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A B S T R A C T

Radiation toxicity is important for evaluating potential health risks associated with radioactive substances or 
environmental radioactivity. Whole-cell biosensors can be applied to quantify radiation toxicity, yet it is tech
nically challenging to identify a radiation-sensitive gene in a radioresistant strain and to maintain an ideal 
microenvironment for the promising radiation toxicity measurement. Herein, we report a microfluidic radiation 
toxicity whole-cell biosensing scheme based on a transgenic bacteria, membrane microfabrication, dielec
trophoresis (DEP)-based cell trapping and amperometric detection. We have identified a radiation-responsive 
gene promoter (dr_0423) unique to the radioresistant strain D. radiodurans, leading to the development of 
transgenic bacteria DRPZ423. The dr_0423 promoter activates the expression of beta-galactosidase upon DNA 
damage from ionizing irradiation, which catalyzes the conversion of p-aminophenyl beta-D-galacto-pyranoside 
(PAPG) to p-aminophenol (PAP), and generates electrons for amperometric detection. Our biosensing scheme 
was validated using X-ray and alpha particles, showing promising results with a relative standard deviation of 
2.78–6.38 % and a recovery rate exceeding 93.3 %. This biosensing platform offers a reliable method for 
measuring radiation toxicity, suitable for various applications such as environmental hazard assessment and 
beyond.

1. Introduction

Over the past decades, radioactive waste has rapidly increased due to 
nuclear reactions, power generation, mining, and medical/scientific 
research [1,2]. In the U.S. alone, radioactive waste production is pro
jected to grow from 47,000 tonnes in 2003 to 105,000 tonnes by 2035 
[3–5]. Radioactive waste emits ionizing radiation (alpha, beta, gamma, 
and X-rays), which can damage DNA and lead to health issues such as 
cancer and reproductive failure [6]. Different radiation types cause 
varying levels of damage, with the International Commission on 
Radiological Protection (ICRP) assigning weighting factors to measure 
biological effectiveness: 1 for X-rays/gamma rays, 2 for protons, 2–20 
for neutrons, and 20 for alpha radiation [7]. Improper handling of 

radioactive materials can result in environmental contamination and 
severe public health risks, especially as some countries have approved 
direct discharge of radioactive waste into oceans and urban wastewater 
systems [8,9]. Therefore, promising measurement of radioactive bio
toxicity in the commercial products and the environment is a crucial line 
of defence for human health and safety.

Traditional radiation detection technologies include ionization 
chambers [2,10], proportional counters, Geiger-Muller counters [11], 
MOSFET dosimeters [12], and scintillation counters [2]. Advanced 
systems use commercial silicon photomultipliers and solid-state 
avalanche photodiodes for real-time beta-particle detection [13,14]. 
Cerenkov radiation imaging has also been used to quantify beta particle 
doses [15]. However, these methods exhibit varying sensitivities 
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depending on the radiation types, as demonstrated by assays like the 
alkaline comet assay, with sensitivity ratios of ~1:1.5:2.5 for gamma, 
X-ray, and alpha particles, respectively [16]. Zinc oxide sensors, for 
example, show a ratio of 1:100 for X-rays and alpha particles [17]. 
Hence, these physical sensing methods face technical challenges in 
reliably showing the biotoxicity (e.g., DNA damage in cells) caused by 
ionizing radiation, especially given that the radiation types are unknown 
in a test sample. Many of these methods also require a volume of radi
ation particles beyond the level present in many hazard samples [18, 
19].

Engineered microorganisms offer an alternative method for detect
ing toxic-induced biotoxicity [20,21], responding to toxic materials 
including ionizing radiation with measurable optical [22,23] and elec
trochemical signals [24,25]. Unlike physical sensors, these ‘toxicity 
biosensors’ measure biotoxicity, reflecting DNA damage rather than just 
physical parameters [26]. Examples include Pseudomonas aeruginosa 
with recA-lux for detecting ultraviolet radiation [27,28] and Escherichia 
coli (E. coli) containing recA and luxCDABE for quantifying the dose of 
gamma ray [29]. Nevertheless, exposure to ionizing radiation reduces 
the viability of most microorganisms and limits the repeated and 
long-term implementation, meaning that there is a significant demand 
for looking for a more radioresistant strain and its radiation-responsive 
gene. Besides, these bacteria require extensive operational procedures, 
including manipulation of samples and reagents.

