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It is an article of faith at the FDA and among ecigarette enthusiasts that nicotine is not
carcinogenic and that e-cigarettes do not pose
any substantial cancer risk because the levels
of carcinogens in e-cigarette aerosol is much
lower than in a conventional cigarette.
These beliefs are challenged by a recent
paper, “E-cigarette smoke damages DNA and
reduces repair
activity in mouse lung, heart, and bladder as
well as in human lung and bladder cells,” by
Hyun-Wook Lee and colleagues at NYU. They
exposed live mice to light levels of e-cigarette
aerosol and found damage to the DNA in lung,
heart and bladder cells as well as in human
lung and bladder cells. They found that the
cells themselves converted nicotine to
carcinogenic NNN and NNK even if it was not in
the original e-cigarette aerosol. They also
found that exposure to nicotine and e-cigarette
aerosol damaged normal DNA repair
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mechanisms.
Here is how they sum up the significance of
their findings:
E-cigarette smoke (ECS) delivers nicotine
through aerosols without burning
tobacco. ECS is promoted as
noncarcinogenic. We found that ECS
induces DNA damage in mouse lung,
bladder, and heart and reduces DNArepair functions and proteins in lung.
Nicotine and its nitrosation product 4(methylnitrosamine)-1-(3-pyridyl)-1butanone can cause the same effects as
ECS and enhance mutations and
tumorigenic cell transformation in
cultured human lung and bladder cells.
These results indicate that nicotine
nitrosation occurs in the lung, bladder,
and heart, and that its products are
further metabolized into DNA damaging
agents. We propose that ECS, through
damaging DNA and inhibiting DNA repair,
might contribute to human lung and
bladder cancer as well as to heart
disease, although further studies are
required to substantiate this proposal.
This paper is particularly important because it
is identifying direct molecular mechanisms by
which this damage occurs.
This study also directly starts to fill the data
gap identified in the recent National
Academies of Science, Engineering, and
Medicine report on e-cigarettes, which states,
“There is no available evidence whether or not
e-cigarette use is associated with intermediate
cancer endpoints in humans.” This new paper
demonstrates such an association at the
subcellular level.
It’s too bad that the paper did not include a
comparison group exposed to cigarette smoke,
but these results nevertheless indicate that
the FDA (and others) need to stop being so glib
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the FDA (and others) need to stop being so glib
in making statements that nicotine doesn’t
have any cancer effects.
Here is the abstract:
E-cigarette smoke delivers stimulant
nicotine as aerosol without tobacco or
the burning process. It contains neither
carcinogenic incomplete combustion
byproducts nor tobacco nitrosamines,
the nicotine nitrosation products. Ecigarettes are promoted as safe and
have gained significant popularity. In this
study, instead of detecting nitrosamines,
we directly measured DNA damage
induced by nitrosamines in different
organs of E-cigarette smoke exposed
mice. We found mutagenic O6methyldeoxyguanosines and γ-hydroxy1,N2-propano-deoxyguanosines in the
lung, bladder, and heart. DNA-repair
activity and repair proteins XPC and
OGG1/2 are significantly reduced in the
lung. We found that nicotine and its
metabolite, nicotine-derived nitrosamine
ketone, can induce the same effects and
enhance mutational susceptibility and
tumorigenic transformation of cultured
human bronchial epithelial and urothelial
cells. These results indicate that nicotine
nitrosation occurs in vivo in mice and
that E-cigarette smoke is carcinogenic to
the murine lung and bladder and harmful
to the murine heart. It is therefore
possible that E-cigarette smoke may
contribute to lung and bladder cancer, as
well as heart disease, in humans.
Needless to say, the pro-industry Science
Media Center is already poo-point the study.
The full citation is: Hyun-Wook Lee, Sung-Hyun
Park, Mao-wen Weng, Hsiang-Tsui Wang,
William C. Huang, Herbert Lepor, Xue-Ru Wu,
Lung-Chi Chen and Moon-shong Tang. Ecigarette smoke damages DNA and reduces
repair activity in mouse lung, heart, and

repair activity in mouse lung, heart, and
bladder as well as in human lung and bladder
cells. PNAS 2018; published ahead of print
January 29, 2018,
https://doi.org/10.1073/pnas.1718185115. It is
available here.
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carcinogenicity of ECS, we determined whether ECS can induce
DNA damage in different organs of a mouse model and whether
ECS can affect DNA-repair activity. We then characterized the
chemical nature of ECS-induced DNA damage and how ECS
affects DNA repair. Last, we determined the effect of ECS
metabolites on the susceptibility to mutations and tumorigenic
transformation of cultured human cells.
Results
ECS Induces O6-Methyl-Deoxuguanosine in the Lung, Bladder, and
Heart. Nicotine is the major component of ECS (3). The major-

ity (80%) of inhaled nicotine in smoke is quickly metabolized
into cotinine, which is excreted into the bloodstream and subsequently into urine (14). Cotinine is generally believed to be
nontoxic and noncarcinogenic (15); however, a small portion
(<10%) of inhaled nicotine is believed to be metabolized into
nitrosamines in vivo (16–18). Nitrosamines induce tumors in
different organs in animal models (6, 19). Inhaled nitrosamines
are metabolized into N-nitrosonornicotine (NNN) and nicotinederived nitrosamine ketone (NNK). It has been proposed that
NNK can be further metabolized and spontaneously degraded

E

-cigarettes (E-cigs) are designed to deliver the stimulant
nicotine, similar to conventional cigarettes, through an
aerosol state. In E-cigs, nicotine is dissolved in relatively harmless organic solvents, such as glycerol and propylene glycol, then
aerosolized with the solvents by controlled electric heating.
Hence, E-cig smoke (ECS) contains mostly nicotine and the gas
phase of the solvents (1–4). In contrast, conventional tobacco
smoke (TS), in addition to nicotine and its nitrosamine derivatives, contains numerous (>7,000) incomplete combustion
byproducts, such as polycyclic aromatic hydrocarbons (PAHs),
aromatic amines, aldehydes, and benzene, many of which are
human carcinogens, irritants, and allergens (5, 6). TS also has a
strong scent. Therefore, TS is both harmful and carcinogenic to
smokers, as well as being unpleasant and harmful to bystanders
(7). Because of these effects, TS has become an unwelcome
social habit and is no longer acceptable in many social settings
and public domains (8). E-cigs have been promoted as an alternative to cigarettes that can deliver a TS “high” without TS’s
ill and unpleasant effects. Since it appears that ECS contains
neither carcinogens, allergens, nor odors that result from incomplete combustion, as a result of these claims, E-cigs have
become increasingly popular, particularly with young people (9).
However, the question as to whether ECS is as harmful as TS,
particularly with regard to carcinogenicity, remains a serious
public health issue that deserves careful examination.
It is well established that most chemical carcinogens, either
directly or via metabolic activation, can induce damage in genomic DNA, that unrepaired DNA damage can induce mutations, and that multiple mutations can lead to cancer (10). Many
chemical carcinogens can also impair DNA-repair activity
(11–13). Therefore, in this study, as a step to understanding the
www.pnas.org/cgi/doi/10.1073/pnas.1718185115

Significance
E-cigarette smoke (ECS) delivers nicotine through aerosols
without burning tobacco. ECS is promoted as noncarcinogenic. We found that ECS induces DNA damage in mouse
lung, bladder, and heart and reduces DNA-repair functions
and proteins in lung. Nicotine and its nitrosation product
4-(methylnitrosamine)-1-(3-pyridyl)-1-butanone can cause the
same effects as ECS and enhance mutations and tumorigenic
cell transformation in cultured human lung and bladder cells.
These results indicate that nicotine nitrosation occurs in the
lung, bladder, and heart, and that its products are further
metabolized into DNA damaging agents. We propose that ECS,
through damaging DNA and inhibiting DNA repair, might
contribute to human lung and bladder cancer as well as to
heart disease, although further studies are required to substantiate this proposal.
Author contributions: H.-W.L., S.-H.P., M.-w.W., H.-T.W., L.-C.C., and M.-s.T. designed research; H.-W.L., S.-H.P., M.-w.W., H.-T.W., and M.-s.T. performed research; M.-s.T. contributed new reagents/analytic tools; H.-W.L., S.-H.P., M.-w.W., W.C.H., H.L., X.-R.W., and
M.-s.T. analyzed data; and H.-W.L., S.-H.P., M.-w.W., H.-T.W., W.C.H., H.L., X.-R.W.,
L.-C.C., and M.-s.T. wrote the paper.
The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
This open access article is distributed under Creative Commons Attribution-NonCommercialNoDerivatives License 4.0 (CC BY-NC-ND).
1

H.-W. L., S.-H. P., and M.-w.W. contributed equally to this work.

