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This study performed mechanistic toxicity assessment of
nanosilver (nAg) and nanotitanium dioxide anatase (nTiO2_a)
via toxicogenomic approach, employing a whole-cell-array library
consisting of 91 recombinated Escherichia coli K12 strains
with transcriptional GFP-fusions covering most known stress
response genes. The results, for the first time, revealed more
detailed transcriptional information on the toxic mechanism of
nAg and nTiO2_a, and led to a better understanding of the
mode of action (MOA) of metal and metal oxide nanomaterials
(NMs). The detailed pathways network established for the
oxidative stress system and for the SOS (DNA damage) repair
system based on the temporal gene expression profiling
data revealed the relationships and sequences of key genes
involved in these toxin response systems. Both NMs were found
to cause oxidative stress as well as cell membrane and
transportation damage. Genotoxicity and DNA damage were
also observed, although nTiO2_a induced SOS response
via previously identified pathway and nAg seemed to induce
DNA repair via a pathway different from SOS. We observed that
the NMs at lower concentration tend to induce more chemical-
specific toxicity response, while at higher concentrations,
more general global stress response dominates. The information-
rich real-time gene expression data allowed for identification
of potential biomarkers that can be employed for specific toxin
detection and biosensor developments. The concentration-
dependent gene expression response led to the determination
of the No Observed Transcriptional Effect Level (NOTEL)
values, which can be potentially applied in the regulatory and
risk assessment framework as an alternative toxicity
assessment end point.

Introduction
The growing production and use of engineered nanomaterials
(NMs) makes it inevitable for them to release to the natural
environment. However, the toxicity mechanism of these NMs
is largely unknown even though there is sound evidence of
their toxicity (1, 2). The currently available water toxicity
assessment methods, such as WET (Whole Effluent Toxicity)
and TIE (Toxicity Identification Evaluation) can provide useful
ecotoxicological information for toxicants in aquatic system.
However, they have certain limitations, such as being labor-
intensive and time-consuming, which make them neither
feasible nor sufficient for screening a large and ever-

increasing number of emerging contaminants in our water
and for providing timely information needed for regulatory
decision making in order to eliminate or reduce the potential
risks associated with these pollutants.

Toxicogenomics, in which transcription and expression
levels of thousands of genes in an organism in response to
environmental toxin are monitored (3, 4), promises a revolu-
tionary new ground for monitoring and identifying the chemi-
cals responsible for toxicity (5, 6), revealing the toxic mechanism
and obtaining pollutant-specific molecular fingerprints (or
biomarkers) for compound classification and identification
(7, 8), The No Observed Transcriptional Effect Level (NOTEL),
a new concept generated with the development of toxicoge-
nomics,canpotentiallyserveasamoreinformativeandsensitive
end point for screening effluents and unknown chemicals for
toxicity and be incorporated into ecological risk assessment
and regulatory framework (4, 6, 9). A number of recent studies
have demonstrated the application of toxicogenomics technol-
ogy (e.g., microarray-based methods) for environmental moni-
toring (10, 11). However, several limitations of the current
microarray-based gene-profiling technology, such as a high-
cost, complex procedure and condition-sensitive results, pro-
hibit its further development and wide application in envi-
ronmental monitoring.

We recently applied prokaryotic real-time gene expression
profiling by using a comprehensive cell array consisting of
transcriptional green fluorescent protein (GFP)-fused re-
combinant Escherichia coli strains for toxicity evaluation (12).
Our proposed method, comparing to the microarray ap-
proach, requires simpler, faster, and more reliable assay
procedures, has higher reusability, and provides the desirable
flexibility for customization of the cell array. The substantial
information available on the functions of the genes of E. coli
allows for understanding, mapping, and visualizing system-
atic cellular response pathways and molecular events oc-
curring as a response to chemical exposure. The library we
used is measuring the genomic promoter activities, namely
the transcription initiation, which we interpreted as the
indicator of gene expression activity as employed by previous
researchers (13, 14).