Microfluidics technology has been applied to develop whole-cell 
detectors with an improved sensitivity and reduced required sample 
volume requirements [30]. Whole-cell microfluidic biosensors [31–34]
have been developed for screening biohazards and pollutants, such as 
actinomycetes [35], phenylethylamine [36], and marine pollutants like 
copper and lead [37]. Bioluminescent E. coli reporters have even been 
used to detect ciprofloxacin in milk using smartphones [37]. For eval
uating bio-radiation effect, a compact microfluidic cytometer was re
ported to quantify the fluorescent intensity of γ-H2AX, a biological 
dosimeter, in lymphocyte cells irradiated by ultraviolet lights [38]. 
Furthermore, dielectrophoresis (DEP)-based cell trapping can be applied 
in the whole-cell biosensors, significantly improving sensitivity 
compared to bulk assays by concentrating cells [39]. Overall, these 
microfluidics-based biosensors (Table S1) inherit the merits of low cost, 
rapid detection, precise sample handling and improved portability [35, 
40], yet the application of radioresistant bacteria as microfluidic bio
sensors for evaluating the biotoxicity of ionizing radiation is lacking.

In this work, we developed a novel microfluidic radiation toxicity 
biosensing platform that utilizes a transgenic strain of radioresistant 
bacteria, D. radiodurans (DRPZ423), as the biosensor probe. DRPZ423 is 
engineered to express beta-galactosidase in response to ionizing radia
tion. To enhance detection sensitivity, DEP-based cell trapping is 
employed to concentrate the bacterial population within the radiation 
exposure zone. A key innovation of our system as compared with pre
vious studies [41] is the incorporation of an ultra-thin poly
dimethylsiloxane (PDMS) membrane, which ensures that the bacteria 
are securely held in the irradiation chamber while allowing a wide 
spectrum of ionizing radiation, including alpha particles, to penetrate 
with minimal energy loss. This design overcomes the limitations of 
traditional systems that struggle with energy attenuation or inadequate 
sensitivity and specificity to diverse radiation sources. As the irradiation 
dose increases, the beta-galactosidase produced by DRPZ423 is 
measured using a novel ‘amperometric detection’ scheme. This scheme 
refers to the electrochemical detection method utilized to measure the 
enzymatic activity of beta-galactosidase, which catalyzes the conversion 
of p-aminophenyl beta-D-galacto-pyranoside (PAPG) to p-aminophenol 
(PAP), in which the generated electrical current is measured. This design 
enables precise detection of radiation toxicity from various doses of 
ionizing radiation, and operates using a small volume of radioactive 
samples, offering an efficient and sensitive electrochemical microfluidic 
platform for radiation toxicity assessment.

2. Results

2.1. Design and sensing principle of a radiation toxicity biosensing 
platform

To detect the genotoxicity of ionizing radiations, we developed a 
transgenic strain-embedded radiation toxicity biosensing platform with 
the microstructure configured based on the in vivo environment of 
human epithelial cells (Fig. 1a). Generally, the cell membrane is located 
at a distance from the cell nucleus with a typical distance of 5 – 10 μm for 
epithelial cells [42]. This can offer a natural barrier for protecting the 
DNA from ionizing radiations, which can penetrate through cell mem
brane and cytoplasm and cause DNA damage either directly by ionizing 
atoms of DNA molecules or indirectly by interaction with free radicals 
[43]. For example, the epithelial lining in human stomach constantly 
undergoes self-renewal, with rapid division and differentiation [44]. 
This high turnover rate can make stomach cells more susceptible to DNA 
damage when ingesting radioactive particle-contaminated substances 
[45]. Among various radiations, alpha radiation is the most difficult to 
detect because of its short range and weak penetration power [46], yet it 
can have a high ionizing capability and cause high genotoxicity to single 
cells.

