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Abstract: A novel magnet bioreporter device was developed in this research for soil toxicity
assessment, via magnetic nanoparticles functionalized whole-cell bioreporters. The whole-cell
bioreporter ADPWH_recA kept response capability to DNA damage after magnetic nanoparticles
(MNPs) functionalization, and could be harvested from soil samples by permanent magnet to reduce
the soil particle disturbance. Compared to conventional treatments applying bioreporter directly in
soil-water mixture (SW-M treatment) or supernatant (SW-S treatment), MNPs functionalized
bioreporter via the magnet device (MFB) treatment achieved high sensitivity to evaluate the toxicity
and bioavailability of chromium contamination in soils from 10 mg/kg to 5,000 mg/kg soil dry weight.
The MNPs functionalized bioreporter also achieved high reproducibility with pH value from 5.0 to 9.0,
salinity from 0% to 5% and temperature from 20°C to 40°C. A case study was carried out on the
ecological toxicity assessment of heavy metal contamination at the coal cinder site via the magnet
bioreporter device. The heavy metal toxicity declined with the increasing distance to the coal cinder
point, and a significant accumulation of heavy metal toxicity was observed along the vertical
distribution. No direct link was found between the pollution load index (PLI) and heavy metal toxicity,
and the results suggested the bioreporter test monitored the toxicity of heavy metals in soils and was
an important approach for ecological risk assessment. Magnet bioreporter device also offered the high
throughput biological measurement and was feasible for in situ monitoring.
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Dear Editor

| would like to submit this manuscript, entitled “Magnet bioreporter device for ecological toxicity
assessment on heavy metal contamination of coal cinder sites”, for the consideration in Sensor
and Actuators B: Chemical. The heavy metals leaching from coal cinder have severely
contaminated soils in China and its toxicity was hard to be evaluated on the field by traditional
chemical analysis. This paper published a novel concept of magnetic bioreporter device to
improve the sensitivity and reliability of whole-cell bioreporter in soil measurement.
Functionalized with the magnetic nanoparticles, the whole-cell bioreporter could sense the
toxicity of soils in situ and subsequently isolated by magnetic field for bioluminescent signal
detection. The magnetic bioreporter device was further applied for the toxicity assessment on a
coal cinder sites in China. The results illustrated the horizontal/vertical toxicity distribution and
its correlation with pollution load index. This novel magnetic device benefitted the biosensor
application on the field, particularly contributing to the soil measurement, with high feasibility in
practical environmental monitoring.

No conflict of interest exits in the submission of this manuscript, and the manuscript has
approved by all authors for publication. The authors would like to declare that the work
described is original research that has not been published previously, and is not under
consideration for publication elsewhere, in whole or in part.

Thanks for your consideration. If you have any questions, please feel free to contact with me.

Yours sincerely

Dr Dayi Zhang
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*Response to Reviewers

Reviewer #1: The paper describes magnetic bioreporter device for ecological
toxicity assessment on heavy metal contamination of coal cinder sites.
However, before it could be publish, some points need to be addressed as
follows:

3. Results and discussions

No discussion on optimization parameter of magnetic whole-cell bioreceptor
based, such as pH, temperature, medium etc. Please give comment on this

issue.
Answer:

Thanks for the comments and the author has carried out more research work on the

impacts of pH and temperature. All these data are included in the reproducibility part.

3.1. Higher sensitivity ...

Please give a mechanism of whole-cell bioreceptor toward heavy metals.

In this subtitle, it could be better if the analytical characteristic is summarized
in Table, in term of linear range, sensitivity, LOD, reproducibility etc.

What was the life time of this magnetic bioreporter cells?

Answer:

The mechanisms of whole-cell bioreporter’s response to heavy metal are the SOS
response activated by the DNA damage. The author has added more description and
discussion on this issue. The additional table (Table 1) is added to summarize the

main features of the magnetic bioreporter.

3.2. Heavy metal ...
The heavy metal profile in Table 1 needs to added with information regarding

the instrumentation used for the determination of heavy metal listed.
Answer:

The analytical instrument for Hg is DMA-80 Hg analyzer (Milestone S.r.L., Italy) and
the other elements were analysed by ICP-MS (X series Il, Thermo Fischer Scientific,

USA). The information has been listed with detailed detection procedure in the



materials and methods section. The author has added in the note of the table for better

description in accordance with the comments.

Other comment
It could be better if the performance of the proposed magnetic bioreporter
cells could be compared with other toxicity assessment on heavy metals.

Answer:

Thanks for this good comments and the performance of ADPWH_recA has been
tested and compared to other toxicity assessment in our previous research (Y.Z. Song,
G.H. Li, S.F. Thornton, I.P. Thompson, S.A. Banwart, D.N. Lerner, et al.,
Optimization of Bacterial Whole Cell Bioreporters for Toxicity Assay of
Environmental Samples, Environ Sci Technol, 43(2009) 7931-7938). Sharing the
same mechanisms of SOS response, the author believes the magnetic bioreporter has
the same performance comparing to other toxicity assay. The authors have added

some more discussions in the revised manuscript.

Reviewer #2: This manuscript presented a magnet bioreporter device for soil
toxicity assessment by magnetic nanopatrticles functionalized whole-cell
bioreporters. The whole-cell bioreporters with magnetic nanopatrticles
functionalization could be seperated from soil samples to reduce the soll
particle interference. Although this work is innovate, major revision should be
performed before this manuscript can be accepted for publication.

1. Why did the author choose the whole-cell Acinetobacter ADP1_recA
reporter for toxicity assessment? And why did the author choose chromium as
the target analyte? Did the reporter represent any specificity to chromium?

Did other heavy metals have genotoxic effects on the reporter?
Answer:

Various whole-cell bioreporter can be applied for toxicity test, like E. coli, but they
are not suitable for soil detection mainly due to two reasons as induction condition

and response stability. First of all, the induction condition for E. coli is 37 degree,



which is much higher than natural temperature in soils. Acinetobacter can survive and
response to carcinogens from 15 degree to 37 degree, allowing the toxicity assessment
at the real soil temperature. Secondly, the reporter gene in E. coli is on the plasmid,
requiring antibiotics to maintain the plasmid copies and responsive sensitivity. The
reporter gene in Acinetobacter is on the chromosome, which is single copy and stable
with no need of antibiotic cultivation. From these reasons, the author suggests that
Acinetobacter is suitable candidate as bioreporter strain for environmental monitoring

and assessment.

From the chemical analysis of heavy metal profiles in the contaminated soils,
chromium is the major contaminants and the highest pollutant level compared to other
heavy metals. For this reason, chromium is chosen as the targeting analyte to
investigate the biological response and the feasibility that the magnetic biosensor
device can be applied for heavy metal contamination evaluation. The description was

added in the materials and methods section.