2

To whom correspondence should be addressed. Email: moon-shong.tang@nyumc.org.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1718185115/-/DCSupplemental.

PNAS Latest Articles | 1 of 10

MEDICAL SCIENCES

E-cigarette smoke delivers stimulant nicotine as aerosol without
tobacco or the burning process. It contains neither carcinogenic
incomplete combustion byproducts nor tobacco nitrosamines, the
nicotine nitrosation products. E-cigarettes are promoted as safe
and have gained significant popularity. In this study, instead of
detecting nitrosamines, we directly measured DNA damage induced by nitrosamines in different organs of E-cigarette smokeexposed mice. We found mutagenic O6-methyldeoxyguanosines
and γ-hydroxy-1,N2-propano-deoxyguanosines in the lung, bladder, and heart. DNA-repair activity and repair proteins XPC and
OGG1/2 are significantly reduced in the lung. We found that nicotine and its metabolite, nicotine-derived nitrosamine ketone, can
induce the same effects and enhance mutational susceptibility and
tumorigenic transformation of cultured human bronchial epithelial
and urothelial cells. These results indicate that nicotine nitrosation
occurs in vivo in mice and that E-cigarette smoke is carcinogenic to
the murine lung and bladder and harmful to the murine heart. It is
therefore possible that E-cigarette smoke may contribute to lung
and bladder cancer, as well as heart disease, in humans.

into methyldiazohydroxide (MDOH), pyridyl-butyl derivatives
(PBDs), and formaldehyde, and that NNN degrade into hydroxyl
or keto PBDs (20). While nicotine cannot bind to DNA directly,
MDOH can methylate deoxyguanosines and thymidines in DNA
(21). Although the fate of nitrosamine-induced formaldehyde
and PBDs in vivo is less clear, both are capable of inducing DNA
damage in vitro (22–25). Therefore, if ECS in fact is a carcinogen, it is likely that its carcinogenicity is derived from nitrosamines that are derived from the nitrosation of nicotine (5, 19,
21). Nitrosamines are potent carcinogens and it is generally
believed that their carcinogenicity is via induction of methylation DNA damage (26, 27). As a step in examining the carcinogenicity of ECS, we determined whether ECS can induce
O6-methyl-deoxuguanosine (O6-medG) adducts in lung, heart,
liver, and bladder tissues of mice. Mice were exposed to ECS
(10 mg/mL, 3 h/d, 5 d/wk) for 12 wk; the dose and duration
equivalent in human terms to light E-cig smoking for 10 y. The
results in Fig. 1 A and B, Fig. S1, and Table S1 show that ECS
induced significant amounts of O6-medG adducts in the lung,
bladder, and heart and that the level of O6-medG adducts in lung
was three- to eightfold higher than in the bladder and heart. These
results are consistent with the explanation that nicotine is metabolized into MDOH, which can methylate DNA (16, 20).
ECS Induces γ-OH-PdG in the Lung, Bladder, and Heart. Recently, we
found that aldehyde-derived cyclic 1,N2-propano-dG (PdG), including γ-OH-1,N2-PdG (γ-OH-PdG) and α-methyl-γ-OH-1,N2
-PdG adducts, are the major DNA adducts in mouse models (28)
induced by TS, which contains abundant nitrosamines and aldehydes (20). We therefore determined the extent of PdG
formation in different organs of ECS-exposed mice using a
PdG-specific antibody (28–30).
The results in Fig. 1 C and D show that ECS induced PdG
adducts in the lung, bladder, and heart, and that the level of PdG
in the lung is two- to threefold higher than in the bladder and
heart. Moreover, the level of PdG is 25- to 60-fold higher than
the level of O6-medG in lung, bladder, and heart tissues, indicating that induction of PdG is more efficient than induction of
O6-medG by nicotine metabolic products and/or that O6-medG
is more efficiently repaired in these organs. ECS, however, did
not induce either O6-medG or PdG in liver DNA.
Due to the relatively minute amount of genomic DNA that is
possible to isolate from mouse organs, in this case, specifically from bladder mucosa, which is only able to yield up to 2 μg
of genomic DNA from each mouse, we used the sensitive 32Ppostlabeling thin layer chromatography (TLC)/HPLC method to
identify the species of the PdG formed in lung and bladder tissues (13, 28, 31). The results in Fig. 1E show that the majority of
PdG (>95%) formed in these tissues coelute with γ-OH-PdG
adduct standards with a minor portion that coelute with α-OHPdG standards.
Relationship of ECS-Induced PdG and O6-medG Formation in Different
Organs of Each Animal. We then determined the relationship of

PdG and O6-medG formation in different organs of each animal.
The results in Fig. 2A show that the levels of PdG and O6-medG
in the same organs are positively related to each other. Thus,
a lung tissue sample that had a high level of PdG also had a
high level of O6-medG. The same relationship between PdG
and O6-medG formation was found in the bladder and heart
(Fig. 2A and Table S1). The results in Fig. 2B show that in the
same mouse, the levels of PdG and O6-medG formation in different organs also have a positive correlation: Mice with a high
level of PdG and O6-medG formation in the lung also had a high
level of these DNA adducts in the bladder and heart (Fig. 2B and
Table S1). Together, these results indicate that the formation of
PdG and O6-medG DNA adducts in the lung, bladder, and heart
tissue are the result of DNA damaging agents derived from ECS
2 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1718185115

exposure, and raising the possibility that the ability for nicotine
absorption and metabolism and DNA-repair activity of different
organs determine their susceptibility to ECS-induced DNA
adduct formation.
ECS Reduces DNA-Repair Activity in the Lung. Recently, we have
found that lung tissues of mice exposed to TS have lower DNArepair activity and lower levels of DNA-repair proteins XPC and
OGG1/2 and that aldehydes, such as acrolein, acetaldehyde,
crotonaldehyde, and 4-hydroxy-2-nonenal, can modify DNArepair proteins, causing the degradation of these repair proteins
and impairing DNA-repair function (11, 12, 28). These findings
raise the possibility that, via induction of aldehydes, ECS can
impair DNA-repair functions. To test this possibility, we determined the effect of ECS on the activity of the two major
DNA-repair mechanisms in mouse lung tissues: nucleotide excision repair (NER) and base excision repair (BER) (32). We
adopted a well-established in vitro DNA damage-dependent
repair synthesis assay, which requires only 10 μg of freshly prepared cell lysates (11, 13, 28). Since the amount of bladder
mucosa collected from individual mice was minute, we were only
able to determine DNA-repair activity in lung tissues (28). We
used UV-irradiated DNA, which contains cyclobutane pyrimidine dimers as well as <6-4> photoproducts; Acr-modified
DNA, which contains γ-OH-PdG; and H2O2-modified DNA,
which contains 8-oxo-dG, as substrates (13, 28). It is well
established that NER is the major mechanism that repairs
cyclobutane pyrimidine dimers, <6-4> photoproducts, and
γ-OH-PdG, and that BER is the major mechanism that repairs 8oxo-dG (32, 33). Therefore, these two types of substrates allow
us to determine the NER and BER activity in the cell lysates (11,
13). The results in Fig. 3 A and B and Fig. S2 show that both
NER and BER activity in lung tissue of ECS-exposed mice are
significantly lower than in lung tissue of filtered air (FA)exposed mice.
ECS Causes a Reduction of Repair Protein XPC and OGG1/2. We then
determined the level of XPC and OGG1/2, the two crucial
proteins, respectively, for NER and BER (34, 35). The results in
Fig. 3C show that the level of XPC and OGG1/2 in lung tissues
of ECS-exposed mice was significantly lower than in control
mice. We further determined the relationship between DNA
adduct formation and DNA-repair activity in lung tissues of
FA- and ECS-exposed mice. Since NER is the major repair mechanism for bulky DNA damage such as γ-OH-PdG and photodimers (11, 33) and BER is a major repair mechanism for
base damage (32), we compared BER activity with the level of
O6-medG adducts and NER activity with the level of γ-OH-PdG
adducts. The results in Fig. 3D show that NER and BER activity
in lung tissue of different mice is inversely related to the level of
γ-OH-PdG and O6-medG adducts, respectively. These results
indicate that in lung tissue, NER and BER activities are crucial
factors in determining the level of ECS-induced γ-OH-PdG and
O6-medG DNA damage; mice that are more sensitive to ECSinduced DNA-repair inhibition accumulate more ECS-induced
DNA damage in their lung and, perhaps, bladder and heart.
It should be noted that in human cells, repair of O6-medG adducts is mainly carried out by O6-methylguanine DNA methyltransferase (MGMT) (36, 37). The positive relationship between
BER activity and the O6-medG level in lung tissues of mice
implies that ECS impairs BER enzymes as well as MGMT, and/
or O6-medG is repaired by a BER mechanism in mice.
Nicotine Induces DNA Damage in Human Cells. Many tobaccospecific nitrosamines that result from the nitrosation of nicotine, such as NNN and NNK, are potent carcinogens and can
induce cancer in different organs, including the lung (20, 21, 27).
While NNK and NNN cannot covalently bind with DNA directly,
Lee et al.
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Fig. 1. ECS induces γ-OH-PdG and O6-medG adducts in the lung, bladder and heart. Genomic DNA were isolated from different organs of mice exposed to FA
or ECS as described in text. (A–D) O6-medG and PdG formed in the genomic DNA were detected by immunochemical methods (28). (A and C) Slot blot. (B and
D) Quantification results. The bar represents the mean value. (E) Identification of γ-OH-PdG adducts formed in the genomic DNA of lung and bladder by the
2D-TLC (Upper) and then HPLC (Lower) (28). ST, PdG, or O6-medG standard DNA. ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05.