A microfluidic biosensing device (Fig. 1b&c), designed to detect 
ionizing radiation, includes four key components: an ultra-thin PDMS 
membrane (1.5 µm thick) (Fig. 1b & Fig. S2&S3), an irradiation cham
ber, an electrochemical detection chamber, and genetically engineered 
DRPZ423 bacteria. (The fabrication process is available in Supplemen
tary Material.) This device has a 10 µm high, 100 µm wide flow channel, 
with a total length of ~6 cm. An inlet pressure of 0.1 kPa generates a 
flow rate of ~0.833 nl/min, aligning with our measurements. The inlet 
pressure is driven by a portable precise pressure pump (Elveflow AF1, 
220 ×130 ×130 mm) and regulated by a custom microfluidic chip 
(Fig. S1). The membrane thickness has been controlled by spin coating 
the PDMS pre-polymer solution with its viscosity reduced by mixing 
with hexane (1:10 w/w). The ultra-thin membrane allows radiation to 
penetrate, while isolating other soluble factors, improving measurement 
specificity. Inside the irradiation chamber (Fig. 1b&c), DEP forces are 
applied to trap DRPZ423 bacteria, focusing them near the radiation 
source to increase sensitivity [41,47]. Consistent with previous studies, 
the DEP-based bacteria trapper had two side electrodes (30 µm ×
300 µm, centre-to-centre distance 1.17 mm) sandwiching a pair of 
trapping electrodes (200 µm × 300 µm, centre-to-centre distance 
300 µm). Upon exposure to ionizing radiation, the bacteria express 
beta-galactosidase, driven by the radiation-responsive dr_0423 pro
moter. This enzyme converts PAPG into PAP, which diffuses across the 
cell membrane and is carried into the detection chamber. In the elec
trochemical chamber (Fig. 1c&d), PAP is oxidized to p-quinone imine, 
and the current generated is measured using the amperometric detection 
(0.05 V applied), allowing for quantification of radiation toxicity 
(Fig. 1e). Moreover, the electrochemical detection chamber (Fig. 1c&d) 
has three electrodes: one reference electrode and two interconnected 
working electrodes containing multiple pairs of micro-fingers [41]. Each 
micro-finger was 600 µm long and 20 µm wide and with a gap of 20 µm 
between each other. The miniaturized electrode design can measure the 
local current across the microstructures, which is representative to 
irradiation responses of the trapped bacteria. The detailed operation 
procedures of the radiation toxicity biosening platform is described in 
Supplementary Material. Notably, the system is reusable, with fresh 
batches of DRPZ423 cells, and requires only minimal radioactive ma
terial handling, eliminating the need for sophisticated equipment such 
as luminescence readers.

2.2. Screening of target genes sensitive to DNA damage upon radiation

We have investigated D. radiodurans to identify a defined plasmid 
capable of generating a measurable analytical signal responsive to 
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ionizing irradiation. D. radiodurans has been chosen for more durable 
biosensing because of its well-known radiation-resistance contributed 
by the efficacious RecFOR-involved DNA repair system, unique ploidy 
genome structure and damaged DNA protection from degradation 
[48–50]. Noted, we also hypothesize that D. radiodurans contain gene 
regulatory elements such as gene promoters that correspond to the 
radiation-resistance and the underlying DNA repair mechanism trig
gered by radiation exposure. Discovery of such radiation-induced gene 
regulatory elements can lead to the construction of a more promising 
and durable biosensing element.

We screened the candidate genes involved in DNA damage, DNA 
repair and anti-oxidative stress mechanism and explored their sensi
tivity to irradiation. The genes dr_0423 (DNA damage/repair responsive 
gene), dr_0906 (DNA damage responsive gene), dr_0944 (antioxidant 
responsive gene), dr_1245 (DNA damage/repair responsive gene), 
dr_1279 (antioxidant responsive gene), dr_1546 (antioxidant responsive 

gene), dr_1849 (antioxidant responsive gene), dr_1913 (DNA damage 
responsive gene), dr_1998 (antioxidant responsive gene), dr_2085 (DNA 
repair responsive gene), dr_A0145 (antioxidant responsive gene), 
dr_A0259 (antioxidant responsive gene), and dr_B0067 (antioxidant 
responsive gene) (Table S2) are chosen according to previous tran
scriptome dynamic studies [49,51,52]. mRNA expressions of the chosen 
genes in D. radiodurans upon irradiation were examined by real-time 
RT-PCR using gap as an internal reference [53], for the relative 
fold-changes of the gene expression level (Fig. 2a). As preliminary 
screening, D. radiodurans were first transferred to a 96-well plate and 
exposed to 100 ppm of sodium selenite (Sigma Aldrich, USA; at 30 ◦C for 
1 h), an oxidative stress inducible agent to mimic the radiation toxicity 
[54]. Results (Fig. 2b) show that the expressions of dr_0423, dr_1998, 
dr_1849 and dr_2085 were significantly upregulated. We conducted 
further screening by applying X-ray irradiation (X-RAD 320 irradiator, 
Precision X-Ray Inc., North Branford, CT, USA) with different doses 

