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HIGHLIGHTS

o We created a novel dual-fluorescence biosensor system that exhibited good accuracy and high sensitivity via flow cytometric analysis.
o The toxicity of silver nanoparticles was evaluated by the biosensors and confirmed by conventional assays.
o The cell-based biosensors can potentially be applied to assess nanoparticle-toxicity risks.
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With the expanding use of engineered nanoparticles (NPs), development of a high-throughput,
sensitive method for evaluating NP safety is important. In this study, we developed cell-based
biosensors to efficiently and conveniently monitor NP toxicity. The biosensor cells were obtained
by transiently transfecting human cells with biosensor plasmids containing a mCherry gene regu-
lated by an inducible promoter [an activator protein 1 (AP-1) promoter, an interleukin 8 (IL8) pro-
moter, or a B cell translocation gene 2 (BTG2) promoter], with an enhanced green-fluorescent protein
gene driven by the cytomegalovirus promoter as the internal control. After optimizing flow cyto-
metric analysis, these dual-fluorescence cell-based biosensors were capable of accurately and rapidly
detecting NP toxicity. We found that the responses of AP-1, BTG2, and IL8 biosensors in assessing the
toxicity of silver nanoparticles (Ag NPs) showed good dose-related increases after exposure to Ag
NPs and were consistent with data acquired by conventional assays, such as western blot, real-time
polymerase chain reaction, and immunofluorescence. Further investigation of the effects of envi-
ronmental factors on Ag NP toxicity revealed that aging in water, co-exposure with fulvic acid, and
irradiation with ultraviolet A light could affect Ag NP-induced biosensor responses. These results
indicated that these novel dual-fluorescence biosensors can be applied to accurately and sensitively
monitor NP toxicity.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

The rapid development of nanotechnology promotes the wide
application of engineered nanoparticles (NPs) in many fields,
including industry, the pharmaceutical chemistry, and consumer
goods (Emerich and Thanos, 2003; Mu and Sprando, 2010;
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risks should be assessed prior to NP application. Furthermore,
engineered NPs are inevitably released into natural aquatic envi-
ronments during the process of production and consumption.
Environmental factors, such as ultraviolet A (UVA) irradiation,
dissolved organic matter (DOM), pH, and ionic strength, can
interact with nanoparticles, making the toxicity of transformed NPs
in the environment a concern (El Badawy et al., 2010; Levard et al.,
2012).

Some conventional analysis methods, including cell viability
assays (AshaRani et al., 2009; Zhang et al., 2015, 2016a; Cheng et al.,
2016), comet assays (Wang et al., 2014; Zhang et al., 2016b), and
micronucleus testing (Li et al., 2012), are commonly applied to
detect NP toxicity; however, these methods are elaborate and time-
consuming (Karlsson et al., 2015). Additionally, NPs may interact
with marker molecules or chemical agents, resulting in problems
when conducting common toxicity tests (Kroll et al., 2012; Karlsson
et al., 2013; Guadagnini et al., 2015). Investigation of apoptosis via
AnnexinV/propidium-iodide staining has returned false-positive
results in situations where NPs were able to bind propidium io-
dide and be taken up by intact cells (Darzynkiewicz et al., 2001;
Shukla et al., 2005). NPs also interfere with enzyme-linked
immunosorbent assays owing to the ability of NPs to adsorb cyto-
kines (Monteiro-Riviere and Inman, 2006; Veranth et al., 2007).

The promoter-based biosensor system could be an alternative
tool enabling the avoidance of interference and capable of per-
forming high-throughput toxicity testing through acquisition of
signals from reporter-gene expression. In these biosensors, the
reporter gene is fused to a stress-responsive promoter, providing
quantitative information in the form of a fluorescent signal when
biosensor cells are exposed to conditions triggering a stress
response. This method involving flow cytometric measurement is
rapid and inexpensive as compared with conventional bioassays.

