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Thousands of tons of particulate matter were inhaled and ingested by rescue workers and the residents 
of New York City (NYC) after the attack on the World Trade Center (WTC) on September 11, 2001. This 
study examined the chemical and physical effects of dust from WTC, in addition to possible mutagenic 
evidence with in vitro methods and hopes to add credibility to the link between World Trade Center dust 
inhalation and cancer development. Fibroblast cells of the human lung (MRC-5 and WI-38) were 
exposed to concentrations of WTC dust from 1.25 to 250 ppm, to replicate exposure to WTC dust in in 
vivo lung systems. Proliferation and apoptosis were observed to explain the physical or chemical 
interactions between cells and particles that can decrease the viability of a cell or cause mutations. An 
Ames assay was utilized to identify the mutagenic effects that WTC dust might have on living systems. 
Mutations influenced by Salmonella typhimurium cells suggest that WTC dust is mutagenic. 
Examination by an Ames assay, uncovers the risks taken by rescue workers and other individuals 
exposed to the pollution by concentrations of this particulate matter following the collapse of the WTC. 
Though WTC contains a number of volatile and carcinogenic agents, it is possible that the sole physical 
presence of inhaled WTC within the lungs was enough to induce the health issues experienced by 
rescue workers. 
 
Key words: Particulate matter, World Trade Center 9-11, mutagenicity, toxicity cell proliferation, apoptosis. 

 
 
INTRODUCTION 
 
Years after the tragedy of the attacks on the World Trade 
Center (WTC), the chemical components of the WTC 
dust has been identified and the chemical composition 
analyzed (Lioy, 2002a). The samples of WTC dust 
contained elements that could possibly influence cancer 
development, such as arsenic, aluminum, nickel, 
chromium, and zinc (Herbstman et al., 2005; Yang et al., 
1997; Sauvant et al., 1998; Oh et al, 2004). Asbestos and 
cadmium particles have been shown to irritate lung tissue 

when inhaled, causing tissue damage (Herbstman et al., 
2005). The risks for cancer are heightened by the 
presence of DNA damage-inducing agents, growth 
factors, inflammatory cells, and injury repair associated 
with wounding (Coussens and Werb, 2002). These 
conditions all together can lead to increased tissue 
damage, decreased lung function, and cancer develop-
ment over time. Evidence linking WTC dust and 
mutagenicity  would  lead  to  more  efficient  preventative 
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care for rescue workers and New York City residents who 
could still be at risk for these conditions (Berrios-Torres et 
al 2003; Landrigan et al,2004; Ng et al, 2005; Nyberg et 
al, 2000). The dust from WTC will be compared to simple 
wallboard gypsum and household dust to assure that 
effects from the chemicals are definitely from the 
chemicals on the dust not particles of similar size. 
(Sanchez et al, 2009). 

This study will investigate how the physical and 
chemical properties of World Trade Center dust cause 
cellular damage by using in vitro methods. Human lung 
fibroblast cells (MRC-5 and WI-38) will be exposed to 
various concentrations of World Trade Center dust and 
controls to simulate the World Trade Center dust 
exposure in in vivo lung systems. Proliferation and 
apoptosis rates will be measured in cells exposed to 
various concentrations of World Trade Center dust and 
controls in order to elucidate any physical or chemical 
interactions between cells and particles that may 
decrease cell viability and induce injury or mutation 
(Jacobson et al, 1997; Hemminki and Pershagen 1994; 
Mehta et al, 2008; Majno and Joris,1995). An Ames 
assay will also be performed to determine any mutagenic 
effects that various concentrations of World Trade Center 
dust may have on living systems. Mutations incurred by 
Salmonella typhimurium cells may suggest World Trade 
Center dust mutagenicity (Ducatti and Vargas, 2003; 
Mortelmans and Zeiger, 2000). Analysis of proliferation 
and apoptosis in cells exposed to World Trade Center 
dust, in conjunction with an Ames assay, may allow for a 
better understanding of the risks faced by rescue workers 
and other personnel exposed to varying quantities of 
particulate matter pollution following the collapse of the 
World Trade Center ( Pope et al, 2004). 

The dust from WTC will be compared to simple 
wallboard gypsum and household dust to assure that 
effects from the chemicals are definitely from the 
chemicals on the dust not particles of similar size. It is 
possible that just the presence of particulate matter in the 
lungs may lead to an inflammatory response that is 
powerful enough to induce cell damage and subsequent 
tissue damage and loss of function (Cohen, 2000; 
Dockery et al, 1993). Particles can damage cell 
membranes, inducing necrosis and resulting in the 
spilling of cellular contents into the surrounding 
environment and inducing inflammatory responses 
(Balkwill and Mantovani, 2001; Låg et al, 2010). Damage 
could also occur in response to the chemical properties of 
inhaled particles. Particle components can be reactive 
and interact with DNA to induce mutation and even the 
occurrence of cancer. 
 