From our previous work, ADPWH_recA responds to various carcinogens, including
mitomycin C, UV light, ethidium bromide and H,O, (Y.Z. Song, G.H. Li, S.F.
Thornton, I.P. Thompson, S.A. Banwart, D.N. Lerner, et al., Optimization of Bacterial
Whole Cell Bioreporters for Toxicity Assay of Environmental Samples, Environ Sci
Technol, 43(2009) 7931-7938). From the SOS response mechanisms, it is not a
specific bioreporter to sense targeting chemical molecules, but responding to the
generic SOS activation of recA gene. It is obvious that other heavy metals might also
cause the bioluminescent response, which is undergoing. Current work shows that
ADPWH_recA only represents positive response to Zn and Be. Further work is still
undergoing and the outcome might be discussed in future publication. The author
thanks reviewers’ comments and added more discussions in the revised manuscript

addressing the details shown above.

2. When detecting real soil samples by the whole-cell bioreporter, no extra
preprocessing produres were introduced. Is it possible that some substances
in samples affect the bioreporter during the incubation and further interfere the
toxicity evaluation? How did you solve the interference problem?

Answer:



From our previous work on toxicity assessment on soils (Y.Z. Song, G.H. Li, S.F.
Thornton, I.P. Thompson, S.A. Banwart, D.N. Lerner, et al., Optimization of Bacterial
Whole Cell Bioreporters for Toxicity Assay of Environmental Samples, Environ Sci
Technol, 43(2009) 7931-7938; B. Jiang, D. Zhu, Y. Song, D. Zhang, Z. Liu, X. Zhang,
et al., Use of a whole-cell bioreporter, Acinetobacter baylyi, to estimate the
genotoxicity and bioavailability of chromium(V1)-contaminated soils, Biotechnol Lett,
37(2015) 343-348), some substances (organic matters, other heavy metals, etc.) in
soils significantly affected the bioavailability of heavy metals and they are part of the
soil meso-environment determining the ecological risks of heavy metal contamination.
As for other environmental factors, like pH, temperature and salinity, are further
discussed with new experiment in the revised version. From the data, all these factors
will not influence the bioreporter response within the soil properties. The author

thinks that the interference will not affect the toxicity assessment by whole-cell

bioreporter.

3.  How did the reporter attach to the magnetic nanoparticles? Is the
magnetic nanoparticles coupled with any chemical groups?

AnNswer:

The magnetic nanoparticles were attached on the membrane of whole-cell bioreporter
by electrostatic attraction between Fe-OO- and amino-groups. More discussions are

made in the revised version.

4. In figure 4, the ordinate is the "bioluminescence response ratio", and in
figure 5, the ordinate is the "relative bioluminescence response ratio". In the
text, the two words were also used alternatively. Did these two words have
different meanings or not?

Answer:

Thanks for the comments and the author misrepresented the phrase. It should be
“relative bioluminescence response ratio” (as defined in the Materials section)

throughout the manuscript. The author has corrected all the mistakes.



5.  Why the MFB present positive bioluminescent response to the low
chromium concentration in soil and negative response to high chromium
concentration? Why are the simulation curves parabolic shaped? And how
could the toxicity of the contaminated soils be predicted by the curves?
According to the curve, even under the treatment to two samples in different
chromium concentration, the reporter may present same bioluminescent

response. The author should explain it in detail.
Answer:

Chromium has both cytoxicity and genotoxicity on living microorganisms. At lower
concentration, the cytoxicity is not obvious and would not affect bacterial growth, and
the positive relationship between chromium amount and bioluminescent response was
therefore observed. At higher concentration (>100 mg/kg dry soil weight in this
study), the cytoxicity of chromium became dominant and significantly affected cell
growth and activity. The bacterial growth curve was significantly supressed by the
high chromium concentration. The author has added the growth curve against
different concentration of chromium (Fig. S1). The results showed that no growth
change was observed when the chromium concentration was less than 100 mg/kg and
this is the range for positive relationship between bioluminescent response and
chromium contamination. At higher level, the cell growth and activity was inhibited,
causing the dramatic loss of bioluminescent signal. The synergetic effects of

cytoxicity and genotoxicity were then the main reason causing the parabolic curve.

To determine the real toxicity, both relative bioluminescent response ratio and growth
curve were considered. If the growth was not affected, the bioluminescence data
belonged to the positive relationship range, and it was on the opposite when the
growth was inhibited. The author has added more detailed discussion in the revised

version.

6. What is the detection limit and linear range of the magnet bioreporter

device?

Answer:



From our previous publication (Jiang, B., Zhu, D., Song, Y., Zhang, D., Liu, Z.,
Zhang, X., Huang, W.E. and Li, G.*, (2015) Use of a whole-cell bioreporter,
Acinetobacter baylyi, to estimate the genotoxicity and bioavailability of
chromium(VI)-contaminated soils, Biotechnology Letters, 37(2), 343-348), the limit
of detection is 130 mg/kg soil and the linear range is 130-5200 mg/kg (ultrasonic
treatment). Without pretreatment, the response of ADPWH_recA to chromium
contaminated soils is too weak to be quantified, similar as our research results. The
test of this magnet bioreporter work demonstrated a higher sensitivity that the limit of
detection is 1 mg/kg soil and the linear range is 1-100 mg/kg. Compared with the
bioreporter growth data, the detection range of the magnetic device can achieve 1-
5000 mg/kg. The author has added the discussion and summarized the limited of
detection and other key parameters in Table 1.

7. Infigure 4, why did the response ratio not fit well with the model
prediction of 10% chromium bioavailability when chromium concentration was

below 100 mg/kg soil dry weight?
Answer:

The bioavailability of chromium changes with the contamination level. With lower
chromium in the soils, different bioavailability will be observed due to different
adsorption by soil particles. The author thought it is the main reason causing the
unexpected bioluminescent response ratio when chromium concentration was <100

mg/kg soil. Some further discussion was addressed on this issue in the revised version.

8. Infigure 5, the authors concluded that" the toxicity of heavy metals
declined with the increasing distance to the coal cinder point" because
"Except for 0 m point, the bioluminescence response ratio dropped from 1.47
(10 m) to 1.10 (150 m) in the surface soil, 1.34 (10 m) to 1.16 (150 m) in the
middle soil, and 1.26 (0 m) to 0.58 (150 m) in the bottom soil." However, did
lower bioluminescence response ratio really mean lower toxicity? Please
combine the results obtained from figure 4 to explain the correlations between

toxicity and bioluminescence response ratio.