Cell-based biosensor systems have been employed to detect
immunotoxicity (Oostingh et al., 2008; Stoehr et al., 2015), geno-
toxicity (Hever and Belkin, 2006; Geng et al., 2012; Blagus et al.,
2014; Karlsson et al., 2014), and cell stress (Hofmann et al., 2014)
induced by chemical compounds, with results comparable to those
of conventional analysis methods [e.g., comet assays, immunocy-
tochemistry, and real-time polymerase chain reaction (PCR)]
(Oostingh et al., 2008; Hofmann et al., 2014; Karlsson et al., 2014).
Some biosensor systems have been used to detect NP toxicity, based
on responses triggering the activator protein 1 (AP-1) promoter
(Prasad et al., 2013; Magaye, 2014), the interleukin 8 (IL8) promoter
(Kohl, 2011; Stoehr et al., 2015), or the B cell translocation gene 2
(BTG2) promoter (Chen, 2012). AP-1 is a homodimer or hetero-
dimer composed of the Jun, Fos, and activating transcription factor
subgroups of transcription factors. Genes regulated by members of
the AP-1 family are associated with proliferation, differentiation,
cell death, and especially oncogenic transformation (Ding, 1999;
Khanjani et al., 2012; Shaulian and Karin, 2001; Shaulian, 2002).
IL8 is an important pro-inflammatory cytokine produced by
different cell types in response to various stress stimuli. The 5'-
flanking region of the IL8 gene contains a variety of potential
binding sites for transcription factors, including nuclear factor
kappa B, AP-1, and CAAT/enhancer-binding protein, along with the
TATA box (Mukaida, 1994). BTG2 is a member of the BTG/TOB (B-
cell translocation gene/transducers of ErbB2) gene family and acts
as a DNA-damage marker used for detecting cytotoxicity involving
DNA-strand breaks (Wada et al., 2009). The biosensor system is the
basis for promising tools for toxicity assessment; however, current
biosensors are normally limited by high background signals and
internal-control deficiencies.

Here, to accurately and sensitively assess NP toxicity, we
developed an improved dual-fluorescence biosensor system
exhibiting reduced background signal and a validated internal

control. Each biosensor plasmid was comprised of a mCherry-re-
porter gene regulated by an inducible promoter and an enhanced
green-fluorescence protein (EGFP)-reporter gene driven by the
cytomegalovirus (CMV) promoter as an internal control. AP-1, ILS,
and BTG2 promoters were chosen as the inducible promoters. Us-
ing this dual-fluorescence biosensor system, we investigated the
toxicity of silver NPs (Ag NPs) and the influence of environmental
factors [aging, fulvic acid (FA), and UVA irradiation] on NP toxicity.
Our results indicated that this novel cell-based biosensor system
constituted an accurate and sensitive method for rapidly evaluating
NP toxicity and exhibited great potential for applications involving
the assessment of toxic risk.

2. Materials and methods
2.1. Cell lines and reagents

HeLa cells and 293T cells were grown in Dulbecco's modified
Eagle medium (DMEM) containing 10% fetal bovine serum (FBS).
Human non-small cell lung carcinoma H1299 cells were cultured in
Roswell Park Memorial Institute 1640 medium supplemented with
10% FBS. Cells were maintained in a humidified atmosphere with 5%
CO, at 37 °C. Ag NPs (polyvinylpyrrolidone-coated; <100 nm) and
zinc oxide NPs were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Titanium dioxide NPs were purchased from NanoAmor
(Houston, TX, USA). Lip2000 was purchased from Invitrogen
(Carlsbad, CA, USA). Trizol and Power SYBR Green PCR master mix
were purchased from Life Technologies, Inc. (Carlsbad, CA, USA),
and TransScript One-Step gDNA removal and cDNA synthesis
supermix was purchased from TransGen (Beijing, China).

2.2. Biosensor plasmid construction

The biosensor plasmid pAP1-MC-EGFP was constructed in four
successive cloning steps. First, the EGFP fragment was subcloned
into the Flag-CMV2 plasmid via HindIll and BamHI restriction sites,
using the forward primer 5-TCGACTAAGCTTATGGTGAG-
CAAGGGCGAGGAG-3’ and the reverse prime 5-TCACTGGGATCCT-
TACTTGTACAGCTCGTCCATGCCG-3’ to yield pCMV-EGFP. The
mCherry fragment was then digested with EcoRI and Xbal and
introduced into the corresponding sites in the pcDNA3.1(+)
plasmid to construct pcDNA-MC. Next, the AP-1 promoter was
digested using Bglll and Kpnl and inserted into pcDNA-MC up-
stream of the mCherry promoter to create pAP1-MC. Finally, the
sequence containing the AP-1 consensus-binding sites and the
mCherry gene was inserted into pPCMV-EGFP by adding a BgllI site to
generate plasmid pAP1-MC-EGFP. The CMV-EGFP and AP-1-mCherry
genes were designed to transcribe in opposite directions in the
pAP1-MC-EGFP plasmid. An interference-blocking element con-
sisting of two SV40 poly (A) sites was defined as transcription
blocker (TB) and located upstream of the AP-1 promoter to prevent
transcriptional interference of the downstream promoter.