Fig. 1. Radiation toxicity biosensor using transgenic radioresistant bacteria. (a) Structure of an epithelial cell having multicompartment structures including cell 
membrane and cell nucleus. (b) Schematic of an ultra-thin PDMS membrane-separated, genetically engineered bacteria DRPZ423-based electrochemical microfluidic 
system for radiation toxicity detection inspired by the epithelial cell. (c) Representative images of the radiation toxicity biosensor, highlighting the DEP-based 
bacteria trapping unit and the electrochemical detection unit. Red arrows indicate the locations of Inlet 1, Inlet 2, and Outlet in the microfluidic chip. (d) Sche
matic of detection procedures of the radiation toxicity biosensor including genetically engineered bacteria DRPZ423 loading, DEP-based cell trapping, on-chip cell 
radiation and injecting PAPG into the bacteria trapping chamber to electrochemically evaluate the radiation toxicity. (e) Principle of electrochemical detection.

X. Cui et al.                                                                                                                                                                                                                                      



Sensors and Actuators: B. Chemical 433 (2025) 137546

4

(0 Gy, 10 Gy, 20 Gy and 40 Gy) and examined expressions of these four 
genes. Results demonstrate that only dr_0423 was consistently upregu
lated by X-ray irradiation (Fig. 2c). To double confirm, we applied 
241Am isotopes to irradiate the bacteria with alpha particles and quan
tify for the dr_0423 expression. Again, results (Fig. 2d) show that dr_0423 
was increased by about two-fold after 1 min of the alpha-particle irra
diation. As dr_0423 strongly responses to ionizing irradiation exposure, 
we cloned the gene promoter of dr_0423 at the upstream of lacZ gene to 
track this gene promoter activity upon exposure to ionizing irradiation. 
Noteworthy, dr_0423 is a unique gene in D. radiodurans. dr_0423 is 
designated as a DNA damage responsive A gene (DdrA), which is a ho
mologue of the eukaryotic Rad52 protein and can bind to both 
single-stranded and double-stranded DNA and protected the DNA from 
nucleolytic degradation after double strand break [55], thereby serves 
as an important role in genome restitution. Its expression is induced 
during the occurrence of DNA strand breaks, most probably through 
activation of its gene regulatory element (promoter) and/or a 
post-translational mechanism that reduces DdrA turnover. It has also 
been reported that a dr_0423 mutant became more sensitive to the lethal 
effects of other DNA damage agents. For example, viability of 
dr_0423-mutated bacteria after exposure to ultraviolet and mictomycin 
C was decreased by as much as eight folds higher than that of the 
wild-type R1 strain [48], implying the prominent role of dr_0423 in DNA 
damage repair.

2.3. Engineering transgenic strain DRPZ423 as a synthetic radiation 
sensing element

Beta-galactosidase acts as a reporter gene, cleaving lactose into 
galactose and glucose, which can be converted into various detectable 
signals (fluorescent, chemiluminescent, etc.) with a detection limit of 
1.26 × 10− 3 U/ml [56]. Inspired by this, we then engineered a plasmid 
containing dr_0423, lacZ (beta-galactosidase) and anti-chloramphenicol 
genes to correlate dr_0423 regulatory activity with beta-galactosidase 

and chloramphenicol acetyltransferase (CAT) production. (The con
struction of the target recombinant plasmid and transgenic strain are 
described in Supplementary Material.)