Answer:

Thanks for the comments. As discussed for the bioreporter growth curve, whether the
growth is inhibited can be the indicator to determine the toxicity range of soil samples.
From Fig. S4, all the bioreporter growth curve behaved similar without any inhibition,
and the results indicated that no strong cytoxicity was found in the heavy metal
contaminated soils. Located in the linear relationship range, higher relative
bioluminescent response ratio represented higher ecological toxicity. The author has

revised the discussion in the new manuscript.

9.  What about the reproducibility of magnetic nanoparticles functionalized

whole-cell bioreporters?
Answer:

Thanks for the comments and it is the authors” mistake missing the description for the
reproducibility test. In our experiment, three biological replicates were carried out for
each test, and five individual tests were repeated for the same sample sets to evaluate

the reproducibility. The data and error bar on each graph were the mean and standard

error of five individual tests. The author has corrected the sentence in the materials

and methods section.

10. Since the soil ecological risks were not associated with neither the load

of PC1 nor PC2, the circles in figure 6 is needless and should be deleted.
Answer:

Thanks for the comments and the author has moved Figure 6 to Supplementary

Material as supporting information for the manuscript.

Reviewer #3: This paper reported a magnet biosensor for soil toxicity
monitoring. It was stated that this biosensor "offered the high throughput
biological measurement and was feasible for in situ monitoring".

This reviewer would like to suggest some revisions below.

1. Replicates and errors. No related data were given in this draft. The authors



should perform some efforts focusing on replicates and sensing errors.

Answer:

For all the tests, three biological replicates were carried out. All the data in the graph

were the average of replicates with error bars. The information was in Section 2.2.

2. What was the repeatability of this biosensor. What was the testing error

between biosensors of different lots?
Answer:

Thanks for the comments and it is the authors’ mistake missing the description for the
reproducibility test. Actually, three biological replicates were carried out for each
sample, and five individual tests were repeated for the same sample sets to evaluate
the reproducibility. The data and error bar on each graph were the mean and standard
error of five individual tests. The author has corrected the sentence in the materials

and methods section.

3. Did the authors considered the influence from other competing ions,
pollutions and moisture on your biosensor?

AnNswer:

The author has added the influence of salinity on the bioreporter’s performance and
the results indicated <4% salinity did not affect its response ratio. During the
bioluminescence measurement, the soils were saturated and the original moisture of

soils will not affect the assessment results.

From the mechanisms of SOS response and ADPWH_recA bioreporter, it responded
to all the DNA damage. Thus, any other carcinogen will also cause the positive
response of bioreporter. However, the chromium was just chosen as the target analyte
since it is the main heavy metal contamination at the sites. The MNPs functionalized
bioreporter actually evaluate the synergetic toxicity of all the contaminants in the
environmental samples. The author has added more discussion in the revised

manuscript.



4. The authors should try more practical samples to testify the accuracy and

practicability of this biosensor.
Answer:

Thanks for the comment. The author wanted to collect more samples in different
direction and at different distance and depth, to further test the reproducibility and
reliability of the magnetic biosensor by more sample testing. However, on the north
and west to the cinder sites, nearly all the surface is the hard surface (within the main
chemical production area) and no appropriate soils can be collected. The east and
south soils were near to the road and the soils might be contaminated by the coal
transportation activities. Furthermore, the local company did not allow us to take
samples below 50 cm to protect the underground pipeline. From local investigation,
we have tried out best to choose the most appropriate sampling line and sampled the

maximal samples for the work, as illustrated in the figure.

More tests were carried out according to reviewers’ suggestions, and the impacts of
pH, salinity and temperature were comprehensively discussed in the revised version.

To further testify the accuracy and practicability, the authors have more samples
collected from different cinder sites around China (about 70 samples from 5
companies), and further work will focus on the relationship between heavy metal
profiles, biosensor results and microbial community, to deeper understand how the
magnetic biosensor device can be applied to assess the toxicity and how the toxicity
has affected indigenous microorganisms. In this paper, our main goal is to prove the
feasibility of magnetic bioreporter device at one site, and it will be used as a technical
tool for more samples to illustrate the ecological impacts of coal cinder in the next

step.
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Abstract

A novel magnet bioreporter device was developed in this rdsdarcsoil toxicity
assessment, via magnetic nanoparticles functionalized whlbléioreporters. The
whole-cell bioreporter ADPWH_recA kept response capabilitpA damage after
magnetic nanoparticles (MNPs) functionalization, and could beekgad from soil
samples by permanent magnet to reduce the soil particlebdiste. Compared to
conventional treatments applying bioreporter directly in soil-wateture (SW-M
treatment) or supernatant (SW-S treatment), MNPs functeathlioreporter via the
magnet device (MFB) treatment achieved high sensitivitwatuate the toxicity and
bioavailability of chromium contamination in soils from 10 mg/ké 1000 mg/kg soll
dry weight. The MNPs functionalized bioreporter also achievgd reproducibility
with pH value from 5.0 to 9.0, salinity from 0% to 5% and terapure from 20°C to
40°C. A case study was carried out on the ecological toxaEsessment of heavy
metal contamination at the coal cinder site via the magne¢pgmaer device. The
heavy metal toxicity declined with the increasing distandéé coal cinder point, and
a significant accumulation of heavy metal toxicity was observed alongertical
distribution. No direct link was found between the pollution load»n@.1) and
heavy metal toxicity, and the results suggested the biorepegemtonitored the
toxicity of heavy metals in soils and was an important approaickdological risk
assessment. Magnet bioreporter device also offered the tnighghput biological

measurement and was feasibleifositu monitoring.

Key words. whole-cell bioreporter, magnetic nanoparticles (MNPs), magnet

bioreporter device, heavy metal, toxicity
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1. Introduction

Heavy metals are the key anthropogenic environmental contaminainty ozaised
by industrial activities [1, 2]. All around the world and particlylan China,
numerous heavy metal contaminated sited are found due to the imgrepasal of
various chemical wastes [3], including coal cinders [4], andélyepollutants include
chromium, mercury, arsenic, lead, cadmium, manganese, cobgiier, nickel and
zinc. They have high mobility through the leachate and furttoetaminate the
biospheric soils [5, 6], with respective carcinogenic, teratogami mutagenic effects
[7]. The high level of heavy metal in soils threatens tt@ogjical system [8], poses
potential risks to human health [9] and draws attention on eatging for potential
cancer induction [10]. Due to the complex composition and synegfédids in soils,
traditional chemical and physical analysis only provides the amoiortmation [3],
but the toxicity and bioavailability of heavy metal contaminafrom coal cinder are
hard to be evaluated.