The plasmids (pBTG2-MC-EGFP and pIL8-MC-EGFP) containing
the BTG2 promoter (—110 bp to +71 bp) and the IL8 promoter
(=179 bp to +69 bp) were constructed using a similar approach.
Constructs were verified by sequencing.

2.3. Transfection for biosensor cells and nanoparticle exposure

Exponentially growing H1299 cells were seeded into 60-mm
diameter Petri dishes (5 x 10° cells/dish) for 24 h. Transfection
with empty plasmid or biosensor plasmid was performed using
Lip2000 (Invitrogen) according to manufacturer instructions. After
transfection, the cells were passaged into 12-well plates at
25,000 cells/well. Following overnight culture, the cells were
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treated with Ag NPs (0, 5, 10, or 20 mg L), and 24 h later, the cells
were harvested and measured for promoter activity by flow
cytometry. Before treatment, Ag NPs were dispersed in ultrapure
water at the stock concentration of 1 mg mL™~. Stock solutions were
sonicated for 30 min and vortexed before taking aliquots to prepare
working solutions (RPMI-1640 medium).

2.4. Flow cytometric analysis

Flow cytometric analysis for promoter activity was performed
using a flow cytometer (BD Biosciences, San Jose, CA, USA). GFP
fluorescence was used to indicate cells with transfected biosensor
plasmids, and GFP-positive cells were gated for mCherry-
fluorescence analysis. The percentage of mCherry-positive cells
was analyzed with FACS Diva software (BD Biosciences). A total of
10,000 cells were collected per analysis, and data were expressed as
the percentage of gated events. Promoter activity was calculated by
dividing the percentage of mCherry-positive cells in NP-treated
groups by that in untreated groups.

2.5. Western blot

After seeding and growing in the incubator, cells were treated
with Ag NPs for 24 h. Following treatment, western blot was con-
ducted as previously described (Xu et al., 2011). Expression of the c-
Jun subunit of AP-1 was determined using an anti-c-Jun primary
antibody (Cell Signaling Technology, Beverly, MA, USA). B-actin was
used as an internal control.

2.6. Real-time PCR

Total RNA was isolated using Trizol reagent (Life Technologies,
Inc.), and cDNA was generated using TransScript One-Step gDNA
removal and cDNA synthesis supermix (TransGen) according to
manufacturer protocol. Real-time PCR was performed in the ABI
StepOne Plus real-time PCR system (Applied Biosystems, Foster
City, CA, USA) using SYBR green detection as described previously
(Wu et al., 2010). Relative gene expression was calculated according
to the AACt method, with B-actin used as a reference control.

2.7. Immunocytochemistry

YH2AX-foci formation assay was performed as previously
described (Karlsson et al., 2014). Briefly, following treatment with
10 mg L~! Ag NPs for 24 h, cells on glass slides were washed and
fixed with 2% paraformaldehyde, then stained with YH2AX anti-
body (Novus Biological, Littleton, CO., USA) and Alexa488-labeled
secondary antibody (Beyotime, Haimen, China). After staining the
nucleus with 4’,6-diamidino-2-phenylindole (DAPI), cells were
visualized by confocal microscopy (Carl Zeiss, Oberkochen,
Germany).

2.8. Aging, UVA irradiation, and FA II treatment

To investigate the effect of natural aging on NP-induced pro-
moter activity, aged Ag NPs were suspended in ultrapure water and
stored at room temperature for the designated aging time. Irradi-
ation experiments were performed using UV lamps with an
emission-wavelength peak at 365 nm. The Ag NP suspension in
culture media at the designated concentration was exposed to UVA
irradiation, and the incident-light intensity was simultaneously
measured using a radiometer (Photoelectric Instrument Factory of
Beijing Normal University, Beijing, China). Suwannee River FA (FA
standard II) was purchased from IHSS (St. Paul, MN, USA) and was
investigated as a representative DOM. Upon exposure, the freshly

prepared Ag NP suspension and FA were added into the cell culture
media at the designated dosage and incubated for 24 h.