Lee et al.
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Fig. 2. Relationship of ECS-induced PdG versus O6-medG formation in different organs of mice. The levels of PdG and O6-medG detected in different organs
from mice exposed to FA and ECS were determined in Fig. 1. In A, O6-medG formation is plotted against PdG formation in each organ in mice exposed to ECS
(red triangles) and FA (blue dots). In B, formation of PdG and O6-medG in the bladder, heart, and liver is plotted against PdG and O6-medG formation,
respectively, in the lung of mice exposed to ECS and FA. Each symbol represents each individual mouse.

it has been proposed that one of NNK’s metabolic products,
MDOH, can interact with DNA to induce mutagenic O6-medG
adducts (20, 21, 27). These results raise the possibility that ECSinduced O6-medG is due to the nitrosation of nicotine, and that
NNK resulting from nicotine nitrosation then further transforms
into MDOH in lung and bladder tissue (20). To test this possibility, we determined the DNA adducts induced by nicotine and
NNK in cultured human bronchial epithelial and urothelial cells,
and the effect of nicotine and NNK treatments on DNA repair,
using the same methods indicated in Fig. 1. The results in Fig. 4
show that both nicotine and NNK can induce the same type of
γ-OH-PdG adducts, and O6-medG adducts. Since it is well
established that many aldehydes can induce cyclic PdG in cells
(38–40), these results suggest that aldehydes as well as MDOH
are NNK metabolites, which induce γ-OH-PdG and O6-medG.
Nicotine Reduces DNA Repair in Human Cells. We next determined

the effects of nicotine and NNK treatment on DNA-repair activity and repair protein levels in human lung and bladder epithelial cells using the method described in Fig. 3. The results in
Fig. 5 show that nicotine and NNK treatments not only inhibit
NER and BER activities, they also reduce the protein levels of
XPC and hOGG1/2. We found that these reductions of XPC and
hOGG1/2 induced by nicotine and NNK can be prevented or
attenuated by the proteasome and autophagosome inhibitors
4 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1718185115

MG132, 3-methyladenine (3-MA), and lactacystin (Fig. S3) (13,
41–43). These results indicate that metabolites of nicotine and
NNK can modify DNA-repair proteins and cause proteosomal
and autophagosomal degradation of these proteins and that
ECS’s effect on the inhibition of DNA-repair activity is via
modifications and degradation of DNA-repair proteins by
its metabolites.
Together, these results indicate that human bronchial epithelial and urothelial cells as well as lung, heart, and bladder
tissues in the mouse are able to nitrosate nicotine and metabolize
nitrosated nicotine into NNK and then MDOH and aldehydes.
Furthermore, whereas MDOH induces O6-medG adducts, aldehydes not only can induce γ-OH-PdG, they also can inhibit
DNA repair and cause repair protein degradation.
Nicotine Enhances Mutations and Cell Transformation. The aforementioned results demonstrate that ECS’s major component
nicotine, via its metabolites, MDOH, and aldehydes, not only
can induce mutagenic DNA adducts, but that they also can
inhibit DNA repair in human lung and bladder epithelial cells.
These results raise the possibility that ECS and its metabolites
can function not only as mutagens but also as comutagens to
enhance DNA damage-induced mutagenesis. To test this possibility, we determined the effect of these agents on cell mutation susceptibility on UV- and H2O2-induced DNA damage
Lee et al.
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Fig. 3. ECS reduces DNA-repair activity and XPC and OGG1/2 in the lung. Cell lysates were isolated from lung tissues of mice exposed to FA (n = 10) or to ECS
(n = 10) the same as in Fig. 1. The NER and the BER activity in the cell lysates were determined by the in vitro DNA damage-dependent repair synthesis assay as
described (13, 28). (A and B) Ethidium bromide-stained gels (Upper) and autoradiograms (Lower) are shown in Left. In Right, the radioactive counts in the
autoradiograms were normalized to input DNA. The relative repair activity was calculated using the highest band as 100%. (C) Detection of XPC and OGG1/
2 protein in lung tissues (n = 8) by Western blot (Left). Right graphs are quantifications of ECS effect on the abundance of XPC and OGG1/2. The bar represents
the mean value. (D) The relationship between the level of PdG and O6-medG adduct and the NER and BER activity in lung tissues of FA- (black square) and ECS
(red dot)-exposed mice.

using the well-established supF mutation system (13). The results in Fig. 6A show that nicotine and NNK treatment in both
human lung and bladder epithelial cells enhances the spontaneous mutation frequency as well as UV- and H2O2-induced
mutation frequency by two- to fourfold. These results indicate
that nicotine and NNK treatment sensitize these human cells to
the extent that they are more susceptible to mutagenesis. We
further tested the effect of these agents on induction of tumorigenic transformation using the anchorage-independent
soft-agar growth assay (44, 45). The results in Fig. 6 B and C
show that nicotine and NNK greatly induce soft-agar anchorageindependent growth of human lung and bladder cells, a necessary
ability for tumorigenic cells (46–49).
Lee et al.