In this study, we conducted mechanistic toxicity assess-
ment of nanosilver (nAg) and nanotitanium dioxide anatase
(nTiO2_a) using the prokaryotic real-time gene expression
profiling method developed. The two NMs were chosen
because they have wide commercialization application in
various fields and therefore are likely to be present in the
environment. Compound-specific and concentration-sensi-
tive two-dimensional (genes and time) gene expression
profiling for nAg and nTiO2_a at various concentrations were
obtained. The gene expression alterations as the result of
exposure to these two NMs provided insights into the
underlying toxic mechanisms of these two NMs. The NOTEL
for both NMs is determined based on the dose-response
curve, and potentially biomarkers have been identified.

Materials and Methods
Nanomaterials. nAg (∼60 nm, NanoDynamics Inc., Buffalo,
NY) and nTiO2_a (10 nm, NanoStructured & Amorphous
Materials, Houston, Texas) were prepared in M9 medium
for a stock concentration of 1000 mg/L, which contains 1%
of crude Bovine Serum Albumin (BSA) as dispersant. The
stock solutions were sonicated in a High energy Cup-
sonicator, ∼90 Watt power for at least 15 min to maintain
a better dispersion before the toxicity assays. Detailed
characterization parameters for the same nanomaterials used
in this study can be found in Bello et al. (15).* Corresponding author e-mail: april@coe.neu.edu.
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Prokaryotic Stress Genes Cell-Library with Transcrip-
tional GFP Fusions. A library of transcriptional fusions of
GFP (Open Biosystem, Huntsville, AL) that includes 91
different promoters controlling the expression of genes
associated with the most known stress responses and other
specific function in E.coli K12, MG1655 was employed in this
study. Each promoter fusion is expressed from a low-copy
plasmid, pUA66 or pUA139, which contains a kanamycin
resistance gene and a fast folding gfpmut2, that enables the
measurement of gene expression at a resolution of minutes
with high accuracy and reproducibility (13). Each category
of stress genes and their main functions are briefly described
in our previous study (12).

Measuring the Temporal Gene Expression upon Chemi-
cal Exposure. Cells were grew in black 96-well plates (Costar,
Bethesda, MD) for 2 h at 37 °C until the cultures reached
early exponential growth (OD600 about 0.05-0.1), NMs stock
solution was added per well to obtain a final concentration
of 1, 10, 50 mg/L for nAg and nTiO2_a, respectively. Then the
plate was put in a Microplate Reader (SynergyTM HT Multi-
Mode, Biotech, Winooski, VT) for simultaneous absorbance
(OD600) measurement (cell growth) and fluorescence read-

ings (GFP level, filters 485 nm, 528 nm) at a time interval of
3 min. More detailed description of methods is available in
our previous study (12).

Data Processing and Analysis. All data were corrected
for various controls, including blank with medium control
(with and without NMs) and promterless bacterial controls
(with and without NMs). The alteration in gene expression,
also referred as induction factor I (I ) Pe/Pc), for a given
gene at each time point due to chemical exposure, was
represented by the ratio of the normalized gene expression
GFP level (Pe ) (GFP/OD)experiment) in the experiments with
NMs exposure to that (Pc ) (GFP/OD)control) in the control
condition without any NMs exposure. Then the natural log
of I value (lnI) at every time point was compiled for
hierarchical clustering (HCL) analysis that was conducted
with MultiExperiment View (MeV) version 4.4. Maximum
value of lnI for each gene during the 2 h exposure period was
applied for comparison of the differentially expressed genes
and a cutoff value of 0.4 ([ln(I)]abs ) 0.4, which is corre-
sponding to I ) 1.5 or I ) 0.67) was applied based on previous
evaluation of the background level noise from various controls
as well as the reproducibility assessment with multiple

FIGURE 1. Real-time (temporal) gene expression profiles of 91 stress genes in E. coli in exposure to nAg 10 mg/L (left) 50 mg/L
(right). X-axis top: natural log of induction factor (lnI). (Red spectrum colors indicate up-regulation, green spectrum colors indicate
down-regulation) and time in minutes (the first data point shown is at 15 min after exposure due to moving average), Y-axis left:
clustering of the profiles, Y-axis-right: list of genes color-coded based on functional categorization (STable 1). Profiles for nTiO2_a
are shown in SFigure 1.
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replicates. Detailed information of data process and clustering
analysis are available in our previous study and in the support
information (Supporting Information (SI) Appendix S1).