2.9. Statistical analysis

Data obtained from at least three independent experiments
were expressed as the mean + standard deviation and analyzed by
one-way analysis of variance (ANOVA). Differences with a p < 0.05
were considered statistically significant.

3. Results
3.1. Design of a dual-fluorescence cell-based biosensor system

To monitor NP toxicity, biosensor plasmids (pAP1-MC-EGFP,
pBTG2-MC-EGFP, and pIL8-MC-EGFP) were constructed (Fig. 1),
with each plasmid consisting of two fluorescent-protein reporter
genes, EGFP and mCherry. The expression of mCherry was under the
control of an inducible promoter (IL8 promoter, BTG2 promoter, or
AP-1 promoter), with EGFP driven by the CMV promoter as an in-
ternal control for quantitative analysis. The EGFP and mCherry se-
quences were designed to allow transcription in opposite
directions to minimize the interference of gene expression. Use of
the inducible promoters in the pIL8-MC-EGFP, pBTG2-MC-EGFP,
and pAP1-MC-EGFP allowed activation by inflammatory response,
DNA damage, or invasion potential, respectively.

3.2. Optimized flow cytometric analysis of biosensors

After transient transfection, cells were detected by flow
cytometry. To enable accurate and sensitive analysis, the cells
transfected with empty plasmid were used to set gates for EGFP-
positive cells (P1; Fig. 2a and b). After the cells were transfected
with biosensor plasmid, we found that some of the cells were
outside of the P1 region, indicating that these cells failed to
transfect or express EGFP protein. These cells were subsequently
excluded from analysis, whereas those within the P1 region were
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Fig. 1. Schematic representation of the dual-fluorescent biosensor system. AP-1
promoter, IL8 promoter, or BTG2 promoter was involved in the expression of
mCherry, with EGFP fluorescence was acting as the internal control. TB was placed
upstream of the inducible promoter to reduce background expression.
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Fig. 2. Setting the gate of histogram to improve the sensitivity of dual-fluorescent biosensors using flow cytometry. Cells transfected with the biosensor plasmid were gated
according to EGFP fluorescence in the EGFP histogram plots. The P1 region represented EGFP-positive cells (a, b). The mCherry fluorescence of the P1, P2, and P3 regions was
analyzed, respectively. The percentage of the P4 region was acquired and represented promoter activity. The red line used to divide the P2 and P3 regions was established according
to mCherry fluorescence in P4. When the background mCherry fluorescence in P4 was minimized, the red line was re-established. After treatment with nanoparticles for 24 h at
10 mg L™, the promoter activities of biosensor cells from the P1 and P2 regions were obtained. The biosensor cells in region P2 appeared more sensitive than those in region P1. Data
are presented as mean x-fold increase over untreated controls. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

analyzed to assess promoter activity. The percentage of mCherry-
positive cells in the P1 region was acquired and analyzed in
mCherry histogram plots (P4; Fig. 2c). However, EGFP-positive cells
exhibited high background signals associated with mCherry, which
decreased detection sensitivity. We then found that cells with
lower levels of GFP fluorescence showed lower background
mCherry fluorescence (Fig. 2d), and cells with higher levels of GFP
fluorescence showed higher mCherry fluorescence (Fig. 2e), sug-
gesting that cells expressing GFP at higher levels could induce
promoter activity possibly related to stress induced by GFP
overexpression.

To eliminate the effect of cells with high promoter activity and
improve the sensitivity of the analysis, we dragged red line in
Fig. 2b during flow cytometric analysis, and when the background
mCherry fluorescence was minimized in Fig. 2d, the P2 were set.
The right side of red line is P3 region. Following NP treatment, we
detected and analyzed promoter activity in the P1 and P2 sub-
populations (Fig. 2f and g). Fig. 2f showed that cells from the P1
region exhibited low detection sensitivity following NP treatment,
whereas cells from the P2 region exhibited high detection sensi-
tivity (Fig. 2g) after eliminating the interference of high-
fluorescence signals as background. The cells in the P2 region
were used as biosensor cells for detecting promoter activity in
subsequent experiments. We also checked the effects of cell lines
on promoter activity, finding that H1299 cells exhibited a higher
response and lower background signal as compared with all tested
cell lines (Fig. S1). Consequently, H1299 cells were used in all
subsequent experiments to detect nanoparticle toxicity.