As shown in Fig. 3a, we cloned the dr_0423 gene promoter (Pdr_0423) 
with two radiation/desiccation response motifs (RDRMs) via PCR. This 
was ligated with the lacZ operon from vector PRADZ1 [57], generating 
the plasmid pRADZ-423. Using calcium chloride transformation, we 
introduced the plasmid into D. radiodurans, creating the transgenic 
strain DRPZ423, capable of producing beta-galactosidase and CAT in 
response to irradiation or DNA damage. Chloramphenicol screening 
(12.5 g/ml) was applied to confirm successful transformants. X-ray 
irradiation and a beta-galactosidase activity assay validated DRPZ423’s 
function (Fig. 3b), with cells showing a lag phase of ~8 h and a doubling 
time of > 8 h (Fig. S4). The beta-galactosidase activity was measured 
using a commercial beta-galactosidase assay kit (Thermo Scientific, 
Rockford, IL) with the procedures as described in Supplementary Ma
terial. For better measurement consistency, the cells after a subculture of 
5 – 8 h were used such that the cell growth was still in the lag phase such 
that the cell population could be roughly maintained.

We first measured the beta-galactosidase activity of DRPZ423 and 
wild-type D. radiodurans following sodium selenite exposure for 60 min 
(Fig. 3c). The wild type produced no beta-galactosidase under selenite 
treatment, while DRPZ423 showed a stronger beta-galactosidase activity 
with increasing selenite concentration. We also tested different exposure 
durations (50 ppm sodium selenite) and found beta-galactosidase 
expression peaked at ~60 min, remaining consistent between 60 and 
90 min (Fig. 3d). This suggests that the detection of this transgenic strain 
should be conducted at ~60 min after radiation exposure for the better 
measurement consistency. However, since sodium selenite was present 
with the bacteria until the detection, it was yet unclear about the min
imum required exposure duration and how long DRPZ423 takes to 
respond to DNA damages.

Further characterization involved measuring beta-galactosidase 
secretion from DRPZ423 after X-ray irradiation with different 

Fig. 2. Screening target genes sensitive to DNA damage upon radiation. (a) Schematic of the experiment design for screening target genes sensitive to DNA damage 
upon radiation in radiation-resistance D. radiodurans strain (wild-type). (b) Relative expression of various genes involved in DNA damage, DNA repair and anti- 
oxidative stress mechanism after sodium selenite (100 ppm) exposure (n = 3). (c) Relative expression of various genes with different doses (0 Gy, 10 Gy, 20 Gy 
and 40 Gy) of X-ray irradiation. Only dr_0423 was found to be significantly upregulated (n = 3). (d) Relative expression of the dr-0423 gene upon exposure to 1 min 
of alpha-particle irradiation using 241Am isotopes (n = 6). Data are presented as mean ± SEM; and asterisks denote significant differences with p-values < 0.05.
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subsequent post-exposure time (Fig. 3e) to further characterize the 
strain. No significant induction of beta-galactosidase occurred right after 
the irradiation (zero exposure time), but it reached > 90 % of the 
maximum level by 0.5 h of post-exposure time, peaking at 1 h of post- 
exposure time and decreasing thereafter (Fig. 3e). Expectedly, the 
beta-galactosidase level also increased with the doses ranging from 2 Gy 
to 20 Gy. Such levels for 1 h post-exposure time exhibited a reasonable 
linearity (R2 = 0.993) with radiation energy (Fig. 3f).

2.4. Characterization of DEP trapping

We developed an on-chip DEP-based cell trapper to concentrate 
DRPZ423 bacteria (106 cells/ml) over an electrode region, enhancing 
beta-galactosidase secretion and improving current detection under 
ionizing irradiation. The trapper consists of a pair of wide electrodes 
(200 µm × 300 µm, center-to-center distance: 0.3 mm) for cell trapping, 
flanked by narrower electrodes (30 µm × 300 µm, center-to-center dis
tance: 1.17 mm) (Fig. 4a). Wide electrodes were driven by an AC voltage 
(Vpp: 20 V, 30 kHz) with a 3 V DC offset applied to one electrode, 
producing a stronger electric field gradient around the upstream elec
trode (‘E2’ in Fig. 4b) [58]. COMSOL simulations confirmed that the 
bacteria, due to their higher relative permittivity compared to the 
media, moved towards the region with a larger electric field strength 
(Fig. 4c) [59–61].