Discussion
The major purpose of E-cig smoking as well as tobacco smoking
is to deliver the stimulant nicotine via aerosols, which allow
smokers to obtain instant gratification. Unlike TS, which contains nitrosamines and numerous carcinogenic chemicals resulted from burning, ECS contains nicotine and relatively harmless
organic solvents. Therefore, E-cig has been promoted as noncarcinogenic and a safer substitute for tobacco. In fact, recent
studies show that E-cig smokers, similar to individuals on nicotine replacement therapy, have 97% less 4-(methylnitrosamino)1-(3-pyridyl)-1-butanol (NNAL), an isoform form of NNK, a
tobacco nitrosamine and lung carcinogen, in their body fluid
PNAS Latest Articles | 5 of 10

Fig. 4. Nicotine and NNK induce γ-OH-PdG and O6-medG in cultured human lung and bladder epithelial cells. Human lung epithelial (BEAS-2B) cells and
urothelial (UROtsa) cells were treated with different concentrations of nicotine and NNK as described in text. O6-medG and PdG formed in the genomic DNA
were determined as described in Fig. 1. (A) The DNA adducts were detected by immunochemical methods (13, 28). (B) The PdG adducts formed in the genomic
DNA were further identified as γ-OH-PdG adducts by the 32P postlabeling followed by 2D-TLC/HPLC method (13, 28).

than tobacco smokers (50). Based on these results, ECS has been
recommended as a substitute for TS (50). However, E-cig
smoking is gaining popularity rapidly particularly in young individuals and it is important to note that many of these E-cig
smokers have taken up E-cig smoking habit are not necessary
doing it for the purpose of quitting TS, rather, it is because they
are assuming that E-cig smoking is safe. Currently, there are
18 million E-cig smokers in the United States and 16% of high
school students smoke E-cig (51, 52). Understanding the carcinogenicity of ECS is an urgent public health issue. Since it takes
decades for carcinogen exposure to induce cancer in humans, for
decades to come there will be no meaningful epidemiological
study to address the carcinogenicity of ECS. Therefore, animal
models and cell culture models are the reasonable alternatives to
address this question.
Nicotine has not been shown to be carcinogenic in animal
models (7). However, during tobacco curing, substantial amounts
of nicotine are transformed into tobacco-specific nitrosamines
(TSA) via nitrosation, and many of these TSA, such as NNK
and NNN, are carcinogenic in animal models (19, 53–55).
Because of these findings, the occurrence and the level of nitrosamines in blood fluid have been used as the gold standard for determination of the potential carcinogenicity of
smoking (56). While the NNAL level in E-cig smokers is 97%
lower than in tobacco smokers, nonetheless, it is significant
higher than in nonsmokers (50). This finding indicates that
nitrosation of nicotine occurs in the human body and that
ECS is potentially carcinogenic.
6 of 10 | www.pnas.org/cgi/doi/10.1073/pnas.1718185115

It is well established that cytochrome p450 enzymes in human
and animal cells can metabolize and transform NNK, NNAL,
and NNN into different products, which can modify DNA as well
as proteins (20, 57, 58). This finding raises the possibility that the
level of these nitrosamines detected in the blood stream of E-cig
smokers at any given time may grossly underestimate the level of
nicotine nitrosation. We undertake the approach of detecting
DNA damage induced by nicotine rather than detecting nitrosamine level to address the potential mutagenic and carcinogenic
effect of ECS. It should be noted that in vivo DNA damage can
remain in genomic DNA for many hours and even days (13, 59,
60). Therefore, this approach not only is direct but also more
sensitive in determining the carcinogenicity of ECS.
The level of γ-OH-PdG adducts induced by E-cig smoke in
mice and by nicotine and NNK in cultured human cells is 10-fold
higher than O6-medG (Fig. 1). We have shown that γ-OH-PdG
adducts are as mutagenic as BPDE-dG and UV photoproducts
and induce G to T and G to A mutations similar to the mutations
in the p53 gene in tobacco smoker lung cancer patients (11).
Together, these results suggest that γ-OH-PdG adducts are the
major cause of nitrosamine lung carcinogenicity.
The current understanding of NNK and NNN metabolism
indicates that NNK metabolites are further transformed into
PBDs, formaldehyde, and MDOH (20, 21, 61), while NNN
metabolites are hydroxyl and keto forms of PBD (20, 21, 61).
While MDOH can induce O6-medG adducts, it is unclear what
metabolites induce γ-OH-PdG adducts. It is well established
that acrolein–DNA interaction generates γ-OH-PdG adducts
(11, 13, 30) and that formaldehyde induces hydroxymethylated
Lee et al.
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Fig. 5. Nicotine and NNK reduce DNA-repair activity and the level of repair proteins XPC and hOGG1/2 in cultured human lung and bladder epithelial cells.
Cell-free cell lysates were isolated from human lung (BEAS-2B) and bladder epithelial (UROtsa) cells treated with different concentrations of nicotine and NNK
1 h at 37 °C. The NER and the BER activity in the cell lysates were determined by the in vitro DNA damage-dependent repair synthesis assay as described in Fig.
3. (A) Ethidium bromide-stained gels (Upper) and autoradiograms (Lower) are shown. (B) Quantifications results. The radioactive counts in the autoradiograms were normalized to input DNA. The relative repair activity was calculated using the control band as 100%. (C) The effect of nicotine and NNK
treatment on abundance of XPC and hOGG1/2 in human lung and bladder urothelial cells were determined as described in Fig. 3.

nucleotides, mainly dG, in animal models (62). It has been
found that in vitro formaldehyde combined with acetaldehyde can induce γ-OH-PdG (63). Therefore, it possible that
ECS, nicotine, and NNK induce γ-OH-PdG via their metabolite
formaldehyde, which triggers lipid peroxidation and produces
acrolein and acetaldehyde byproducts; consequently, these
byproducts induce γ-OH-PdG.
In summary, we found that ECS induces mutagenic γ-OHPdG and O6-medG adducts in lung, bladder, and heart tissues
of exposed mice. ECS also causes reduction of DNA-repair activity and repair proteins XPC and OGG1/2 in lung tissue.
Lee et al.

Furthermore, nicotine and NNK induce the same effects in human lung and bladder epithelial cells. We propose that nicotine
can be nitrosated, metabolized, and further transformed into
aldehydes and MDOH in lung, bladder, and heart tissues of
humans and mice. Whereas MDOH induced O6-medG, aldehydes not only induce γ-OH-PdG, but also inhibit DNA repair
and reduce XPC and OGG1 proteins (Fig. S3). We also found
that nicotine and NNK can enhance mutational susceptibility
and induced tumorigenic transformation of human lung and
bladder epithelial cells. Based on these results, we propose that
ECS is carcinogenic and that E-cig smokers have a higher risk
PNAS Latest Articles | 7 of 10

Fig. 6. Nicotine and NNK treatments enhance mutational susceptibility and cell transformation. Human lung and bladder epithelial cells (BEAS-2B and
UROtsa) were treated with NNK (0.5 mM) and nicotine (25 mM for BEAS-2B cells, and 5 mM for UROtsa cells) for 1 h at 37 °C; these treatments render 50% cell
killing. (A) UVC-irradiated (1,500 J/m2) or H2O2 modified (100 mM, 1 h at 37 °C) plasmid DNAs containing the supF gene were transfected into these cells, and
the mutations in control, and nicotine- and NNK- treated cells were detected and quantified as previously described (13, 28). (B) Detection of anchorageindependent soft-agar growth. A total of 5,000 treated cells were seeded in a soft-agar plate. The method for anchorage-independent soft-agar growth is the
same as previously described (28). Typical soft-agar growth plates stained with crystal violet were shown. (C) Quantifications of percent of control, nicotine,
and NNK-treated cells formed colonies in soft-agar plates.

than nonsmokers to develop lung and bladder cancer and
heart diseases.

by the Institutional Animal Care and Use Committee, New York University
School of Medicine.

Materials and Methods

ECS Generation and Mice Exposure. Twenty FVBN (Jackson Laboratory, Charles
River) male mice were randomized into two groups, 10 each. Mice were
exposed to ECS (10 mg/mL), 3 h/d, 5 d/wk, for 12 wk. ECS was generated by
an E-cig machine, as previously described (64). An automated three-port
E-cigarette aerosol generator (e∼Aerosols) was used to produce E-cigarette
aerosols from NJOY top fill tanks (NJOY, Inc.) filled with 1.6 mL of e-juice
with 10 mg/mL nicotine in a propylene glycol/vegetable glycerin mixture (50/
50 by volume; MtBakerVapor MESA). Each day the tanks were filled with fresh
e-juice from a stock mixture, and the voltage was adjusted to produce a
consistent wattage (∼1.96 A at 4.2 V) for each tank. The puff aerosols were
generated with charcoal and high-efficiency particulate filtered air using a