3.3. Relative sensitivity of biosensors

To determine the advantages associated with using dual-
fluorescence biosensors, the sensitivity of pAP1-MC-EGFP estab-
lished in this study was compared with that of the other two types
of biosensors: 1) single-fluorescence biosensors using a single
plasmid (pAP1-MC) without internal-control genes and 2) dual-
color biosensors using two plasmids (pAP1-MC and pCMV-EGFP,

containing a mCherry gene under the control of an inducible pro-
moter and a constitutively expressed EGFP gene as an internal
control, respectively). Three types of biosensor cells were obtained
following transfection with pAP1-MC-EGFP, pAP1-MC, and pAP1-
MC/pCMV-EGFP, and following NP treatment, we observed that
the AP-1 response in pAP1-MC-EGFP biosensor cells was dramati-
cally higher as compared with that observed in pAP1-MC cells or in
pAP1-MC/pCMV-EGFP cells (Fig. 3). These results indicated that the
dual-fluorescence biosensor associated with the pAP1-MC-EGFP
plasmid was more sensitive and suitable for detecting nanoparticle
cytotoxicity as compared with the other tested biosensors.

3.4. Ag NP induction of promoter activity

To explore the effects of NPs on promoter induction, biosensor
cells were exposed to fresh Ag NPs for 24 h, followed by
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Fig. 3. Comparison of AP-1 activities in the cells transfected with pAP1-MC-EGFP,
pAP1-MC and pAP1-MC plus pCMV-EGFP. Cells were transiently transfected with
corresponding biosensor plasmids and exposed to nanoparticles at a concentration of
10 mg L~" for 24 h. The induced AP-1 activities were measured by flow cytometry. Data

are presented as mean x-fold increase over untreated control.
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Fig. 4. Promoter activities induced by Ag NPs. Biosensor cells were treated with Ag
NPs for 24 h, and promoter activities were measured by flow cytometry. Data are
presented as mean x-fold increase over untreated control.

measurement of AP-1, BTG2, and IL8 transcriptional activity. Fig. 4
showed that Ag NP treatment increased the activities of the AP-1,
BTG2, and IL8 promoters in a dose-dependent manner, with AP-1
activity increased by up to 5.9-, 22.8-, and 51.4-fold at NP concen-
trations of 5 mg L~!, 10 mg L™, and 20 mg L™, respectively (Fig. 4).
Similarly, transcription of the BTG2 promoter was significantly
enhanced by ~4.0-, 11.0-, and 31.8-fold, and IL8 transcription was
enhanced by 1.5-, 2.8-, and 6.0-fold at NP concentrations of
5 mg L~!, 10 mg L™, and 20 mg L™, respectively. These results
suggested that Ag NP exposure induced dose-dependent activities

of inducible promoters that were related to inflammatory response,
DNA damage, and potential carcinogenesis.

3.5. Confirmation of Ag NP-induced promoter response using
conventional assays

To confirm promoter response, we assessed biosensor-cell
response to Ag NP treatment in H1299 cells using conventional
assays. Western blot revealed significantly higher levels of the c-Jun
subunit of AP-1 induced by Ag NP as compared with levels observed
in untreated groups (Fig. 5a). To compare this result with IL8-
promoter activity, we determined the expression level of IL8
mRNA by real-time PCR. In Ag NP-treated cells, IL8§ mRNA was
clearly induced (Fig. 5b). Moreover, DNA double-strand breaks were
detected by a YH2AX-formation assay. In this assay, the histone
variant H2AX is rapidly phosphorylated at double-strand breaks in
DNA, subsequently generating YH2AX as a product (Ivashkevich
et al,, 2012). Exposure of the cells to Ag NPs led to an increase in
YH2AX-foci formation (Fig. 5¢c and d). These data from conventional
assays were consistent with results from the dual-fluorescence
biosensor assay, suggesting that these cell-based biosensors are
promising and alternative tools for the assessment of NP risk.