Recently, whole-cell bioreporter has become initiative argisltive tool for
environmental monitoring, with capability to sense the bioavaitglaind toxicity of
contaminated water and soil samples [11]. With geneticaliyjneered bacteria, yeast,
fungi, or animal cells, the biological signals of whole-cell lporter are initiated by
phenotypic colorlécz), fluorescent dfp/yfp) or bioluminescentlc/lux) genes [12-
14]. 1t offers highly sensitive, rapidly analytic, easy operataonm cost-effective

feasibility for in situ pollutants assessment [15]. Some whole-cell bioreporter

specifically senses the heavy metal molecules [16, 17] or their

cytotoxicity/genotoxicity [18].

Though the application of whole-cell bioreporter in water sanmgplsuccessful, it
suffers from the heterogeneous features of soils [19]. Exposed htie-gell
bioreporter, the soil particles will absorb the bioluminescigmias (ux or luc) or give
strong fluorescent interferencegflf). Some recent work has assessed the
bioavailability and toxicity of copper [20], cobalt and nickel [21] direct exposing
the whole-cell bioreporter to the soils [22], but the biologicahsgivity and
specificity are significantly reduced. Some pre-treatmdiis, water extraction or
ultrasonication, are therefore applied to transfer contamimatiot@queous phase for
biological analysis [23]. Particularly for heavy metal, theesys extraction has been
used for whole-cell bioreporters to sense the bioavailabdftychromium [24],
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mercury [16], lead and cadmium [25, 26] in soils. Neverthethgsmain drawback is
the neglect of the real occurrence of pollutants in the porougLghi Technically, a
new type of bioreporter device is required to sense the soilmoraatsin situ and
effectively separate the living reporter cells from thd gairticles for biological
signal detection. Magnetic nanoparticles (MNPs) functionabzatoffers the
feasibility of magnetic remote control and is biocompatible foole cell bioreporter
[27]. Its equipping and portability fan situ monitoring is still under development

and required further research.

In this work, a novel magnet bioreporter device was developed andizgdi for
effective monitoring and assessment of coal cinder contaminaiisd \&ith whole-
cell Acinetobacter ADP1_recA reporter [28], the magnet device effectively reduce
the impacts of soil particles and improved the sensitivity agproducibility,
comparing to the direct exposure of bioreporters to the soils. NNPs
functionalized bioreporter was able to evaluate the ecologicalitypxif heavy metal
contamination, via the high throughput and easy operation magnet dBvisavork
showed the feasibility and potential of situ environmental risk assessment via

whole-cell bioreporter for the coal contaminated sites.
2. Material and methods

2.1 Bioreporter strain and incubation

In this research, thAcinetobacter baylyi ADPWH_recA whole-cell bioreporter was
introduced for environmental ecological toxicity evaluation [28, 2%9m@ared to
other plasmid based @&scherichia coli hosted toxicity bioreporter, the reporter gene
was located on the chromosomal with high stability @wthetobacter was soll
bacterium to tolerate the ambient soil environment and achighesensitivity. After
cultivation in Luria-Bertani (LB) medium overnight at 30°C, tH&.0 mL
ADPWH_recA cells were harvested by 3,000 rpm centrifugetoriO minutes. The
bioreporter pellets were further washed by deionized wateremugpended in 10 mL
deionized water for magnetic nanoparticles functionalizatiobGomL fresh MMS
medium for toxicity measurement. The 1.0 litre MMS mediuomtained 1.0 g
(NH4)SO,, 2.5 g KHPQO, 0.1 g MgSQ7H,O, 0.005 g FeSg/YH,O, 0.25 g
nitrilotriacetic acid (NTA), 0.55 g NaOH, 3.24 g sodium@oate (20 mM) and 1 ml

Bauchop and Elsden solution.



108 2.2 Direct toxicity measurement on soil samples

109  The direct toxicity measurement of soil samples were coaddot the supernatant of
110  soil/water mixtures (SW-S) and the bulk soil/water mixtu{®8v/-M) respectively.
111 For SW-S treatment, the 100 mg soil sample was suspended indgiorized water
112 and homologized by 150 rpm shaking for 10 min. Theu2@upernatant and 180
113  bioreporter suspensions were added into each well of a blaakboam 96-well
114  microplate. For SW-M treatment, the 1.0 mL bioreporter suspesnsvere added into
115 100 mg soil sample, and the mixture was directly transfentedthe microplate. The
116  incubation and induction was conducted at 30°C for 4 hours, inpibetr& M5 Plate
117 Reader (Molecular Devices, USA). Three biological repiisatere carried out for
118 each sample and the bioluminescent signal was measured l&/emnutes with 5

119  seconds shaking before each reading.
120 2.3 Magnetic nanoparticles synthesis and functionalization

121 All the chemicals in this study were analytical grade anclmged from Sigma
122 Aldrich (UK) without specific statement. Magnetic nanopagsckynthesis followed
123 chemical deposition method [27]. The 12.5 mL NaOH (1.5 Mg a@ded dropwisely
124  into the mixture of 1.0 mL Fe€(2 M in 2 M HCI) and 0.5 mL Feg1 M in 2 M
125  HCI) with 40k Hz ultrasonic homologization, until the appearasfcgark iron oxide
126  precipitates. The precipitates were further separated byapemhmagnet and washed

127  with deionized water until the supernatant reached pH=7.0.

128  For bioreporter functionalization, 10 mL bioreporter suspensiondgefonized water)
129 were mixed with 1 mL MNPs suspension, incubated at roonpéeature for 10
130 minutes with 150 rpm shaking. The MNPs-bioreporter was subseqanidgsted by
131 a permanent magnet and washed twice by deionized water. Hymetized
132 bioreporter was finally suspended in 10 mL MMS medium for goxicity

133  assessment via the magnet bioreporter device.
134 2.4 Magnet bioreporter device and operation

135  The magnet bioreporter device contained the magnet probe assahasticicover for
136  bioreporter strain transfer, as illustrated in Fig. 1he Thagnet probe assay was
137 assembled by 96 magnet probes (1 cm length and 3 mm id),dix¢he plastic base
138 and patterned (20.66 mm distance between each magnet probéhefdnigh

139  throughput bioreporter measurement on the 96-well microplate. For sSMNP



140 functionalized bioreporter via the magnet device (MFB treatmdghe 1.0 mL
141  bioreporter suspension was mixed with 100 mg soil samplesamaferred into each
142  well of the 96-well microplate (Fig. 1 b-1). For the deterriora of the best
143  cultivation time before magnetic separation, the bioreportés wadre magnetically
144  harvest at 0, 15, 30, 45, 60, 75, 90, 105 and 120 min. The redoixs
145  functionalized bioreporter was counted by plate count and the biolummesce

146  response was also measured.