Materials. Acr-dG monoclonal antibodies and plasmid pSP189 were prepared, as described (13, 41). Acr-dG antibodies are specific for PdG adducts
including Acr-, HNE-, and crotonaldehyde (Cro)-dG (29). Antibodies for
XPC, hOGG1/2 (cross reacts with mouse OGG1/2), α-tubulin, and mouse/
rabbit IgG; enzymes, T4 kinase, protease K, nuclease P, and RNase A; and
chemicals, acrolein, nicotine, and NNK were commercially available. Immortalized human lung (BEAS-2B) and bladder epithelial (UROtsa) cells
were obtained from American Type Culture Collection and J.R. Masters,
University College London, London. All animal procedures were approved
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Cell Cultures and Treatments of Nicotine and NNK. Exponentially growing BEAS-2B
and UROtsa were treated with different concentrations of nicotine (BEAS-2B: 0,
100, 200 μM; UROtsa: 0, 1, 2.5 μM), and NNK (BEAS-2B: 0, 100, 300, 1,000 μM;
UROtsa: 0, 50, 100, 200 μM) for determination of DNA adduct and DNA-repair
activity. For XPC and hOGG1/2 detection, BEAS-2B were treated with nicotine (0,
50, 100, 200 μM), and NNK (0, 500, 750, 1,000 μM) and UROtsa were treated with
nicotine (0, 1, 2.5, 5 μM) and NNK (0, 100, 200, 400 μM) for 1 h at 37 °C. Genomic
DNA and cell lysate isolation from these cells was the same as described (28).
PdG and O6-medG Adduct Detection. Cyclic PdG and O6-medG adducts formed
in the genomic DNA were determined by the immunochemical slot blot
hybridization method using Acr-dG and O6-medG antibodies and quantum
dot labeled second antibody, as described (13, 28). PdG adducts formed
in cultured human cells, and mouse lung tissue were further analyzed by the
32
P postlabeling-2D-TLC/HPLC method, as previously described (28).

Mutation Susceptibility Determination. Shuttle vector pSP189 plasmids, which
contain the tyrosine suppressor tRNA coding gene the supF, were UV (1,500 J/m2)
irradiated or modified with H2O2 (100 mM, 1 h at 37 °C), then transfected
into cells with and without pretreated with nicotine and NNK for 1 h
at 37 °C. Mutations in the supF mutations were detected, as previously
described (13).
Anchorage-Independent Soft-Agar Growth. Lung (BEAS-2B) and bladder
(UROtsa) epithelial cells were treated with NNK (0.5 mM) and nicotine
(25 and 5 mM) for 1 h at 37 °C; these treatments rendered 50% cell killing.
The method for anchorage-independent soft-agar growth is the same as
previously described (28).
Statistical Analysis. Statistical analysis and graphs were performed with Prism
6 (GraphPad) software. Two group comparisons were conducted with the
unpaired, two-tailed Mann–Whitney u test or the unpaired, two-tailed t test
with Welsh’s correction for unequal variances. A P value <0.05 was considered to be significant.

In Vitro DNA-Damage-Dependent Repair Synthesis Assay. The DNA-repair activity was assessed by an in vitro DNA damage-dependent repair synthesis
assay, as previously described (13).
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ABSTRACT: A novel, automated, low cost, three-dimensional (3D) printed microﬂuidic array was developed to detect DNA
damage from metabolites of chemicals in environmental samples.
The electrochemiluminescent (ECL) detection platform incorporates layer-by-layer (LbL) assembled ﬁlms of microsomal enzymes,
DNA and an ECL-emitting ruthenium metallopolymer in ∼10 nm
deep microwells. Liquid samples are introduced into the array,
metabolized by the human enzymes, products react with DNA if
possible, and DNA damage is detected by ECL with a camera.
Measurements of relative DNA damage by the array assess the
genotoxic potential of the samples. The array analyzes three
samples simultaneously in 5 min. Measurement of cigarette and ecigarette smoke extracts and polluted water samples was used to
establish proof of concept. Potentially genotoxic reactions from ecigarette vapor similar to smoke from conventional cigarettes were demonstrated. Untreated wastewater showed a high genotoxic
potential compared to negligible values for treated wastewater from a pollution control treatment plant. Reactivity of chemicals
known to produce high rates of metabolite-related DNA damage were measured, and array results for environmental samples
were expressed in terms of equivalent responses from these standards to assess severity of possible DNA damage. Genotoxic
assessment of wastewater samples during processing also highlighted future on-site monitoring applications.
KEYWORDS: 3-D printing, genotoxicity, automation, e-cigarettes, environmental samples, electrochemiluminescence
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human health.2,3 We recently reported a paper microﬂuidic
device that estimated the genotoxic potential of water samples.4
In this paper, 3-D printing is used to develop a more
sophisticated and sensitive general automated array to assess
genotoxic potential of environmental samples; 3-D printing was
used to aﬀord cheap, fast design and optimization. It has been
used to print ﬂuidic devices that detect pathogenic bacteria,
biomedical markers, food allergens, and heavy metals, as well as
in nanoparticle and chemical synthesis.5,6 3-D printed ﬂow cells
were designed for microdroplet generation, electrochemical
sensing, and microﬂuidic devices.7 We used desktop 3-D
printers to develop devices for ﬂow injection amperometry,
ﬂow cells to measure ECL,8 and microﬂuidic immunoarrays to
detect cancer biomarker proteins.9
The current device is designed for rapid assays of liquid
samples. We focus here on two types of samples for reasons
outlined below. The ﬁrst is cigarette and e-cigarette smoke,

enotoxicity refers to the ability of chemicals or their
metabolites to interact with genetic material. Reactions
with DNA include covalent adduct formation, oxidation, strand
breaks, and noncovalent intercalations. When damage to DNA
is not repaired, subsequent mutations occur that may lead to
cancer.1 For environmental chemicals and drugs, a battery of
tests is typically used to predictively assess potential
genotoxicity and other toxicities. Genotoxicity tests such as
Comet, Ames, micronucleus, and mouse lymphoma assays are
very useful for toxicity predictions, but are limited by ease of
use and metabolic generality.2 We previously developed
microﬂuidic toxicity screening arrays with the ability to uncover
multiple chemical pathways of genotoxicity by measuring DNA
damage.2 These high throughput electrochemiluminescent
(ECL) and electrochemical assays include DNA and human
metabolic enzymes that convert chemicals to metabolites,
which are most often the DNA-reactive species in genotoxic
pathways.2
Automated, disposable devices that rapidly detect genotoxic
chemistry in environmental samples can serve to evaluate the
potential inﬂuence of toxic chemicals and on-site risks to
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Figure 1. Automated genotoxicity screening array: (A) 3-D printed devices without (left) and with (right) microwell chip and counter electrode
wires inserted showing the sample chambers containing dye solutions. (B) Microwell-patterned pyrolytic graphite detection array showing the ﬁrst
row holding 1 μL water droplets retained by the hydrophobic microwell boundaries. Each row is fed by a separate sample line. The working array
features ﬁlms of DNA, metabolic enzymes, and RuPVP in each microwell. (C) Assembled array system showing box enclosing electronic
microprocessors and micropumps driven by a rechargeable battery and connected to the 3-D printed array below with a wash reservoir (top)
containing pH 7.4 buﬀer.

untreated wastewater was high, but was decreased to very low
levels by reclamation in a sewage treatment facility.18

since smoking is a major contributor to heart disease and
cancer.10 The second is contaminated water, a major public
health concern.
Smoking causes more deaths than human immunodeﬁciency
virus, illegal drug use, alcohol, motor vehicle accidents, and ﬁre
related deaths combined.11 Electronic (e-)cigarettes are battery
powered devices that vaporize nicotine, and were designed as
an alternative to tobacco cigarettes. Additives in recent ecigarettes make the vapor less harsh and allow more rapid
delivery of nicotine to the brain, fostering use and increasing
chances of addiction. Between 2011 and 2015 e-cigarette use
increased from 1.5 to 16% among United States high school
students and from 0.6 to 5.3% among middle school children.12
In addition, e-cigarette vapor contains toxic metals such as
cadmium, lead, and nickel at levels of 0.022−0.057 ng in 15
puﬀs of the aerosol.13
Currently one-third of available fresh water is used for
agriculture, industrial and domestic purpose.14 Chemical
pollution of fresh water lakes and rivers is endemic in
populated areas.15 Toxic pollutants found in water bodies
include nitrogenous and phosphorus species, organic chemicals,
metals, and biologically generated compounds.16 Coexistence of
these chemicals in mixtures has been suggested as an origin of
elevated genotoxic eﬀects.14,17
In this paper, we report the ﬁrst disposable, fully automated
3-D printed array designed to assess genotoxic potential of
liquid environmental samples. This device can analyze vapor
extract samples from cigarettes and water samples in 5 min for
less than $1.00 (Figure 1). The arrays assess potential
genotoxicity based on DNA reactivity of metabolites generated
by enzymes on the array. To our knowledge, this is the ﬁrst low
cost 3-D printed microﬂuidic array capable of evaluating the
metabolite-dependent genotoxic potential of environmental
samples. Results suggest that e-cigarettes can have similar or
enhanced genotoxic potential compared to tobacco cigarettes,
depending on use patterns. The genotoxic potential of