 
MATERIALS AND METHODS 
 

Dr. Paul Lioy of Rutgers University supplied a sample of World 
Trade Center dust (WTC) taken from the Market Street area of 
lower Manhattan. Wallboard was purchased and broken into smaller 
pieces. The  gypsum  pieces   (GYP)  that  remained  were  crushed  

 
 
 
 
using a mortar and pestle until they were close in size to the larger 
WTC dust particles. Household dust (HHD) was obtained using a 
surface wipe sampling method that was previously described (Lioy, 
2002b). WTC dust, gypsum, and household dust were stored into 
three airtight containers, away from direct sunlight.  

The samples were placed under UV light for 24 h prior to use to 
be sterilized and used in this comparative study. 

MRC-5 and WI-38 human lung fibroblast cells were ordered from 
American Type Culture Collection (ATCC) and were grown in 
Eagles Minimum Essential Medium (MEM) from GIBCO/Invitrogen. 
This medium was supplemented with 6 ml of Glutamine, 6 ml of 
Penicillin-Streptomycin, 6 ml of Kanamycin and 50 ml fetal bovine 
serum for every 500 ml of media, unless otherwise noted. Upon 
subculturing, cells were placed in an incubator set at 37°C with 5% 
Carbon dioxide levels. The growth of cells was monitored using an 
ACCU-SCOPE phase contrast microscope. Then the WTC dust 
concentrations were prepared for cell proliferation. HHD and GYP 
were added with the same concentration as WTC dust used in 
experiments and underwent UV radiation for 24 h. A Sartorius scale 
was used to weigh the dust aseptically before being added to 10% 
fetal bovine serum-enriched media to make a 1000 ppm stock 
solution. After this each stock solution was diluted to make 2.5, 25 
and 250 ppm working solutions of WTC, GYP, and HHD media. 
These media stock solutions were stored in airtight containers at -
18°C and 50 ml aliquots of each media were stored in airtight flasks 
at 4°C.  
 
 
Cell profiferation assay 
 
The cell titer 96 aqueous non-radioactive cell proliferation assay (G-
3580) manufactured by Promega (Promega,2005) was used to 
measure cell proliferation. Prior to running the assay, MRC-5 and 
WI-38 cell cultures were scraped, collected, centrifuged, and then 
suspended in fresh MEM media. Cell concentrations were 
calculated to 1×105cells/ml using a hemacytometer and microscope. 
Once this cell concentration was achieved, a multichannel pipette 
was utilized to transfer 100 microliters of cells and media into each 
well of a cell adherent 96 well plate. WI-38 and MRC-5 cells were 
allowed to settle and grow in each 96 well plate. After the cells had 
time to proliferate, the old media was replaced with media 
containing 1.25, 2.5, 12.5, 25, 125 and 250 ppm WTC particulate 
matter. Media containing 2.5 and 1%FBS were used along with 
10%FBS media to mimic physiologically stressful cell environments. 
Before being used all media were vortexed to ensure thorough 
dispersal of particle matter. The cells were left in the incubator 
overnight. Cell proliferation analysis was conducted after the cells 
were exposed to GYP, HHD, or WTC for 24 h at the least. On the 
day of the cell proliferation analysis tetrazolium MTS solution was 
applied aseptically as the methods described in Promega 

(Promega, 2009) Technical Bulletin TB169. 100 l of electron 
coupling reagent (PMS) was joined to 2 ml of MTS to create 

reaction solution. 20 l of MTS/PMS solution was applied to each 
well of the 96 well plates and each plate was then incubated for an 
hour. The ELISA plate reader recorded the absorbance of this 
colorimetric assay at 490 nm. 
 
 
Apoptosis assay 
 
Caspace-Glo 3/7 (G-8091) assay manufactured by Promega was 
utilized to measure apoptosis following Technical Bulletin 323. Prior 
to running the assay, MRC-5 and WI-38 cell cultures were scraped, 
collected, centrifuged, and then suspended in fresh MEM media. A 

multichannel pipette was utilized to transfer 100 l of cells and 
media into each well of a 96 well plate aseptically. WI-38 and MRC-
5 cells were allowed to settle and grow into joining monolayers 
before the old media was removed. Cells were then exposed to 100  
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Figure 1. Normalized proliferation assay. The results shown in this figure indicate that increased levels 
of WTC exposure result in decreased levels of absorbance, which is indicative of decreased cell 
viability. FBS concentrations are color-coded with blue bars indicating 10%FBS, red bars indicating 
2.5%FBS, and green bars indicating 1%FBS.  

