alveolar macrophages from 
animals treated with the 28-day study reference quartz only. 
In contrast, no abnormal MN increase was noted in alveolar 
macrophages from animals treated with the quartz isolate from 
the 28-day study, the quartz isolate from the 90-day study or the 
positive control from the 90-day study. 

The results of this study consistently reveal that the lung 
inflammatory response for the quartz isolate was significantly 
lower than that of the positive control. The biochemical, differen-
tial cell count, and histopathology data, summarized in Table 7, 
show a persistent and progressive inflammatory response in the 
positive control animals. In contrast, the data show a moderate 
response for the quartz isolate group with an initial inflamma-
tory effect that, for all but the PMN values, remained constant 
or declined after the first few days. 

• In conclusion, this study showed that: 
• The vehicle control did not induce lung inflammation. 
• The positive quartz control produced significant and 

progressive lung inflammation. 
• The quartz isolate induced a significantly weaker in-

flammatory response than the positive control, and this 
response was not progressive. 

These results show that there are significant differences in 
the characteristics and the severity of the biological responses 
from quartz with occluded surfaces that had been isolated 
from sodium bentonite and those of crushed quartz known to 
cause substantial toxicological effects. These differences be-
tween quartz types must be considered by researchers and by 

those considering the development of health and safety regula-
tions associated with exposure to quartz. 
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