■

MATERIALS AND METHODS

Safety note: Benzo[a]pyrene (B[a]P), 4-[methyl(nitroso)amino]-1(3-pyridinyl)-1-butanone (NNK), N′-nitroso-2-(3-pyridyl)pyrolidine
(NNN), 2-acetylaminoﬂuorene (2-AAF), 2-naphthylamine (2-NA),
aﬂatoxin-B1 (AFB1) and their metabolites are potential carcinogens.
Handling these chemicals involved protections including gloves, safety
glasses, and working in a hood.
Chemicals and Materials. B[a]P (MW 252.31), NNK (MW
207.23), NNN (MW 177.20), 2-AAF (MW 223.28), 2-NA (MW
143.19), AFB1 (MW 312.28), poly(diallyldimethylammonium chloride) (PDDA, avg MW = 100 000−200 000), poly(acrylic acid) (PAA,
avg MW = 1800), calf thymus DNA (Type I), and other chemicals
were from Sigma-Aldrich. Pooled male human liver microsomes were
from BD Gentest. [Ru(bpy)2(PVP)10]2+ {RuPVP; (bpy = 2,2bipyridyl; PVP = poly(4-vinylpyridine)} was synthesized and
characterized as described previously.19 Pyrolytic graphite (PG) sheets
are from Panasonic PGS-P13689-ND 70 μm thick.
3-D Printed Microﬂuidic Arrays. Microﬂuidic arrays were
printed from clear acrylate resin using a Formlabs Form1+
stereolithographic 3-D printer. Design ﬁles are available on our Web
site.20 Brieﬂy, CAD ﬁles incorporating the design were converted to
printer instruction ﬁles for input to the printer (details in the
Supporting Information (SI)). After printing, devices were rinsed
internally and externally successively with isopropanol and water, then
spray coating with clear acrylic spray (Krylon).
Arrays were printed with three sample chambers that feed three
detection channels designed so that sample solutions ﬂow directly
across shallow 1 mm wide, 10 nm deep microwells on the detection
chip to facilitate reactions with enzyme/DNA ﬁlms in the wells
(Figures 1A,B and S1). Detection chips were made from conductive
pyrolytic graphite (PG) sheets cut to desired sizes. PG sheets were
patterned with microwells using our print and peel technology21 to
accommodate tiny volumes of reagents during layer-by-layer (LbL)
ﬁlm assembly (Figure 1B).22 A microwell template featuring 21 spots
of diameter 1 mm in 3 rows with 7 spots per ﬂow channel was inkjet
printed onto glossy paper (Avery 5263) and heat pressed for 45 s at
275 °C to transfer onto these PG sheets (SI Figure S2, SEM).
B
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Figure 2. Array results for tobacco-related standards with DNA-reactive metabolites: (A) recolorized ECL data using arrays featuring RuPVP/
enzyme/DNA microwells treated with oxygenated solutions of carcinogens B[a]P, NNK, and NNN and negative control toluene in 1% DMSO + 10
mM phosphate buﬀer pH 7.4 for 45 s at −0.65 V vs Ag/AgCl, with ECL captured by CCD camera after subsequently applying 1.25 V vs Ag/AgCl
for 180 s. (B) Calibration plots of % ECL increase over 1% DMSO control vs concentration of standards. ECL intensity increases proportional to
DNA damage that disorders ds-DNA and allows coreactant guanines in the DNA better access to RuIII sites of RuPVP.2
Patterned PG sheets were attached onto the 3-D printed array using
double sided adhesive.
Array were 3-D printed in less than 1 h using 6 mL of resin at
fabrication cost $0.80. They have dimensions 50 mm (length (L)) ×
22 mm (width (W)) × 5 mm (height (H)). Sample chamber
dimensions are 17 mm (L) × 5 mm (W) × 2.5 mm (H) and maximum
sample or reagent volume 170 ± 5 μL. Sample volume was 150 μL,
and detection channels are 23 mm (L) × 3 mm (W) × 0.65 mm (H)
with volume 45 ± 5 μL, and are provided with holes and grooves to
accommodate stainless steel wire counter (0.4 mm diameter) and Ag/
AgCl wire reference (0.6 mm diameter) electrodes to complete the
ECL electrochemical detection cell (Figure 1A).
Automation. Automation was achieved by interfacing three Mp6
micropumps (Bartels) with an “ATtiny85” microprocessor chip via
Bartels OEM microcontrollers (Figures S1 and S3). Micropump
control features printed-circuit board (PCB)-linked microcontrollers
independently connected to the ATtiny85 chip. The inexpensive 8-bit
ATtiny microcontroller chip runs Arduino programs for pump control
at low power consumption (Figure S3),23 and provides ON/OFF
commands to control voltage input to micropumps from a
rechargeable lithium ion battery. Micropumps were adjusted to ﬂow
rate 120 ± 3 μL/min.
Layer by Layer Film Assembly. Sequential layers of ECL
metallopolymer RuPVP, human liver microsome (HLM) enzyme
source, and DNA were grown in microwells on the PG chip by layerby-layer (LbL) alternate electrostatic assembly,22 depositing appropriate solutions sequentially and incubating 20 min for polyion layers
and 30 min for enzyme and DNA layers at 4 °C with water washing
between adsorption steps.24 Film architecture optimized for best
signal/noise was PDDA/PAA/(RuPVP/DNA)2/RuPVP/enzyme/
DNA.
Detection of Genotoxic Reactions. The assay protocol involves
two steps. First, the natural cyt P450 catalytic cycle is activated by
applying −0.65 V vs Ag/AgCl while ﬂowing oxygenated solutions of
test samples in 10 mM phosphate buﬀer pH 7.4 + 1% DMSO for 45 s.
This generates metabolites from the test compounds that can react
with DNA.25 Second, after washing the array with buﬀer, 1.25 V vs Ag/
AgCl is applied for 180 s to generate ECL proportional to damage of
coreactant DNA. This oxidizes RuIIPVP to RuIIIPVP, and RuIIIPVP
reacts with guanine in a complex pathway to form excited state
*RuIIPVP that emits ECL light at 610 nm which is captured with a
CCD camera in a dark box.2 ECL generation involves oxidation of
guanine by RuIIIPVP in catalytic pathway resulting in a guanine radical
that further reacts with RuIIIPVP to form *RuIIPVP that emits light.19
Covalent metabolite-nucleobase adducts disrupt the DNA double helix
and can also lead to abasic sites and strand breaks, all resulting in more
accessible guanines that generate more ECL. Electrodes are disposable
and are discarded after each use.