Gene Expression Pathway Analysis. We combined our
real-time gene expression data with the known pathway and
function of genes on EcoCyc database (http://ecocyc.org/)
and the Gene Ontology Database (http://www.geneontology.
org/) to obtain insights into the network of the specific genetic
pathway upon NMs exposure (16, 17).

Determination of No Observed Transcriptional Effect
Level (NOTEL). We applied the concept of NOTEL as the
maximum concentration of a chemical at which less than
5% of the genes are differentially expressed upon chemical
exposure compared to control (6, 9). We fit a dose-response
curve of the percentage of genes expressed in our “stress
library” to the concentrations of chemicals, using a general-
ized linear model with binomial family. The NOTEL is
statistically determined based on the dose-response curve.

Result and Discussion
Distinctive and Complex Real-Time Gene-Expression Pro-
files for nAg and nTiO2_a. Distinctive temporal gene expres-
sion profiles were obtained for nAg and nTiO2_a at three
different concentrations and over a 2 h period (Figure 1, SI
SFigure 1 and SFigure 2). The results showed very dynamic
and complex toxicant-induced real-time gene expressions
across the stress genes examined, with most of the genes
exhibiting different patterns and varying magnitudes of
transcription activities over time. The temporal change in
gene expression level reflected the dynamic of the cellular
response system and the time sequence for a particular set
of gene to be involved, which may depend on the system-
level multiple gene activation, signaling pathways and the
roles and time-sequence in which they are involved in the
stress-response mechanism. (Exemplary temporal gene
expression profiles for several genes are show in SI SFigure 3.)
These temporal gene expression profiling are compound-
specific and concentration-dependent and even the slightest
molecular alterations in the cellular system response as result
of variation in the concentration of the same toxicant, were
captured and reflected (Figure 1 and SI SFigure 1). This
validates and highlights the advantage of our approach using
real-time gene expression to gain temporal resolution, in
contrast to a “snapshot” of the dynamic expression profiles
at an selected time point such as microarray.

Concentration-Dependent Expression Profiles. The spe-
cific genes and the number of genes differentially expressed
upon exposure to the same NM varied with different
concentrations. Figure 2A illustrated the number of altered
genes that are specific to each concentration as well as the
numbers of differentially expressed genes that are common
to treatments with different NM concentrations. For both
nAg and nTiO2_a, only a few genes showed altered expression
compared to control at the lowest concentration (1 mg/L)
studied, suggesting the threshold of observable molecular
alterations at this concentration. For nAg at 1 mg/L, the three
toxin-induced genes are completely different from those
induced at higher concentration. Many genes related to
general stress, cell killing, cold shock, and energy stress were
only differentially expressed at higher nAg concentration of
50 mg/L. For nTiO2_a, four genes showed altered expression
at 1 mg/L, including gene tam (detoxification) that exhibited
overexpression for all three concentrations. Similar conclu-
sions have also been reported following Cu exposure with
Daphnia magna and arsenic exposure in a human lung cell
line (6, 18), in which the profile obtained at low concentration
was distinct from that obtained at a higher concentration.
Vulpe et al. mentioned that the specificity of genes in response
to a given toxin decreases as the chemical concentrations
increases (6). This may be because that at higher concentra-

tions, more genes related to general stress and cell killing
become more prevalent as the cell overall integrity becomes
compromised and the specific mode of toxicity would be
overshadowed by a common global system-stress response.

The gene expression profiles seem to be not only chemical-
specific but also concentration-dependent (Figure 1 and
SFigure 1), indicating that the molecular level genomic
activities are very sensitive to not only the type of toxicant
but also the level of toxicant in exposure. For both nAg and
nTiO2_a, the number (percentage) of genes with altered
expression level increased as the chemical concentrations
increased (Figure 2B). This relationship allowed us to obtain
the dose-response curve using a generalized linear model
(6). For nTiO2_a, concentrations at both 10 mg/L and 50
mg/L induced more genes than nAg, but the induction level
are less than those of nAg at the similar concentrations,
suggesting lower toxicity level than nAg. This seems to agree
with the NMs toxicity level assessment via Biological Oxidative
Damage (BOD) proposed by Bello et. al (15).