3.6. Influence of environmental factors on Ag NP-induced promoter
activity

NPs age in the environment, making it is necessary to detect the
toxicity of aged NPs. To investigate the aging processes associated
with different NPs and their effect on biosensor transcriptional
activity, Ag NPs were suspended in ultrapure water for the
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Fig. 5. Conventional assays confirmed the biosensor response of the biosensors. H1299 cells were treated with Ag NPs for 24 h at 10 mg L™, and cells were tested for the assays
as follows: (a) effects of Ag NPs on protein expression of the c-Jun subunit of AP-1 as measured by western blot, with B-actin as an internal control and band density measured by
Image] software and normalized to that of $-actin (AP-1 levels in treated cells were expressed as arbitrary units relative to controls); (b) IL8 mRNA levels determined by reverse
transcription PCR, using TNF-«. as a positive control; (c) representative images of YH2AX foci. Fixed cells were labeled with YH2AX primary antibody and stained with Alexa488-
labeled secondary antibody (green). DAPI was used to visualize the nucleus in blue. (d) Incidence of YH2AX foci in Ag NP-treated cells. Counting values represented a percentage of
YH2AX-positive cells. Data were analyzed with one-way ANOVA. *p < 0.05; ***p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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designated times prior to exposure. Ag NPs aged 120 days induced
higher AP-1-promoter activity, and Ag NPs aged 60 or 120 days
induced higher IL8-promoter activity as compared with activity
induced by fresh Ag NPs (Fig. 6). Interestingly, BTG2-promoter ac-
tivity induced by Ag NPs aged for 15, 30, or 60 days (4.9-, 6.0-, or
6.6-fold, respectively) was significantly lower than that induced by
fresh Ag NPs (11.0-fold). BTG2 levels exposed to Ag NPs aged for 120
days increased to levels (13.6-fold) similar to those observed
following exposure to fresh Ag NPs. These data indicated that aging
dramatically altered Ag NP toxicity.

Exposure of NPs to sunlight was simulated by UVA irradiation
(Tuetal.,, 2012). To further investigate the role of UVA irradiation on
NP toxicity, Ag NPs were irradiated by UVA at graded doses ranging
from 0.28 J/cm? to 1.26 Jjcm?, followed by exposure of biosensor
cells to UVA-treated Ag NPs to examine promoter activity. As
shown in Table 1, UVA-irradiated Ag NPs induced lower transcrip-
tional activity in all promoters (AP-1, IL8, and BTG2) as compared
with non-irradiated Ag NPs. These results indicated that UVA-
irradiated Ag NPs induced less toxic effects relative to non-
irradiated controls.

To assess the influence of DOM, promoter activities were
measured in the presence of FA, which was used as a model for
DOM. The dose of FA used in this study had no effect on promoter
activities (data not shown) of the biosensors. As shown in Table 1,
the activities of all three promoters decreased following co-
exposure to Ag NPs and FA (Table 1). Therefore, administration of
FA decreased Ag NP toxicity.

4. Discussion

The production and use of engineered NPs call for rapid, reliable,

Table 1

and high-throughput toxicity testing to facilitate understanding of
the mechanisms associated with NP toxicity and improve NP
biocompatibility. Cell-based biosensor systems are promising
analytical tools for assessing the health and environmental risks of
NPs. There are currently two types of toxicity biosensors. One in-
volves a plasmid containing an inducible promoter that controls a
reporter gene. Optimal results would be generated with regard to
high-efficient transfection of single-biosensor plasmids or con-
struction of time-consuming stable cell lines (Legler et al., 2002;
Novotna et al., 2011). The other type of biosensor uses two plas-
mids, including one containing a constitutively expressed reporter
gene as an internal control to standardize transfection efficiency
and a biosensor plasmid containing an inducible promoter and a
reporter gene. However, the internal control in two-plasmid-based
biosensors is often inaccurate owing to variations in the efficiency
of plasmid co-transfection (Asea et al., 2002). Here, we developed a
novel dual-fluorescence biosensor system using AP-1, BTG2, or IL8
promoters to measure NP toxicity. We combined constitutive
(EGFP) and inducible (mCherry) reporter genes into one biosensor
plasmid, enabling accurate control of normalized transfections.
With EGFP as an internal control, biosensor cells can be differen-
tiated and gated by EGFP fluorescence, and the experiments can be
performed with transient transfections instead of time-consuming
stable transfections. Furthermore, we optimized flow cytometric
analysis by resetting the gates of EGFP-positive cells to eliminate
the interference of background signals (Fig. 2). These innovations
allowed us to significantly improve the sensitivity of the developed
biosensors.