Prior to assays, sample chambers (Figure 1A) were preﬁlled with
150 μL of test solution through sample injection ports, which are then
sealed. Micropumps are connected to inlets with common feed at the
back from a buﬀer reservoir (Figure 1C). Voltage input was by a threeelectrode hand-held potentiostat. The entire device resides inside a
dark box. Initially pumps are oﬀ, then the program initiates a 135 s
pumping cycle for three steps, 10 s ﬁlling the detection channel, 45 s
electrolysis, and 80 s washing. Samples were pumped into the 3
separate detection channels and 45 s electrolysis was done at −0.65 V
vs Ag/AgCl once channels were full (while continuing ﬂow) to activate
the natural catalytic cycle of cyt P450s.,25 After a subsequent 80 s wash
cycle, pumps turn oﬀ and visible ECL light is generated by applying
1.25 V vs Ag/AgCl for 180 s and capturing light with a CCD camera.
Timing was optimized for the best ECL signal/noise.
Sample Analyses. Smoke (vapor) extracts from e-cigarettes and
ﬁltered and nonﬁltered tobacco cigarettes were collected using an
artiﬁcial inhalation device (see the SI, Figure S4). Tubing connecting a
syringe and the cigarette or e-cigarette was attached via a pipet tip
plugged with cotton so that smoke passes through it and chemicals are
trapped. This cotton was subsequently extracted with 2 mL of DMSO.
To keep experimental conditions representative and relevant for
vaping usage by smokers we extracted 100 puﬀs and smoke from 5
tobacco cigarettes for comparison. Vaping anywhere from 75 to 175
puﬀs from e-cigarettes is equivalent on average to 5−6 tobacco
cigarettes per day.26 Approximately 15−30 puﬀs from an e-cigarette is
considered equivalent to smoke from one tobacco cigarette.13,28
Polyaromatic hydrocarbons and tobacco speciﬁc nitrosamines 4(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N′-nitrosonornicotine (NNN) are major carcinogens present in cigarette
smoke.27 Most chemicals in tobacco cigarettes and e-cigarettes are
similar to slightly lower concentrations reported for e-cigarettes.13,28
Usually, contents of e-cigarettes are loaded into a cartridge and used
with a battery operated inhalation device that heats and converts a
nicotine solution with additives into an aerosol.13 The contents of the
e-cigarette liquid quoted by manufacturer content lists show tobacco
derived nicotine, propylene glycol, vegetable glycerin, and natural and
artiﬁcial ﬂavoring agents.
Our second test targets featured untreated sewage water, partially,
treated water and completely treated reclaimed water as collected from
University of Connecticut water pollution control facility.18 Water
samples were passed through a 0.2 μM syringe ﬁlters (Thermo
Scientiﬁc F2504-6) prior to genotoxic evaluation to remove particulate
matter. Genotoxic chemicals present in wastewater 2-acetylaminoﬂuorene (2-AAF),29 2-naphthylamine (2-NA),30 and aﬂatoxin-B1
(AFB1)31 were used as reference standards.

■

RESULTS
Cigarettes and E-Cigarettes. Responses to tobacco smoke
components B[a]P, NNK, and NNN were measured ﬁrst. One
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Scheme 1. Cytochrome P450 Mediated Bioactivation and DNA Reactivity of Standard Chemicals Used for Cigarette Studiesa

a

(1) Benzo[a]pyrene (B[a]P), metabolized to benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide that intercalates and covalently binds predominantly
with guanine base in DNA, Adapted from information in ref 33. (2) 4-(Methylnitrosoamino)-1-(3-pyridyl)-1-butanone (NNK) and (3) Nnitrosonicotine (NNN) form hydroxyl forms before binding to nucleobases within DNA. Adapted from information in ref 34.

channel in the microﬂuidic array was used for each speciﬁc
compound (Figure 2A). Plots of % ECL increase over the blank
(1% DMSO in 10 mM phosphate buﬀer, pH 7.4) vs
concentration of standard (Figure 2B) serve as standard
calibration curves and their slopes reﬂect relative rates of
DNA damage.2 Dynamic range was from 3 to 150 μM for all
standards. Increase in ECL intensity was observed with increase
in test chemical concentration (Figure 2). ECL increases in
earlier versions of related genotoxicity arrays were conﬁrmed as
directly related to amounts of speciﬁc metabolite-DNA adducts
detected by LC-MS/MS.2,4,24 In the present array, spot-to-spot
variability was ±6% (n = 21) and array-to-array variability was
±7% (n = 3) (Figure S5). Toluene, with poorly DNA-reactive
metabolites,32 was used as a negative control with negligible
ECL change (Figure 2).
Previous studies of B[a]P, NNK and NNN conﬁrmed that
reactive metabolites of these pro-carcinogens react with DNA
to form covalent DNA adducts (Scheme 1). B[a]P is a
polyaromatic hydrocarbon present in coal tar, cigarette smoke,
and grilled meat. Metabolic cyt P450s catalyze B[a]P oxidation
to a 7,8-epoxide that is rapidly hydrolyzed to a diol by epoxide
hydrolase. The diol is further oxidized by cyt P450 to an
epoxide to form ±-antibenzo[a]pyrene-7,8-dihydrodiol-9,10epoxide (±-anti-BPDE, eq 1).33 Major metabolite ±-anti-BPDE
is classiﬁed as a Group I carcinogen by the International
Agency of Research on Cancer (IARC). It is a strong
electrophile that reacts with DNA nucleobases of to form
covalent adducts. The major covalent adduct is formed by
±-anti-BPDE reaction with the exocyclic amine of nucleobase
guanine to form a stable covalent adduct (Scheme 1, eq 1).

Similarly, the tobacco speciﬁc nitroso amines NNK and NNN
undergo α-hydroxylation catalyzed by cyt P450s to form
reactive metabolites that react with DNA to form adducts at the
N7 position of guanine (Scheme 1, eqs 2 and 3).2,34,35
Cigarette smoke and E-cigarette vapor trapped in the
inhalation device (see Materials and Methods, and Figure S4,
SI) was extracted into DMSO and then diluted 100-fold in pH
7.4 buﬀer prior to analysis. Vapor extract from 20 puﬀs of ecigarettes was taken as equivalent to smoke from one tobacco
cigarette.13,28 We found large increases in ECL intensity with
increases in amount of extracted cigarette smoke and e-cigarette
vapor (Figure 3A), suggesting increased amounts of DNA
damage2,4 (Figure 3A,B). The most important ﬁnding is that %
ECL values for equivalent numbers of puﬀs are slightly larger
for e-cigarettes than for tobacco cigarettes, and much larger
than for ﬁltered tobacco cigarettes and non-nicotine ecigarettes. These diﬀerences are signiﬁcant at 95% conﬁdence
levels (t tests) and suggest that chemicals in the vapor of
nicotine e-cigarettes metabolized in the array are at least as
DNA-reactive as those in smoke of unﬁltered tobacco
cigarettes.
The diﬀerence in %ECL increase between ﬁltered and
nonﬁltered tobacco cigarettes for 20 puﬀ e-cigarette equivalents
was not statistically diﬀerent at the 95% conﬁdence interval.
However, for 60 and 100 e-cigarette puﬀ equivalents, %ECL
was statistically larger for unﬁltered cigarettes at the 95%
conﬁdence level (Figure 3B). DNA reactivity of the nonnicotine e-cigarettes and the ﬁltered tobacco cigarettes denoted
by array signals were comparable, and ∼1.8-fold smaller than
that for unﬁltered tobacco cigarettes.
D
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Figure 3. ECL array results comparing extracted vapor from e-cigarettes with extracted smoke from tobacco cigarettes using the conversion that 20
e-cigarette puﬀs equals smoke from one tobacco cigarette {Abbrev.: tobacco cigarettes (TC), e-cigarettes (EC), nonﬁltered (nf) and non-nicotine
(nn)}. (A) Recolorized ECL data from arrays. Each row represents microwells containing RuPVP/Enzyme/DNA layers treated with smoke extracted
from 1, 3, and 5 TC and nf-TC (equivalent to 20, 60, and 100 puﬀs of e-cigarette) and 20, 60, and 100 puﬀs of EC and non-nicotine (nn)-EC in 1%
DMSO containing buﬀer for 45 s under potential of −0.65 V vs Ag/AgCl. ECL captured while applying 1.25 V vs Ag/AgCl for 180 s. (B) % ECL
increase over control (1% DMSO in buﬀer) vs cigarette samples. (C) NNK equivalents from %ECL for diﬀerent cigarette samples.