We analytically evaluated the required Vpp for trapping bacteria 
against drag (Fd) and shear forces (Fs) in the flow (Fig. 4d). (The gov
erning equation and analysis are provided in Supplementary Material.) 
The DEP force (FDEP) and the resultant friction force (Ff) must be suffi
ciently large to hold the bacteria. The value of Fd + Fs – Ff as a function of 

Q and Vpp is plotted in Fig. 4e. For Vpp = 20 V, we calculated that Fd 
= 7.36 fN, Fs = 6.54 fN, and Ff = 36.44 pN, implying the bacteria could 
maintain on the trapper electrode during the device operation [62,63]. 
We performed an experiment to verify the DEP-trapping of DRPZ423 
with Vpp = 20 V and an offset voltage of 3 V that the bacteria (stained 
with 4’-6-diamidino-2-phenylindole (DAPI), Fig. 4f) could be trapped at 
the trapper electrode (point A of Fig. 4e and the left micrograph of 
Fig. 4f), recorded by an inverted microscope (Nikon TE 300, Nikon, 
Japan) with a SCMOS CCD camera (Zyla 5.5, Andor, UK). Next, the 
microvalve opened to allow a media flow of ~0.08 nl/min for 3 min; 
and the bacteria could stay on the trapper electrode (point B of Fig. 4e 
and the middle micrograph of Fig. 4f). Once after reducing Vpp to 4 V 
(and the offset voltage scaled accordingly to 0.6 V) such that Fd + Fs > Ff 
(≈ 7.26 pN), the bacteria were released and escaped from the trapper 
region (point C of Fig. 4e and the right micrograph of Fig. 4f).

We investigated whether DEP-induced trapping could cause DNA 
damage in DRPZ423. Bacteria were trapped on the electrode using DEP 
for two pre-trapping periods (0 h and 0.5 h) before the amperometric 
detection by balancing capture time, cell viability with experimental 
throughput. After adding PAPG (1 mM in 1 × phosphate buffered saline) 
and waiting for 1 min, the media was transferred to the electrochemical 
detection chamber for current measurement. Our results showed no 
significant difference in electrical current between the groups, indi
cating that DEP did not induce notable DNA damage or beta- 
galactosidase secretion (Fig. 4g). Viability tests also showed an insig
nificant reduction in cell viability due to DEP operation (Fig. 4h).

Additionally, we assessed the effects of DEP-trapping on ionizing 
irradiation measurements. DRPZ423 bacteria were exposed to alpha- 
particle irradiation from a 241Am isotope source (5.49 MeV, 4.26 kBq) 

Fig. 3. Generation and evaluation of the genetically modified bacterium D. radiodurans (DRPZ423). (a) Construction route of plasmid pRADZ-423 and the genetically 
modified bacterium D. radiodurans (DRPZ423) for radiation responsive biosensor. ori: origin of replication, lacZ: a gene encodes beta-galactosidase. (b) Schematic of 
the construction procedures of DRPZ423. (c) Activity of beta-galactosidase in transgenic strain DRPZ423 and wild-type strain exposed to various concentrations of 
sodium selenite (0 ppm, 1 ppm, 5 ppm, 10 ppm, 50 ppm) for one hour (n = 3). (d) Activity of beta-galactosidase was measured at different time points after adding 
sodium selenite (50 ppm). (n = 3) (e) Activity of beta-galactosidase was measured at different time points with different doses (0 Gy, 2 Gy, 10 Gy and 20 Gy) of X-ray 
irradiation (n = 3). (f) The relationship between doses of X-ray and beta-galactosidase expressions (n = 3). Data are presented as mean ± SEM; and asterisks denote 
significant differences with p-values < 0.05.
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at doses of 1.4 mGy, 7 mGy, and 21 mGy.
The measured current levels (Fig. 4i) were then obtained with the 

amperometric detection procedures as above. A stronger current could 
be measured with DEP. Nonetheless, considering ionizing irradiation 
induces DNA damage in the nucleus of human cells, the bacteria should 
be trapped by DEP at the electrode surface for a more representative 
measurement. The DNA molecules in bacteria could then have a defined 
distance from the overhead device membrane, geometrically analogous 
to the distance between nuclear DNAs and the membrane of a target 
human cell type.