 
 
 
l of media containing HHD, GYP, or WTC in concentrations 2.5, 25 
or 250 ppm. Every cell was exposed to 10% of fetal bovine serum 
media concentrations. 96-well plates were left in an incubator at 5% 
carbon dioxide at 37°C. Following the 24 h exposure to WTC, HHD, 
and GYP media, Caspace-Glo 3/7 substrate and Caspace-Glo 3/7 
buffer were defrosted through the use of water bath and the bottles 
were sprayed with ethanol. 100 ml of Caspace-Glo 3/7 buffer was 
applied aseptically to Caspace-Glo 3/7 substrate under a ventilated 
hood. The bottle that contained the resultant reagent (Rg) was 

swirled thoroughly before 100 l of this reagent was applied to all 
wells of each 96 well plate. The plates were then placed on a plate 
shaker for 30 s. After being thoroughly shaken the plates were left 
in an incubator for half an hour before a plate-reading luminometer 
was used to obtain a luminescence reading. 
 
 
Reverse-mutation assay 
  
The Muta-ChromoPlateTM Bacterial Strain Kit manufactured by 
Environmental Biodetection Products, Inc. (EBPI) was used to 
measure mutagenic activity of WTC, GYP, and HHD. These three 
dust samples were used in this assay and were measured out and 
placed under UV light radiation for 24 h. 

TA100 and TA98 strains of lyophilized S. typhimurium were 
rehydrated using growth medium and incubated at 37°C in an 
incubator overnight. When sufficient bacterial growth occurred, 
HHD, GYP, and WTC were used to make test solutions. The 
reaction mixture was made in agreement with the solutions and 
volumes listed in the Muta-ChromoPlate Version 3.3 protocol. Using 
the ventilated hood, 43.24 ml of Davis-Mingoli salts, 95.0 ml of D-
glucose, 4.76 ml of Bromocresol Purple, 2.38 ml of D-Biotin, and 
0.12 ml L-Histidine were added together in a sterile flask with the 
use of aseptic technique. Some changes were made to the Muta-
ChromoPlate Version 3.3 protocol provided by EBPI (2009), as the 
tests solutions were made. The changes included not filtering the 
tests solutions before use. Although this filtering was not performed, 
UV-radiation of WTC, HHD, and GYP as well as the use of aseptic 
technique were substituted to prevent any contamination. Once the 
media was placed into all the plates, the plates were encased in  an 

airtight plastic bag to prevent the sample from evaporating. The 
sealed bags were left in an incubator at 37°C for 5 days. After being 
removed from the incubator they were scored for color changes 
indicating a mutation. 

 
 
Statistical analysis 

 
All data were expressed as mean±standard deviation. One-way 
analysis of variance (ANOVA) with Student Newman Keul post-hoc 
analysis was used to determine significant difference between 
exposure and control. 
 

 
RESULTS AND DISCUSSION 
 
As shown in Figure 1, the increase in levels of the 
potentially toxic WTC dust influenced a decrease in the 
reduction of MTS tetrazolium to formazan. This test result 
shows that increasing levels of WTC dust promotes 
decreasing cell viability in both physiological normal and 
stress conditions caused by serum level decrease. The 
mechanisms for this decrease in cell viability are 
unknown, still there is evidence suggesting that WTC 
dust is linked to decreased function of the lungs (Aldrich, 
2010). The results obtained from this experiment support 
this observation. This decrease in cell viability can also 
decrease the lung cells ability to repair the damage caused 
by inhaled particles. This could create a prolonged 
inflammatory response and increase in cancer risk (Clarke 
et al., 1999). 

Figures 2 through 5 indicate levels of luminescence 
that are directly proportional to the level of caspase-3 and 
7 formed using MRC-5 and WI-38 cells in each culture. 
Increases  in  caspase-3  and 7 activities mirror increases  
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Figure 2. Normalized apoptosis assay from initial reading for MRC-5 cells. 

 
 
 

 
 

Figure 3. Normalized apoptosis assay from initial reading for WI-38 cells.  

 
 
 

of apoptosis that occur in each cell culture. It was 
determined that House hold dust (HHD) and GYP 
induced low levels of apoptosis when compared with 
WTC dust. Both HHD and wallboard/GYP had been 
shown to be of particle size comparable to WTC dust, yet 
showed now significant effects on cellular activity. It has 
been   determined   that   pulverized   wallboard/  gypsum 

(GYP) was a huge component of the dust that covered 
Manhattan in the days that followed the World Trade 
Center (WTC) collapse (Lioy, 2002a). Previous analysis 
of particle size of both GYP and HHD fell within the size 
range of WTC particulate matter (Lambroussis et al., 
2009). For this reason GYP can be seen as a proper 
control  due  to  the  high  possibility that it was inhaled by  
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Figure 4. Normalized apoptosis assay at 1.5 h for MRC-5 cells. 