To link these results to known DNA-reactive chemical
metabolites, DNA-reactivity of the samples was expressed in
terms of array responses of known tobacco component
concentrations of B[a]P, NNK, and NNN using Figure 2B.
This approach puts the results on a common footing related to
major genotoxic components in tobacco smoke. Figure 3C
shows the NNK-equivalent concentration in each of the
cigarette types and suggest that nicotine e-cigarettes and
unﬁltered cigarettes are equivalent to quite signiﬁcant levels of
the potent tobacco carcinogen NNK. Equivalence of sample
responses in terms of B[a]P and NNN are reported in Table S1
in the SI, and lead to qualitatively similar conclusions.
Water Samples. Known water pollutants 2-AAF, 2-NA,
AFB1 were ﬁrst tested as reference standards to assess
genotoxic potential. Aﬂatoxins are metabolites of fungal
organisms in polluted food and environmental samples and
are associated with liver cancer.36 Aﬂatoxin B1 is one of the
most potent aﬂatoxins, and requires cyt P450 bioactivation to
become carcinogenic. It is oxidized by cyt P450s to the 8,9epoxide, which reacts with the N7 position of guanine to form
covalent adducts (Scheme 2, eq 4).37 Arylamines are commonly
associated with bladder cancer.38 2-acetylaminoﬂuorene (2AAF) and 2-naphthylamine are converted by sequential
reactions catalyzed by cyt P450s and acetyl transferase to
arylnitrenium ions that react with nucleobases of DNA to form
covalent adducts. A major adduct on the C8 position of guanine
is shown in Scheme 2 (eqs 5, 6).35,39,40

Array results for these three compounds and toluene negative
control are shown in Figure 4A. Plots of %ECL increase over
blank (1% DMSO in pH 7.4 buﬀer) vs concentration of
standard (Figure 4B) serve as calibration curves for water
samples. Again, slopes reﬂect relative rates of DNA damage.2
Dynamic ranges were from 3 to 100 μM. Limits of detection as
%ECL increase 3× the avgerage noise were ∼3 μM for these
genotoxic compounds.
Samples from the University of Connecticut water treatment
facility were assayed on the array. Figure 4C shows a signiﬁcant
increase in ECL for untreated water samples compared to
reclaimed and partially treated water samples. Results from
Figure 4C are also expressed in terms of equivalent
concentrations of the reference standards (Figure 4D) to
provide comparisons of the relative genotoxicity potential of
the samples. For example, the untreated wastewater is
equivalent to about 10 μM of the parent chemical 2-AAF.
Compared to the untreated wastewater, the diﬀerence from
the treated reclaimed water is signiﬁcant at the 95% conﬁdence
level. Results suggest that more potentially genotoxic chemicals
in the untreated wastewater are converted on the array to
metabolites that are reactive with DNA compared to reclaimed
or partially treated water samples. The larger %ECL for partially
treated water compared to fully reclaimed water was also
statistically signiﬁcant at 95% conﬁdence (Figure 4C, D).
Genotoxic potential in terms of DNA reactivity of untreated
E
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Scheme 2. Cytochrome P450 Mediated Bioactivation and DNA Reactivity of Standard Chemicals Used for Water Samplesa

a
(4) Aﬂatoxin B1 (AFB1), metabolically activated to its epoxide form that forms covalent adducts with DNA nucleobases. Adapted from information
in ref 37. (5) 2-Acetylaminoﬂuorene (2-AAF). Adapted from information in ref 38. (6) 2-naphthylamine (2-NA) form acetoxy forms upon
bioactivation that form covalent adducts with DNAnucleobases. Adapted from information in ref 40.

Figure 4. Array results for standards with known DNA-reactive metabolites: (A) Recolorized ECL data using arrays featuring RuPVP/enzyme/DNA
microwells treated with oxygenated solutions of carcinogens (2-AAF, 2-NA, and aﬂatoxin B1 and negative control toluene in 1% DMSO + 10 mM
phosphate buﬀer pH 7.4 for 45 s at −0.65 V vs Ag/AgCl, with ECL captured by CCD camera after subsequently applying 1.25 V vs Ag/AgCl for 180
s. (B) Calibration plots of %ECL increase over the blank vs concentration of standards. ECL intensity increases proportional to DNA damage. (C)
ECL array results comparing ECL intensities obtained from untreated water (UTW), partially treated water (PTW), and fully treated reclaimed
water (RCW) with respect to 1% DMSO controls. Recolorized ECL data from arrays with each row representing microwells containing RuPVP/
enzyme/DNA layers treated with UTW, PTW, RCW, and 1% DMSO in buﬀer for 45 s at −0.65 V vs Ag/AgCL with ECL captured after subsequent
application of 1.25 V vs Ag/AgCl for 180 s. (D) Bar graph showing chemical equivalents from %ECL response for diﬀerent water samples.
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ﬁcation of seriously polluted water. Array results for the
untreated water samples are consistent with reports of
genotoxic chemicals in domestic and industrial wastewater.43
ECL responses from fully reclaimed water did not show
signiﬁcant genotoxic potential when compared to controls,
suggesting signiﬁcant removal of genotoxic chemicals.
In summary, we described here a new, portable, low cost,
automated, toxicity screening tool to detect metabolite-related
genotoxicity chemistry from environmental samples. The 3-D
printed array is fast and accurate in sensing eﬀects of possible
genotoxic chemicals. A unique feature is that test chemicals are
converted to their metabolites so that metabolite reactivity
toward genetic material can be measured rapidly and eﬃciently.
This is a major attribute for assessment of possible genotoxic
consequences of pollutant exposure from relevant samples.

water samples was ∼10-fold larger than that for fully reclaimed
water and ∼2.4 fold larger than that for partially treated water..

■

DISCUSSION
The results above illustrate a novel, low cost, 3-D printed
microﬂuidic array capable of assessing the genotoxic potential
of environmental samples. The 3-D printed device with
disposable microwell array containing enzyme/DNA/RuPVP
ﬁlms costs less than $1.00 to fabricate. Advantages of this
device include multianalyte analysis, complete automation, on
chip metabolite generation, and rapid detection of DNA
damage (5 min). These disposable arrays are designed to “plugin” to a reusable automation platform featuring microcontrollers, micropumps, and battery that costs $150. The
array here was equipped with 21 detection microwells, but it is
possible to expand to larger size to accommodate multiple
enzymes, multiple analytes, and higher sample throughput.
DNA reactivity related to metabolites from smoke or vapor
extracts measured by the array clearly suggests comparable
genotoxic potential of tobacco and nicotine e-cigarettes when
assayed by the same protocol (Figure 3). Expression of the
signals in terms of levels of known tobacco chemicals with
metabolites having high rates of DNA damage, e.g., NNK
(Figure 3D) provides a reference point to assess the severity of
possible genotoxicity, without having to determine individual
DNA adducts by expensive LC-MS/MS assays. E-cigarette
vapor was reported to have low concentrations of chemicals
with potential to cause DNA damage13 and could be assumed
by some to be a safer alternative to tobacco cigarettes.
However, our results suggest similar DNA damage from ecigarette vapors and tobacco cigarette smoking.
Results also showed that genotoxic potential for non-nicotine
e-cigarettes is about the same as that for ﬁltered tobacco
cigarettes, and 1.5−2-fold lower than that for e-cigarettes. DNA
reactivity for 20 puﬀs of an e-cigarette was equivalent to about
83 μM NNK (1.6 μg/mL) (Figure 3C) compared to estimated
levels of NNK in one tobacco cigarette of 46 μM (0.9 μg/mL).
Unﬁltered tobacco cigarettes gave DNA reactivity nearly 2
times greater than ﬁltered tobacco cigarettes (Figure 3B and
C). Even non-nicotine e-cigarettes showed signiﬁcant DNA
reactivity, similar to that of ﬁltered tobacco cigarettes (Figure
3C).
The above results are consistent with recent reports using
conventional assays that found signiﬁcant DNA strand breaks,
cytotoxic eﬀects, and cell death caused by e-cigarette vapor with
and without nicotine.41,42 Ease of use of e-cigarettes may also
result in elevated use compared to tobacco cigarettes, which can
result in escalated DNA damage. For example, DNA reactivity
as NNK equivalents in vapor extract from two full e-cigarette
cartridges was 1.1 mM, roughly equivalent to 0.9 mM for 20
tobacco cigarettes (SI Table S1).
The arrays also revealed genotoxic potential of water samples
(Figure 4). ECL responses from the untreated wastewater were
about 9 times larger than those for fully recovered water,
suggesting signiﬁcant presence of genotoxic chemicals.
Successful analysis of samples during midtreatment suggests
that the array can be used to monitor the success of
intermediate stages of water treatment. Expression of these
results in terms of water polluting chemicals that cause
metabolite-related DNA damage again provide a rapid
assessment of relative severity of the contamination (Figure
4D). Calibration range and LOD of 3 μM for standard water
pollutants (Figure 4B) suggests applications in rapid identi-
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