2.5. Characterization of electrochemical detection

We performed experiments to investigate the amperometric detec
tion scheme. After we inserted DRPZ423 (106 cells/ml) in the micro
fluidic chip, the cells were trapped on the trapper electrode by DEP. 
Instead of applying ionizing radiation externally, we treated the trapped 
DRPZ423 cells with varying concentrations of sodium selenite 
(0–10 ppm) by injecting it directly into the bacteria trapping chamber. 
An Emstat3 + potentiostat was applied to measure the required current 
level, ranging from sub-nanoamperes to milliamperes. Following the 

amperometric detection procedures, we observed a strong positive 
correlation (R² = 0.978) between the sodium selenite concentration and 
the measured current (Fig. 5a). This relationship reflects the correlation 
between beta-galactosidase activity and the induced current. We per
formed another experiment to induce the expression of beta- 
galactosidase by the chemical stimulus with the operation parameters 
as above to characterize detected current for different reaction time 
(ranging 1 – 30 min) of PAPG in the radiation detection chamber using 
the engineered DRPZ423 cells [64]. The results showed that the signal 
was stable within 10 min (Fig. 5b), indicating the working measurement 
duration, and gradually decreased afterward.

Furthermore, we examined the effects of the ultra-thin PDMS 
membrane on the radiation measurement. Among various ionizing ir
radiations, we chose an alpha radiation source in our test due to the low 
penetration capability. That is, if there was no significant reduction 
caused by the PDMS membrane, there should not be a large reduction for 
other radiation types. We adopted the 241Am isotope as the radiation 
source for each exposure of 2 min. We then applied the alpha-particle 
irradiation on a poly allyl diglycol carbonate (PADC) film with and 
without covered by the microfabricated PDMS membrane (thickness: 
1.5 µm). The PADC film functioned as an alpha-particle track detector 

Fig. 4. Experimental and numerical characterization of DEP trapping. (a) Schematic of the cell trapping electrodes (E1, E2, E3 and E4). (b) Simulated potential 
distribution in the DEP-based cell trapping chamber. (c) Simulated particle trapping performance in the DEP-based cell trapping chamber before (t = 0) and after 
turning on the electric field gradient for 10 min. (d) Schematic of forces acting on a sphere in contact with a plane surface, used to evaluate the required Vpp for 
holding bacteria under a defined flow rate. Forces include the DEP-induced friction force (FDEP), drag force (Fd), normal force (FN), and friction force (Ff). (e) 
Relationship between Vpp and Fd – Ff under different flow rates. The dashed line indicates the boundary separating the cell release region (light cyan) and the cell 
capture region (light gray). (f) Representative images of experimental bacteria trapping process. (g) Amperometric detection results for samples with/without 
trapping process. It indicates that no DNA damage and beta-galactosidase secretion will be induced by DEP-based cell trapping (n = 5). (h) Cell viability before and 
after the DEP-trapping of 30 min. Representative cell-stained micrographs of live (green) and dead (red) cells before and after the DEP-trapping are also provided 
(n = 114). Scale bar: 1 µm. (i) Effects of DEP-trapping on the measurement of ionizing irradiation toxicity in DRPZ423 after different doses (1.4 mGy, 7 mGy and 
21 mGy) of alpha-particle irradiation using an 241Am isotope (n = 3). Data are presented as mean ± SEM; and asterisks denote significant differences with p- 
values < 0.05.
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[65,66] that the exposure of an alpha particle created atomic displace
ment and molecular rearrangement, which then formed as cylindrical 
tracks after chemically etched in sodium hydroxide (6.25 mol/l, at 70 ◦C 
for 4 h) and imaged by a brightfield microscope. Results (Fig. 5c&d) 
show no significant difference in the number of alpha-particle tracks 
caused by coverage of the PDMS membrane, suggesting that the mem
brane was thin enough to allow the alpha particles, as possibly other 
radiation with higher penetration capability, to pass through.

2.6. Quantification of ionizing irradiation using the radiation toxicity 
biosensing platform

We evaluated the sensing performance of the radiation whole-cell 
biosensing platform for X-ray and alpha radiation applied on top of 
the PDMS membrane and followed the same procedures as above 
(Fig. 6a). First, we applied X-ray irradiation with different doses (0 – 
20 Gy) to the biosensing platform; and the results (Fig. 6b) show a linear 
correlation (R2 = 0.919) between the dose (Din; unit: Gy) and the output 
current (Iout; unit: mA), determined as Iout = 0.17Din + 1.49. The 
sensitivity was calculated as 0.17 mA/Gy. The limit of detection was 
calculated by 3σ/S = 318 mGy, where σ is the standard deviation of the 
blank sample and S is the slope of the standard curve [67].