147  After incubation at 30°C for 1 hour as the optimal cultivationdition, the magnet
148  probe assay (with plastic cover) was emerged into theisaagtstem for 30 seconds
149  (Fig. 1 b-2). The bioreporter cells were then separatad the soil suspension and
150 attached on the plastic cover by magnetic field. The maghaetalwas transferred
151  and emerged in another 96-well microplate, supplemented withu2@esh MMS
152  medium (Fig. 1 b-3). Removing the magnet probe, the plastic codeméroplate
153 was incubated at 30°C for 5 minutes with 150 rpm shaking (Fig-4L Bhe
154  bioreporter cells were resuspended in the fresh MMS medamd the
155  bioluminescence was further measured on the Spectra M5 RRéaider (Molecular
156  Devices, USA). The detection and data analysis followeddh®e instruction for the

157  direct toxicity measurement on soil samples.

158  For reproducibility test, MNPs-bioreporter was applied to sénsdoxicity of 100
159  mg/kg chromium contaminated soils in the medium with differenvaldes and salt
160  contents. The pH value in the induction medium was adjustedddyi HCl or 1.0 M
161  NaOH solution as 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0s@&hes of salty medium was
162  prepared by adding NaCl into the MMS medium with the finalceatration of 1%,
163 2%, 3%, 4%, 5% and 10%. As for the temperature influenceethperature during
164  induction period was controlled by the Spectra M5 Plate Readér@, 15°C, 20°C,
165 30°C, 37°C, 40°C and 45°C. To evaluate the life-time of MNPspmters, the
166  bioreporter suspension was stored at 4°C and taken out for digity

167 measurement without any pre-treatment.
168 2.5 Toxicity model for heavy metal contaminated soils

169  For the calibration of heavy metal toxicity in soils, chromiuns wiaosen at the target
170  analyte since it was the main heavy metal contaminatidineacoal cinder site. The

171 artificial chromium contaminated soils were prepared by mgixil.0 g



172 uncontaminated soil with 1 mL potassium bichromate solution théhconcentration
173 0of 0, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 200, 500, 1000, 2@DB,800 mg/L. The
174  soil slurry was air dried in the laminar hood. The chromium coination in soils
175 was 0, 0.1, 0.2, 0.5, 1, 2, 5, 10, 20, 50, 100, 200, 500, 2000, and 5,000 mg/kg

176  soil dry weight, respectively.

177 The genotoxicity of hexavalent chromium in soil was identified several

178 mechanistic processes, including mutagenic effects on DNA aedt dixductive

179 immunological responses [30]. Such genotoxic effects consequenthedcdhes

180 accumulation of single stranded DNA (ssDNA) and the actimatif SOS response
181 for damaged DNA repair. The SOS response (bioluminescent respohs
182 ADPWH_recA) is the function of LexA-like SOS repressb8R, cell’) and can be
183  simulated by the previous gene expression model [31, 32], as sm@gaoation (1).

[Cr]
(Kmrsr'Kcrksspnaker) 1+[Cr]

184 S0Sys =1+ (758 . [LSR])

2:(1+ksspna)

1)

185  Here, S0S,; (SOS response ratio) is dependent on the hexavalent chromium
186  contamination level in soils [Cr], mg/kg). K., is the isotherm equilibrium of
187  chromium-DNA adduct (DNA phosphodiester backbone with chromium) kand

188 represents sSDNA generation constant from the chromium-Ddtdc (L/(cell-g)

189  chromium).k,s;z represents the equilibrium coefficient l08R dimer @SLR, cel®)

190 and monomerrLSR, cell®) andkpy4 represents the cleavage reaction constant of
191 LSRR dimer.K,,;sg is the dynamic gene expression (SOS response) level actiwated

192 LSRR monomer.
193 2.6 Stesdescription

194 A total of 16 soil samples were taken from the methanol plaMuéh Energy and
195  Chemical Industry, Yanzhou Coal Corporation, China (Fig. 2). Ttee(698,000 )

196 was located in Yulin Shaanxi Province (N38°34'41.9”, E109°55'50.4), the
197 junction of Maowusu Sandy Land and the Loess Plateau. The anoadl c
198 consumption was 31,200 tonnes and the soils have been seriously oatedmly the
199 coal with high heavy metal content. The sampling sites wesigaed along the
200 leeward direction of the cinder heap, with the distance ®0050, 80 and 150 m. The
201 uncontaminated soil sample was collected in the living ar¢laegblant, 500 m away

202 from the heap. At each point, the soils were sampled areliff depth of 0-20 cm
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(surface soil), 20-35 cm (middle soil) and 35-50 cm (bottom) $oilevaluate the

toxicity profiles caused by the trace metal transportation.
2.7 Chemical analysis

Before chemical analysis, all of soil samples were del®e200 mesh. Mercury was
determined by DMA-80 Hg analyzer (Milestone S.r.L., Italffor other trace
elements, the samples were digested in an UltraCLAVEow&ve high pressure
reactor (Milestone S.r.L., Italy), containing 330 mL distllld,O, 30 mL 30% HO,
and 2 mL 98% kSO, as the digestion solution [33]. With 50 bars initial nitrogen
pressure, the microwave digestion program was listed in Tbldé-urther digestion
for 50 mg soil sample was conducted in 5 mL 40% HF, 2 mL 65%@41and 1 mL
30% HO, [34]. The inductively coupled plasma mass spectrometry HGP-X
series I, Thermo Fischer Scientific, USA) was usedtierdetermination of the trace
elements in a pulse counting mode (three points per peal)islistudy, the multi-
element standards (Inorganic Ventures, CCS-1, CCS-4, CCS-5, @8 Cwere
referenced for the calibration of trace element concemtst As and Se were
determined by ICP-MS with collision cell technology (CCT) dudhteir volatility
[35]. Polyfluoroalkoxy volumetric flasks were used without drying on tatedot
plate to avoid As/Se volatile loss. With thed/L tuning solution, the torch position
and ion lenses were optimized before real sample measureifteat.optimal
parameters of the ICP-CCT-MS and calibration curves obdésyere listed in Table
S2 and S3.

2.8 Data analysis

The bioluminescence response was calculated by averaging the bedoentsignal
from the 7 time points between 180 and 240 minutes for each el relative
bioluminescence response ratio was the specific value of thientinescence
response of contaminated soil samples to that of the uncontathgwale The heavy
metal profiles in soil samples were statistically analylsg SPSS software (Version
15.0 for Windows) via Principal Component Analysis (PCAhe equality and
normality of data were tested by Brown-Forsythe and Shapirk-48k respectively,

and the null hypothesis was rejectedde0.05.

Contamination factorGF) is defined as the ratio of the heavy metal concentration

the sample soil to the baseline concentration in backgrounagsahown in Equation



235  (2) [36]. Pollution load indexRLI) is determined as the" root of then CF in
236  Equation (3) [36]. Th€F andPLI are empirical indices to evaluate the level of heavy
237 metal contamination, and the higher values indicate heavier noiation of

238 individual and multiple heavy metals respectively.