Determination of No Observed Transcriptional Effect
Level (NOTEL). The concept of NOTEL was proposed by
Lobenhofer et al (9) and its potential application in toxicology
and risk assessment has been demonstrated and discussed
by Ankley and Poynton et al. (4, 6). NOTEL can be potentially
used as an end point and regulatory benchmark for chemical
screening, effluent toxicity testing, and environmental moni-
toring of toxicant, similar to the end points of traditional
toxicity assessment such as EC50 and LC50.

The dose-response curve, generated by the number of
differentially expressed genes vs the NMs concentration
(Figure 2B), allowed for the determination of NOTEL (6). In
our study, the NOTEL value based on our stress gene library
was determined to be 0.658 ((0.260) mg/L for nAg, and 0.557
((0.545) mg/L for nTiO2_a. The results indicated that these
two NMs seemed to have similar magnitude of toxicity, which
is consistent with the BOD values for nAg and nTiO2_a
recently proposed as 116.4 µmole-TEU (Trolox equivalent
units)/L and 64.9 µmole-TEU/L, respectively (15). The NOTEL
is expected to be lower and more sensitive than conventional

FIGURE 2. Concentration-dependent responses to NMs. (A)
Number of differential expressed genes at each exposure
concentration. The genes differentially expressed in more than
one concentration are shown in the overlapping part, nAg (left),
nTiO2 _a (right). (B) Dose-response curve based on the portion
of differentially expressed genes upon exposure to NMs in our
stress library as a function of NMs concentrations. (Data points
are represented by the annotation of NMs.)
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end points (e.g., EC50) since it reflects sublethal and
molecular level response to toxicant.

Toxicity Mechanism of nAg. The toxic mechanisms of
metal and metal oxidant NMs are still not fully understood
and current understanding indicates that the prominent toxic
mode of action involves production of reactive oxygen species
(ROS), which can damage DNA, RNA and proteins, including
a multitude of oxidized base lesions, abasic sites, single and
double-strand breaks, all of these can be cytotoxic and
mutagenic (19). Our results showed that nAg exposure
induced many genes that belong to detoxification, SOS
response, oxidative/redox stress, drug resistance/sensitivity
and protein stress (Figure 3). In addition, many of the genes
related with inner membrane and transport system, such as
cmr, fsr, yajR, and emrE, were up-regulated in exposure to
nAg.

Based on our temporal gene expression results and
previous pathway framework (16, 17), a more detailed
network maps for oxidative damage system was developed
as shown in Figure 4. They demonstrated the interrelationship
among key genes and their temporarily dynamic gene
expression in oxide stress regulatory networks upon exposure
to nAg. Oxidative damage response system includes genes
related to redox response, detoxification and drug resistance.
Redox response are regulated by the two redox regulators,
namely oxyR and soxR. Gene oxyR was up-regulated at an
increasing level over time upon exposure to nAg, indicating
the induction of oxidative damage response (Figure 4). OxyR
serves as the transcriptional dual regulator to those involved

in peroxide metabolism, peroxide protection and redox
balance, which involved sodA, sodB, sodC, katE, and katG
(16). The protein products of genes sodA, sodB, and sodC are
all subunit of superoxide dismutase (20), which involve in
the degradation of superoxide to hydrogen peroxide, then
subsequently hydrogen peroxide transformation into oxygen
catalyzed by hydroperoxidase KatG and KatE. The up-
regulation of sodA, sodC, and katE in our result indicated
superoxide radical and hydrogen peroxide generated upon
nAg exposure. SoxR, which is known to control the tran-
scription of the regulator involved in the responses against
nitric oxide toxicity (21), was found to be up-regulated after
30 min exposure. Activation of soxR, induces soxS expression,
and soxS, in turn, activates transcription and participates in
controlling several genes involved in oxidative stress, resis-
tance to antibiotics, organic solvents, and heavy metals, such
as nfo, inaA, and marR (16). The up-regulation of these genes
initiated after 60 min and the alteration magnitude increased
over time upon exposure to nAg (Figue 4). The expression
level of oxyR remained increasing for 90 min then declined
afterwards (SI SFigure 3), suggesting that at the later stage
the over production of OxyR protein functions as a repressor
for the gene oxyR (22).