Multiple biological endpoints are necessary to accurately
analyze toxic effects. Previous studies reported cell-based bio-
sensors working together with traditional methods to perform
toxicity assessment (Wu et al., 2010; Blagus et al., 2014; Stoehr
et al., 2015). Here, exposure of biosensor cells to Ag NPs induced
the response of the AP-1, BTG2, and IL8 reporters, indicating that Ag
NP toxicity was involved in potential carcinogenesis, DNA damage,
or inflammatory response. This response was in agreement with
tests using conventional assays, including western blot (AP-1
expression), real-time PCR (IL8 mRNA levels), and immunocyto-
chemistry assays (YH2AX-foci formation) (Fig. 5). Compared with
traditional toxicity testing, combining biosensors provides advan-
tages, including simplified assay procedures, cost-efficient
methods, and the kinetics of gene expression, to exhibit excellent
performance of high-throughput toxicity testing (Blagus et al.,
2014; Hofmann et al., 2014; Karlsson et al., 2014).

During production and consumption, NPs are inevitably
released into the natural aquatic environment and will continu-
ously interact with complex environmental factors, resulting in
variations in NP biotoxicity. Previous studies showed that aged Ag
NPs are more toxic to cells as compared with freshly prepared Ag
NPs (Kittler et al., 2010). This finding agreed with our results from
dual-fluorescence biosensor assays. Reduced surface charge could

Promoter activities induced by UVA-irradiated Ag NPs or co-exposed to Ag NPs and FA. Ag NPs were used at 10 mg L™, Values were presented as mean x-fold increase over
untreated control and data were analyzed with one-way ANOVA (*p-value <0.05, **p-value <0.01 versus groups treated only by Ag NPs).

Particles Environmental factor Dose Fold of induced promoter activities
AP-1 BTG2 IL8
Ag NPs 10 mg L~! UVA (J/cm?) 0 23 +3.1 11+17 28 +0.1
0.28 7.8 + 04" 6.4 + 0.8* 1.6 + 0.2™*
0.56 94 + 1.4* 99+ 14 1.3 +03™
0.84 12 +£2.1* 5.3 + 0.3** 1.2 + 0.4**
1.26 13 + 2.6* 4.7 + 0.5** 1.5+ 0.1
FA (mg L) 10 94 + 1.7** 6.3 + 1.7** 1.8 + 0.1
20 9.5 + 1.3** 6.2 + 0.9%* 1.5 +0.1**
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also promote the aging process and contribute to the cytotoxicity
conferred by exposure to aged Ag NPs (Table S1). Additionally, Ag
NP toxicity was reduced following exposure to simulated sunlight
irradiation, which is a driving force in NP aggregation (Cheng et al.,
2011). Similarly, we observed that Ag NPs irradiated with UVA
showed reduced toxicity relative to DNA damage, immune-
response activity, and carcinogenic hazard. Furthermore, FA
administration also reduced Ag NP toxicity. The underlying mech-
anisms associated with this reduction may involve FA adsorption
onto Ag NPs acting as a physical barrier to reduce the interactions
between cells and NPs (Domingos et al., 2009). Furthermore, an NP-
protein corona is formed on the surface of particles upon their
exposure to biological media. Therefore, FA might also participate
in the formation of protein coronas that affect Ag NP stability (Delay
et al., 2011). Ag NP toxicity was lower in the presence of FA in
biological media, mostly resulting from the indirect contact be-
tween NPs and cells (Fabrega et al., 2009).

5. Conclusion

In summary, this study developed a novel dual-fluorescence
biosensor system based on three inducible promoters (AP-1 pro-
moter, IL8 promoter, or BTG2 promoter). By optimizing flow cyto-
metric analysis, the accuracy and sensitivity of these biosensors
were improved. Using these biosensors, the toxicity of nano-
particles was detected rapidly and sensitively, and the results were
consistent with those of conventional assays. These designed bio-
sensors provide a rapid and sensitive method for assessing nano-
particle toxicity.
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