239 CF = [Heavy metal in sample soils] (2)

[Heavy metal in background soils]

240 PLI = (CF; X CF, X ++- X CE,)'/™ (3)
241 3. Results and discussions

242 3.1 Higher sensitivity and reproducibility of magnet bioreporter device

243  The MNPs functionalized bioreporter could be magnetic remotdraled for
244  effectively separation from the soil particles. The MNfere biocompatible, and the
245  viability and bioluminescent signal of whole-cell bioreporter asmad over 99%
246 comparing to the native bioreporter cells [27]. With thrergy electrostatic attraction
247 between the negative iron oxide (Fe-P@nd positive amino-groups (-NH on
248  bacterial membrane, the separation effectiveness by madieddi was above 99.6%
249 and the synthesized MNPs had neither cytotoxicity nor genotoxicity omrizct
250 bioreporter cells [37]. MNPs functionalized whole-cell biorepotherefore had the
251 feasibility to sense the toxicity of soil sampiassitu and subsequently isolated for

252  bioluminescent signal measurement.

253  Due to the cell division, the MNPs functionalized bioreportexdgally lost their
254  magnetic capacity [38]. Though longer incubation with soil samgbesdd improve
255 the chemical uptake by bioreporter cells for higher responsiiwe tla¢ less recovery
256  rate consequently resulted in lower bioluminescent signal aret leewsitivity. Fig. 3
257 illustrated that, within 45 minutes incubation, over 90% livimgreporter cells were
258 isolated from the soil/water mixture based on plate coung. rBsults fitted with
259  previous study that about 12% free bioreporter cells were obseriggd1@D min
260 cultivation in rich medium [27]. As for the bioluminescencel aelative response
261 ratios, the bioluminescent signals were stable from 3600 ®L3800 RLU when the
262 incubation time was less than 75 minutes, and the resporsearagied from 1.90 to
263  2.00. The results suggested a highly reliable responsive periogdre 30 and 70
264  minutes. The optimal incubation time for sufficient bioreporter reglbvery and high
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response sensitivity was identified as 60 minutes, and itfurtfser applied in the

following work on calibration curve and real soil sample assessm

The summarized features of the magnetic ADPWH_recA wholebmgkporter were
listed in Table 1 from the reproducibility test. After 1 hque-incubation of the
MNPs functionalized bioreporter, the cells were captured Ibjngeent magnet and
resuspended in fresh medium without soil disturbance for another 4. Wsua soll
bacterium, ADPWH_recA had strong tolerance to the environmeatatons and
maintained high reproducibility under different pH, salinity #émperature condition.
The relative bioluminescent response ratio maintained staldk¢ {d.1.51) when pH
value ranged from 5.0 to 9.0, dramatically dropping to 1.25 at fiHadd 1.12 at
pH=10.0 (Fig. 4a). The results were similar to previousareh on the pH influence
on Acinetobacter baylyi ADP1 thatAcinetobacter based bioreporter could tolerate
large pH variation [39]. Fig. 4b also illustrated the good respensarformance of
MNPs functionalized ADPWH_recA at 20°C (relative biolumiresgc response
ratio=1.47), 30°C (relative bioluminescent response ratio=1a6@) 37°C (relative
bioluminescent response ratio=1.49). The tiny reduction of bioluminesegmbnse
at 15°C and 40°C attributed to the less bacterial aetdvitat inappropriate
temperatures, and the response was very weak under even(1®t%€) or higher
(45°C) temperature conditions. Salinity did not significantfe@ the reproducibility
of ADPWH_recA and the relative bioluminescent response ratere @wbove 1.45
when the salinity was no higher than 3%, but were gradually supgratsegher
salinity level (Fig. 4c). Therefore, the MNPs functionatizbioreporters had high
reproducibility under the normal pH value, salinity and temperatorelitions of
natural soils and no specific pre-treatment was requiredrdal soil sample
assessment. High activity and responsive sensitivity of MiNRstionalized whole-
cell bioreporters was also observed after 30 days storage€Cat-4f. 4d). Without
any pre-treatment, the stored bioreporter cells could be Igirapplied for soil
assessment and the relative bioluminescent response ratoatove 1.45 for
chromium contaminated soils of 100 mg/kg soil dry weight. The lifie-tof MNPs
functionalized bioreporter was the same to the origiAainetobacter based
bioreporters [28, 40], indicating that MNPs functionalizatiod hanimal impacts on
the bacterial activities and was an appropriate approach to ekpaagplication in

soil contamination assessment.
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From the calibration curve of soil/water supernatant (SWdjwater mixture (SW-
M) and MNPs functionalized bioreporter (MFB) (Fig. 5), magdevice had the
highest responsive sensitivity and illustrated the chromium Ailzdility in
contaminated soils. In SW-S and SW-M treatments, ADPWIHA tdoreporter did
not show any positive response to the chromium due to the strongdggirpdon by
soil particles. The negative bioluminescent response was\aas when chromium
concentration was above 100 mg/kg soil dry weight for both treatm@igsificant
positive response was only found in MFB treatment and the dihdetection was 1
mg/kg soil dry weight (Fig. 5 and Table 1). From 1 mg/kg to 100 mg#kgnaium
contamination in dry soils, the relative bioluminescence regpoaso showed a
linear relationship to quantify the toxicity and bioavailabildf chromium in soil
samples, ranging from 1.05 to 1.60. Above 500 mg/kg soil drgiwechromium
predominantly behaved the cytoxicity effects and all the ttresgments had similar
inhibited bioluminescent signal. From the whole-cell bioreporter grawrve (Fig.
S1), there was no significant growth difference when the dararononcentration was
less than 500 mg/kg soil dry weight, in which range that theivelatoluminescent
response ratio was positively correlated with chromiumhétefore explained the
decreasing bioluminescent response ratio at higher chromium tleaelstrong

cytoxicity of chromium inhibited bioreporter growth and activities.

Given the model simulation of bioreporter's response to chromiutm avfferent

bioavailability in agueous phase in Fig. 5 [41], the reshitsher revealed the
bacteria-contaminant interaction within the porous soils arithfgacts on bioreporter
response. With lower chromium bioavailability, the calibratiarve shifted towards

higher chromium values. The SOS response coefficilpkd - Kcr * kKsspna * Kmo

3.8) and genotoxicity coefficientz—.':i;%- [LSR]tota1,» 1.724 L/mg) kept stable,

sSDNA)

similar to previous research [41]. Referring to the syrargdficiency through the
SOS repair process (including genotoxin DNA damage, ssDNA reamgamnd SOS
box activation), the similar SOS response coefficients indicébe same SOS
mechanism of bioreporter’s responsive to chromium genotoxicity aotbgidity in

the soils via the magnet bioreporter device [32]. Since therbinkscent signal of
ADPWH_recA was regulated by the SOS process, all thenogrens causing DNA
damage would activate its response, including mitomycin C, light, ethidium
bromide and k2 [22]. The bioreporter therefore did not respond to a particular
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heavy metal (like chromium), but evaluated the synergistic itgxiaf all the

carcinogens in environmental samples.