Genes related to membrane, oxidase complex and electron
or ATPase transfer, incuding bolA, cyoA, and sdhC, were also
up-regulated upon exposure to nAg (Figure 4). Overexpres-
sion of bolA induces biofilm formation, and alters the
properties of outer membrane (23). SdhC is one of two
membrane subunits of succinate dehydrogenase, which

FIGURE 3. Toxicity mechanisms revealed by the altered gene expression level for genes involved in different stress functional
categories in exposure to nAg (10 mg/L). (A) Upper limit (at 90% confidence interval) of the average of the maximum altered gene
expression level (LnI) for genes involved in each stress functional category. In our study, we chose LnI ) 0.4 as the noise cutoff
baseline. (B) Distribution of altered gene expression level (LnI) among the genes involved in each stress functional category.
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participates in both the citric acid cycle and the electron
transfer chain (24). Gene tam, which showed up-regulation
at the end of 2 h exposure, is a trans-aconitate methyltrans-
ferase.

Most drug resistance genes induced by nAg (at 10 mg/L)
are major facilitator superfamily (MFS). The MFS transporters
are single-polypeptide secondary carriers capable only of
transporting small solutes in response to chemiosmotic ion
gradients. cmr, whose product also known as MdfA, is a
multidrug transporter that is driven by the proton electro-
chemical gradient (25) and it showed 3.5 folds overexpression
in our results. emrE, encoding for a multidrug efflux protein
with an broad substrate specificity, exhibited up-regulation
by 3 folds. In addition, fsr, yajR, which were overexpressed
at 10 mg/L nAg exposure, belong to the drug efflux systems
of MFS. However, none of these genes showed overexpression
at 50 mg/L nAg exposure, indicating again that at higher
toxin concentration, the entire integrity of bacteria cell is
likely compromised such that it lost its specific antitoxin
ability. Or, alternatively, bacteria activates overall global-
stress response system at a higher concentration, as discussed
previously.

Genes involved in DNA repair, such as recN, uvrA, ybfE,
yebG, ssb, sbmc, and nfo, were up-regulated 30 min after
being exposed to nAg. RecN is required for DNA repair when
breaks occur at two or more locations. Overexpression of
uvrA, a subunit of UvrABC nucleotide DNA excision repair
complex, indicates its active role in repairing a wide diversity
of lesions. The product of the essential ssb gene, interacts
directly with DNA polymerase II, exonuclease I, and replica-
tion protein n, which are all involved in DNA metabolism
(26). Endonuclease Nfo catalyze the formation of single-stand
breaks in double apurinic (AP) DNA to remove the damaged
base in DNA repair. Interestingly, the two key upstream
regulating genes of SOS system, recA and lexA, showed no
observed differential expression within the two hours period.
Previous studies of SOS system generally assume that genes
recA and lexA should be up-regulated when SOS system is
turned on (27, 28). However, not all SOS genes are regulated
by lexA, and recA are not involved in every physiological
DNA repair pathway (29). So the involvement and activity of
SOS response genes to different genotoxicity may require
further investigation. Nevertheless, altered promoter activity
of a number of DNA repair related genes discussed above
suggested that nAg causes DNA damage.

Toxicity Mechanism of nTiO2_a. The genes differentially
expressed upon exposure of nTiO2_a are mostly dominated
by those belonging to drug resistance/sensitivity, detoxifi-
cation, DNA damage and protein stress categories (SI
SFigure 2). About one-third of the differential expressed genes
induced by nTiO2_a (10 mg/L) are the same as those induced
by nAg (10 mg/L), including genes in drug resistance/
sensitivity, DNA damage categories, suggesting that both NMs
cause oxidative stress and DNA damage. However, the other
two-thirds of the altered genes in exposure to nTiO2_a were
different for the two NMs. indicating distinctive transcription
level stress response these two NMs induce. More than half
of the drug resistance/sensitivity genes induced by nTiO2_a
(10 mg/L) belongs to MFS, some of them are the same genes
with nAg (10 mg/L). However, at concentration of 50 mg/L,
less than one-fourth drug resistance/sensitivity genes belong
to MFS. Cell membrane transportation related genes includ-
ing cmr, yajr, and emrE, and dnaK, which are involved in the
cytoplasmic cellular processes such as protein folding and
protein translocation through membranes, were also up-
regulated in exposure to nTiO2_a at 10 mg/L. sanA, which
involves in cell envelope barrier functions, was up-regualted
in exposure to nTiO2_a (10 mg/L), indicating outer membrane
permeability defects (30). These suggested that nTiO2_a
damaged the permeability of cell membrane, which was also
evidenced by our recent study that observed compromised
cell membrane and surface (data not published). AphF,
functioned with AphC to catalyze alklhydroperoxide into
alcohol with the participation of NAD(P)H, different from
the hydroperoxidase KatE (up-regulated in nAg), a key step
in superoxide redicals degradation, convert hydrogen per-
oxide directly into water and oxygen (31). As gene aphF
showed 2 folds overexpression upon nTiO2_a (10 mg/L) but
no expression with nAg exposure (10 and 50 mg ·L), which
may indicate that nTiO2_a induced a different peroxide
degradation pathway compared to nAg.