 
 
 

 
 

Figure 5. Normalized apoptosis assay at 1.5 h for WI-38 cells. 

 
 
 
workers and residents exposed to World Trade Center 
dust. The results of this assay show that 25 ppm through 
250 ppm concentrations of WTC dust were capable of 
inducing essential levels of apoptosis in cells that were 
exposed. The levels of caspase found in the cells 
increased along with increasing concentrations of WTC 
dust. The  selection  of  apoptosis  in  this  in vitro system 

indicates that the chemical properties of WTC dust are 
damaging enough to cause irreversible changes in DNA. 
Considering the cells commit apoptosis due to becoming 
damaged, it can be assumed that WTC damages cells to 
the point where they can no longer function at a normal 
capacity. This damage could easily interrupt the normal 
function of cells and could be severe enough to  influence  
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Figure 6. Statistical significance data for 96 well fluctuation tests as calculated using Muta-Chromoplate Version 
3.3 statistical analysis. 

 
 
 
the start of necrosis, cause inflammation, or in some way 
aid in cancer development. 

In Figure 6 the liquid-based Ames assay that was used 
during this experiment was altered to best simulate the 
conditions present in the lungs of rescue workers and 
New York City residents who might have ingested or 
inhaled WTC dust in the months following the World 
Trade Center collapse. Being exposed to 250 ppm WTC 
dust resulted in the highest levels of mutation occurring 
among the two bacterial strains, TA98 and TA100. The 
levels of mutation, as indicated by color change in the 
wells, were on average, significantly higher than the 
mutation levels indicated in the wells treated with 
numerous concentrations of HHD or GYP. In addition, the 
mutation levels that occurred after 250 ppm WTC dust 
exposure were compellingly higher than those that 
occurred in background plates that did not undergo 
treatment. The mutation level found in bacteria exposed 
to 25 ppm WTC were also larger than those seen in HHD 
and GYP-treated cells. Statistical analysis indicated that 
reverse-mutations that occurred in 25 and 250 ppm WTC 
plates were more likely to be caused by mutagenic 
effects of the heterogeneous WTC dust mixture over that 
of chance. Analysis and results of HHD and GYP plates 
show that GYP and HHD are unlikely to be mutagenic. 
Mutations to colonies exposed to 250 ppm WTC dust 
were more similar to mutations that occurred in the 
presence of known Ames Assay mutagens than they 
were for all concentrations of HHD or GYP,  or  the  lower 

25 ppm WTC dust. This implies that 250 ppm 
concentrations of WTC dust may most definitely be 
considered mutagenic. The results of this assay 
demonstrate that WTC may be mutagenic in animal 
systems, even though the experiment was limited by the 
use of prokaryotic cells. Eukaryotic systems are more 
beneficial because they contain enzymes that are 
capable of metabolizing xenobiotics and either detoxify 
them or activate them. The liver is the primary site of 
xenobiotic metabolism, yet the lung cells do contain an 
essential level of metabolizing enzymes (Hodgson, 
2004). For this reason, it is possible that some 
components that would have been activated within 
human lung systems were not activated or detoxified in 
this assay because rat liver extract was not used. 
Metabolism occurs continually in the lungs, still there 
remains a possibility that inhaled materials can damage 
cells and interrupt their function before metabolism can 
occur (Hodgson, 2004). The results of this assay show 
that WTC most definitely has the potential to influence 
mutation before it is metabolized in the lungs, unlike the 
harmless HHD and GYP.  
 
 
CONCLUSION 
 
The results of this study suggest that WTC has a 
negative effect on cell function and proliferation. This may 
prove deleterious  in  in vivo  systems  since it may inhibit  

 



 
 
 
 
cell repair to some degree. Though the reverse-mutation 
assay results imply possible mutagenic properties for 
WTC, the mechanisms behind the health issues 
experienced by rescue workers and New York City 
residents are still unknown. Chronic inflammation can 
result in an increased risk for cancer, as can increases in 
inhaled air pollution. In both instances, the body’s immune 
system can be the most antagonizing agent in the cancer 
development process. The mere physical presence of a 
xenobiotic can induce an immune response that releases 
reactive oxygen species that damage otherwise healthy 
tissues.  

Future studies should focus on understanding the 
effects of WTC dust on the cellular and molecular levels 
more efficiently, in particular the cellular levels of 
oxidative stress with measurement of Reactive Oxidative 
Species (ROS) and changes in mitochondrial function. 
The expression of proteins in the cell which is reaction to 
WTC dust should be determined in order to identify how 
gene expression might be altered in response to this toxic 
mixture. This will create a deeper understanding of the 
various biochemical pathways that are influenced when 
cells come in contact with WTC dust. This will define how 
the health of rescue workers and residents will continue 
to be impacted over time by the inhalation or ingestion of 
WTC dust.  
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