From the parabolic curve of MNPs functionalized bioreporter tavegnt chromium,
both the relative bioluminescent response ratio and growth ditige S1) were
considered to evaluate the toxicity of unknown environmental gsminl absence of
growth inhibition, the sample had low cytoxicity and its biolumieaesaesponse
belonged to the positive relationship range, oppositely in preseficgrowth
inhibition. Only the MFB treatment had the positive biolumineseamsponse when
chromium concentration was less than 200 mg/kg soil dry weightth@ncesponse
ratio fitted well with the model prediction of 10% chromium l@igbility when
chromium concentration was above 100 mg/kg soil dry weight. At l@veymium
contamination level, chromium bioavailability changed due to thepaadsorption
effects of soil particles and the irregular bioluminescespoase ratio represented the
changing bioavailable fraction. Given heavy chromium contamindéweel (>500
mg/kg soil dry weight), MFB and SW-M treatments had sinmi&aponsive results,
significantly higher than SW-S treatment. Since the whele-oioreporter only
sensed the water soluble chromium in the supernatant of a@lwmixture in SW-S
treatment, it measured the chromium toxicity in the unbound watase. The
dominant fraction of chromium existed in the bound water or was absorlikd sail
particles, and their carcinogenic effects was only assessgblthe direct-contact
bioreporter assay [24]. The results indicated magnetic functiedalioreporter
could effectively evaluate the real toxic effects of chromiunsoils, by directly
contacting soil particles and seeking for chromium in unbound/bound water
adsorbed on particle surface. The portable magnet bioreporteredendvided the
ready-to-use and nature-inspired technique foriea@lu measurement by optimizing
the operation procedure and enhancing the bioluminescent signal [42].

3.2 Heavy metal contamination profilesin soils

The heavy metal profiles of the 16 investigated soil sangmdshe coal cinder were
listed in Table 2. The chromium was 23 times enrichethénrough cinder (from
38.18 mg/kg to 920.82 mg/kg), followed by nickel (5.5 times enrichmdrite

enrichment of other heavy metals ranged from 1.8 to 3.7 tiexegpt for zinc (no
significant change) and mercury (loss due to volatile duringdhebustion process)

[43]. Similar to previous research on coal combustion resif#s45], chromium
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and nickel were mostly found concentrated in bottom ash or cisdéreadominant

toxic heavy metal residues, due to their low volatility and highity.

As for heavy metal contamination in soils, the investigateits sonly showed
significant contamination of chromium from 448.66 mg/kg to 802.7kgngoil dry
weight, with theCF values from 1.12 to 2.01 (398.94 mg/kg soil dry weight in
background). The levels of the other heavy metals were similéret background
soils p-value>0.05), as th€F value of beryllium ranged from 0.80 to 1.19, nickel
from 0.40 to 0.95, copper from 0.50 to 1.34, zinc from 0.4818, arsenic from 0.41
to 0.88, selenium from 0.33 to 1.37, cadmium from 0.50 to, 0e@@ from 0.83 to
1.40, uranium from 0.38 to 1.28 and mercury from 0.13 to 4.13. Thes@sticated
that the key ecological toxicity was attributed to chromiuames as revealed by many
previous research on mutagens in heavy metal contaminatedd€diland its toxicity
in soils could be effectively evaluated by various biologesdays [47, 48]. The
magnet bioreporter device in this study was therefore feasildahance the toxicity
test sensitive by directly exposing MNPs-functionalized wheletmoreporter cells

and diagnosing their bioluminescent response signal.

For soils nearer to the coal cinder point (0 m and 10 m) thas higher heavy metal
contamination in the upper layer soil. The chromium contansimadieclined from
745.15 mg/kg (0-20 cm, 0 m) to 505.60 mg/kg (35-50 cm, 0 m), and fron7B02.
mg/kg (0-20 cm, 10 m) to 525.79 mg/kg (35-50 cm, 10 m), respdgtiExcept for
Be, Pb and Hg, all the other heavy metal elements (NiZGUAs, Se, Cd, and U) has
the same vertical decreasing distribution. Comparing to theyhmatal composition
in the cinders, chromium was also the key carcinogenic heatgl mesoils. Given
the sequence of the exchangeable fractions of heavy metals aZriCd €u > Ni >
Pb > Cr [5], chromium was further concentrated in top swill less mobility. The
results further suggested that the main source of heavy owgtiEimination in soils
was the leachates from the cinders and their residues degendant on the

transportation process in soils.
3.3 Ecological risk profiles of heavy metal contaminated soils

In the ecological toxicity evaluation by directly applying whole-éétireporters to
the soil (SW-M, Fig. S2 in Supplementary Materials) andwatier supernatant (SW-
S, Fig. S3 in Supplementary Materials), ADPWH_recA only bketianegative
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(relative bioluminescence response ratio < 1.0) or neutrghaki (relative
bioluminescence response ratio = 1.0) and was not suitable mdifgube toxicity
impacts of heavy metal contaminatiomsitu. Fig. 6 illustrated the ecological toxicity
profiles of the soil samples by the magnetic bioreporter déMiéd3 treatment), and
the toxicity of heavy metals declined with the increasing dcstato the coal cinder
point. From the whole-cell bioreporter growth curve for the soilptesn(Fig. S4), all
the heavy metal contaminated soils did not show inhibition eftectsacterial growth,
indicating all the bioluminescent signals were within thedimresponse range and the
relative bioluminescence response ratio had positive relatiomstiipthe ecological
toxicity in soils. Except for 0 m point, the relative biolungoence response ratio
dropped from 1.47 (10 m) to 1.10 (150 m) in the surface soil, 1.3h) 10 1.16 (150
m) in the middle soil, and 1.26 (0 m) to 0.58 (150 m)na bottom soil. At the 0 m
point, the low bioluminescence signal of surface soil was datlse the high
cytotoxicity effects of chromium (745.15 mg/kg soil dry weigh) and ghewth of
ADPWH_recA bioreporter was inhibited. The soil sample at 0 mtpeas therefore

characterized with the highest ecological risk.