nTiO2_a(10 mg/L) caused DNA damage and it activated
the DNA repair SOS system, as indicated by the up-regulations
of the two key upstream regulons, recA and lexA, which
showed 1.5-fold and 3-fold overexpression, respectively. Their
activation led to the up-regulations of a number of DNA
damage related genes, including recN, mutT, nfo, uvrA, uvrD,
umuD, polB, and ssb. DNA polymerase II (Pol II), the product
of gene polB, is a combined polymerase and exonuclease
involved in translesion synthesis and nucleotide excision

FIGURE 4. Oxidative stress response regulator network upon exposure to nAg based on temporally dynamic gene expressions
obtained in our study. Black line with arrow indicates the altered gene expression due to nAg exposure (10 mg/L, except those with
“*” are shown at 50 mg/L and they were also altered at 10 mg/L). For each gene, altered expression level upon 2 hours nAg
exposure are shown as a colored bar (See color bar scale in Figure 1, red: up-regulated; green: down-regulated; black: neutral).
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repair, and it also plays a role in avoiding the mutagenic
effects of agents such as peroxide (32).

Candidate Biomarkers for nAg and nTiO2_a Exposure.
Compound-specific signature gene expression profile offers
the possibility to uncover novel biomarkers of exposure and
predict the presence of a class of contaminants (8, 33),
especially the emerging contaminants such as NMs for which
biomarkers are not presently available. Based on the gene
expression results, we can propose some genes as potential
biomarkers based on the following guidelines (a) genes that
show chemical-specific and concentration-dependent ex-
pression pattern; (b) genes that are more related to MOA of
a contaminant rather than those general stress or function
genes. We screened and selected genes that seem to show
significant alteration in their expression level and exhibited
concentration-dependent patterns as candidate biomarkers
for nAg and nTiO2_a exposure. oxyR, cls, and cspB are shown
to be the potential biomarkers for nAg exposure and mutT,
sodB, pbpG are the three potential biomarkers for nTiO2_a
exposure (SI SFigure 3). Of course, the specificity, sensitivity
and reliability of these suggested candidate biomarkers
require further investigation and evaluation.

In summary, our results, for the first time, revealed more
detailed transcriptional information on the toxic mechanism
of nAg and nTiO2_a and led to a better understanding of the
MOA of metal and metal oxide NMs. Both NMs were found
to cause oxidative stress as well as cell membrane and
transportation damage. But the difference in the specific
genes with altered expression upon the exposure to the two
NMs, suggested the different toxic mechanisms. For example,
different hydrogen peroxide reduction pathway seemed to
be involved in the oxidative stress response, as nAg damage
electron transfer pathway, whereas, nTiO2_a damages mem-
brane permeability. Both nTiO2_a and nAg cause DNA
damage, however, differences were observed in the genes
and their magnitude of alterations involved in the SOS system.
In addition, we observed that the NMs at lower concentration
tend to induce more chemical-specific toxicity response,
while at higher concentrations, more general global response
dominates. The information-rich real-time gene expression
results allowed for identification of potential biomarkers that
can be employed for specific toxin detection and monitoring
applications. The NOTEL values determined for both nAg
and nTiO2_a seem to be consistent with other established
toxicity assessment end points, therefore can be potentially
used as regulatory benchmarks and for toxicity screening.
Our results demonstrated that real-time gene expression
profiling yields compound-specific and concentration-sensi-
tive multidimensional “fingerprints” specific to each com-
pound with variables of gene, time, and concentration and
therefore can be applied as a feasible method for toxicity
assessment and screening of a large number of emerging
contaminants.
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