Next, we applied alpha-particle irradiation (241Am isotope) with 
different doses, ranging about 0 – 22 mGy. The measured current 
gradually increased with a larger dose of alpha radiation (Fig. 6c), which 
was consistent with the previous reports [68]. The linear regression 
(R2=0.981) was determined as Iout = 5.4Din + 4.6; a sensitivity of 
5.4 mA/Gy and a limit of detection was 2.40 mGy. Interestingly, the 
ratios of current / irradiation dose (Fig. 6d) demonstrate that alpha 
particles can cause three orders of magnitude higher DNA 

damage-induced current than X-ray.
To validate implementation of the reported biosensing platform as a 

radiation toxicity assay, we conducted a recovery testing with a set of 
recovered bacteria strains exposed with different alpha irradiation doses 
(4.67 mGy, 9.33 mGy, and 42 mGy). The bacteria were frozen in liquid 
nitrogen for three months, followed by resuspension and culturing for 
four weeks. For each sample, three repeated measurements with the 
same dose were conducted, with an idle time of 10 min between mea
surements, to evaluate the relative standard deviation (RSD) derived by 
multiplying the standard deviation by 100 and dividing the result by the 
measured average and the recovery rate that was defined as the relative 
deviation of the measured average from the expected value. Our results 
(Table S3) show that the recovery rate is > 93.3 % and the RSD is 2.78 – 
6.38 %, compared to other reported works. For examples, an RSD of 7 – 
30 % was reported in whole-cell bioreporters for the investigation of 
pollutant bioavailability in water and soil/sediment [69]. An RSD of 
~7.8 % was reported in detection of chlorinated and brominated hy
drocarbons using an ion sensitive whole cell biosensor [70]. An RSD of 3 
– 25 % was reported for a visual whole-cell biosensor toward metal ions 
in culture medium prepared using environmental water [71]. Overall, 
our reported biosensing scheme offers a relatively consistent measure
ment compared to other whole-cell biosensors.

3. Conclusion

We have developed a novel radiation toxicity whole-cell biosensing 
scheme. We have constructed a transgenic strain DRPZ423 by cloning 
our discovered unique radiation-responsive gene dr_0423 in the radio
resistant D. radiodurans. Radiation toxicity is measured as the current 
induced by ionizing irradiation on DRPZ423 such that the resultant 

Fig. 5. Characterization of on-chip electrochemical detection. (a) Amperometric detection results for transgenic strain DRPZ423 exposed to various concentrations of 
sodium selenite (0 ppm, 1 ppm, 5 ppm, 10 ppm) for 1 h (n = 3). (b) A profile of measured current along the reaction time of PAPG of the stimulated bacteria in the 
irradiation chamber (n = 3). (c) Tracks of alpha particles passing through the control (without PDMS membrane) and the PDMS membrane-sandwiched poly allyl 
diglycol carbonate (PADC) films after chemical etching these films. (d) Quantification of the number of alpha particle tracks left on the PADC films after the alpha- 
particle irradiation with and without the PDMS membrane (n = 20). Data are presented as mean ± SEM.
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secretion of beta-galactosidase catalyzes the conversion of PAPG to PAP 
compatible with the amperometric detection. DRPZ423 functions as a 
key sensing element in a microfluidic chamber having an ultra-thin 
overhead membrane (1.5 µm thick) for improved specificity. Aided by 
theoretical studies, DEP with an offset voltage has been successfully 
implemented to focus DRPZ423 (106 cells) at an electrode (area: 
0.06 mm2) for higher sensitivity. The microstructural design can also 
achieve an improved recovery rate (>93.30 %) and an RSD (2.78 – 
6.38 %) for small volumes (in a sub-microliter scale) of detection sam
ples. This device can also achieve the long-term monitoring of radiation 
toxicity by regular measurements over time. As radiation toxicity re
flects better the potential human health hazards upon irradiation than 
radiation energy does, which is measured by many physical sensors, this 
technique can be applied in detecting the bio-hazardous of unknown 
radioactive contamination in various environmental samples. Given the 
rapid increments of radioactive waste from industry, medical and sci
entific research, the reported technique can evaluate the toxicity of 
unknown radiation-risky samples and defined radiation sources.
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