From the toxicity vertical distribution, the ecological risled a significant decline in
deeper soils. Attributing to the heavy metals leachates fr@ncoal cinders, the
ecological risk distribution fitted well with chemical anasysind previous studies.
The high ecological risk at the surface soils than bottom sodgested the leakage
and vertical transportation chromium in soils [49]. Comparing to hbezontal

ecological risk distribution, the results further identifieé tmain toxicity sources as

the heavy metals from the coal cinders.
3.4 Correlation between soil heavy metal profiles and ecological risk

The Principle Component Analysis (PCA) illustrated the maatofa causing the
ecological risks in soil samples (Fig. S5a). More pregjdbk principle component 1
(PC1) was the heavy metal contamination level, accounting f&%®0f the total

variance. At the sampling points nearer to the coal cisder(0 m and 10 m), the
surface and middle soils were heavily contaminated and thereémognized as
isolated square (red) and circle (blue) to the higher vafueC1l-axis. For the rest
soils, they gathered due to similar contamination lefall)( PC1 was therefore
derived from the external heavy metal sources, leaching fnencdal cinder for the

surface soil (0-20 cm) and heavy metal vertical transportatiomitdle soil (20-35
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cm). The soil depth was the principle component 2 (PC2)ribatihg to 13.3% of
the total variance). Heavy metals distribution and mobiléyenreported to depend on
soil properties and depth [50], and their spatial distributiatifferent depths of soils
also affected the mobility and bioavailability [51]. Nevertheléke soil ecological
risks (illustrated as the area of each symbol) were etsdowith neither the load of
PC1 nor PC2, suggesting that they were complicatedly affdny both heavy metal

profiles and soil features.

There was also no significant correlation between heavyl melation load index
(PLI) and ecological riskptvalue>0.05) (Fig. S5b). High#Ll indicated high heavy
metal contamination level, but did not fit with the ecologidak rdistribution.
Previous research had shown the positive correlation between imedsl content
and ecological toxicity at the contaminated sites with individualyenetal pollutant,
like chromium residues [24] or copper contaminated agricultural §68F The
ecological toxicity was only affected by the individi&d value and bioavailability in
soil. At the coal cinder contaminated sites, we found theesxde of multiple heavy
metals and their synergic/antagonistic effects consequesglylted in complicated
ecological toxicity [53]. Many evidences had revealed thattoxicity of individual
or multiple heavy metals behaved antagonistic or additivetsffelependent on the
composition and soil features, like organic matters or pH jakie55]. In this case,
PLI was an empirical indicator evaluating the multiple heavy Inwatamination
level, but suffered from identifying and characterizing the icteoa between various
heavy metal molecules and their association with soil pestiErom the mechanisms
of ADPWH_recA to sense all the carcinogens activating SOS ssptiee response of
whole-cell bioreporter effectively represented the synergigjaniatic effects of
multiple heavy metals. By directly exposing the living biorepodells to the
contaminated samples situ, the MNPs functionalized bioreporter had its feasibility
as an important approach, supplementary to chemical anailysesological risk

assessment and environmental risk management.
4. Conclusion

This work developed a novel magnet bioreporter device for soil tpxassessment,
via magnetic nanoparticles functionalized whole-cell biorepartérhe living
magnetic bioreporter cells could sense the carcinogenic chemicahe soil and

effectively separated from the soil-water slurry in thewithescence detection step
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to avoid the disturbance of soil particles. Comparing toctireventional treatments
directly applying bioreporter in soil-water mixture or supernatdiné magnet
bioreporter device achieved high sensitivity and reproducibiliteuadil pH, salinity
and temperature conditions. The dose-toxicity calibration cumealed the impacts
of chromium bioavailability on its ecological risk in soilsheve strong genotoxicity
was identified when chromium concentration was from 1 mwkg0 mg/kg soil dry
weight and the cytotoxic inhibition was found at chromium over 500 mgkgly
weight. For the first time, the ecological toxicity of heavytaheontaminated soils
was evaluated by the whole-cell bioreporter at the coal cisde. Though the
existence of heavy metal contamination contributed to the ewailogical risks at the
site, the pollution load indexPLI) had no significantly relationship with the
ecological toxicity distribution. The synergic and antagonisfiece$ of soil multiple
heavy metal contamination brought the challenges for environmentassglssment
by chemical analysis. The magnetic bioreporter device behawveah alternative
approach for the high throughput biological measurement and was fdasitresitu

monitoring.
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644 Figurecaption

645 Fig. 1 Schematic instruction for magnet bioreporter device. (a-1) art) far
646 magnetic probe assay and the 96-well microplate respectiflely) The 1.0 mL
647  MNPs functionalized bioreporter was mixed with soil samples farther incubated
648 at 30°C for 1 hour; (b-2) separation from soil suspensions via magmebe. (b-3)
649 Resuspension in fresh MMS medium; (b-4) incubation and bioksoence
650 measurement 30°C for 3 hours.

651  Fig. 2. Location of research area in Yulin and the sampling.site

652 Fig. 3. The cellrecovery rate (A) and bioluminescent response (B) of whole-cell
653  bioreporter against the incubation time with soils. Over 90%vofg bioreporter
654 cells were successfully harvested from the soil/watetture within 45 minutes
655 incubation. The relative bioluminescence response ratio ramgeedn 1.90 and 2.00
656  when the incubation time was less than 75 minutes. The 60-mmautbation was
657 identified as the optimal time for sufficient bioreporter| cedcovery and high

658  response sensitivity.

659 Fig. 4. The impacts of pH (a), temperature (b), salt (c) andageoitime (d) on
660 magnetic bioreporter's response to artificial chromium contaeuhaoils. The

661  chromium concentration was 100 mg/kg soil dry weight.

662 Fig. 5. The calibration curve for toxicity assessment on artifigromium
663 contaminated soils. Grey circle refers to magnet biorepaegice (MFB); white
664 diamond represents direct measurement of soil/water super(@Bds); white circle
665 is the direct measurement of soil/water mixture (SW-Nhe Black line represents the
666  simulation of whole-cell bioreporter's response to chromium toxieitih 100% 100%
667  bioavailability, and a significant bioluminescent response cshifewas found for 50%
668 (red line), 30% (yellow line) and 10% (green line) chromium bidabdity
669  respectively.

670 Fig. 6. Ecological toxicity assessment of heavy metal contaminatesi\gaimagnetic

671  bioreporter device.
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Fig. 1 Schematic instruction for magnet bioreporter device. (a-1) af) (ar
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at 30°C for 1 hour; (b-2) separation from soil suspensions via magmetie. (b-3)
Resuspension in fresh MMS medium; (b-4) incubation and biokscence

measurement 30°C for 3 hours.
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691 cells were successfully harvested from isoil/water mixture within 45 minute
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694 identified as he optimal time forsufficient bioreporter cell recovery antigh

695 response sensitivity.
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