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A B S T R A C T   

Forms of lead (Pb) have been insidiously invading human life for thousands of years without obvious signs of 
their considerable danger to human health. Blood lead level (BLL) is the routine measure used for diagnosing the 
degree of lead intoxication, although it is unclear whether there is any safe range of BLL. To develop a practical 
detection tool for living organisms, we engineered a genetically encoded fluorescence resonance energy transfer 
(FRET)-based Pb2+ biosensor, ‘Met-lead 1.44 M1’, with excellent performance. Met-lead 1.44 M1 has an apparent 
dissociation constant (Kd) of 25.97 nM, a detection limit (LOD) of 10 nM (2.0 ppb/0.2 μg/dL), and an 
enhancement dynamic ratio of nearly ~ 5-fold upon Pb2+ binding. The 10 nM sensitivity of Met-lead 1.44 M1 is 
five times below the World Health Organization-permitted level of lead in tap water (10 ppb; WHO, 2017), and 
fifteen times lower than the maximum BLL for children (3 μg/dL). We deployed Met-lead 1.44 M1 to measure 
Pb2+ concentrations in different living models, including two general human cell lines and one specific line, 
induced pluripotent stem cell (iPSC)-derived cardiomyocytes, as well as in widely used model species in plant 
(Arabidopsis thaliana) and animal (Drosophila melanogaster) research. Our results suggest that this new biosensor 
is suitable for lead toxicological research in vitro and in vivo, and will pave the way toward potential applications 
for both low BLL measures and rapid detection of environmental lead in its divalent form.   

1. Introduction 

Various forms of the heavy metal lead (Pb) are abundant in our 
environment, e.g. air, water, and soil, and even within living organisms 
(Frank et al., 2019). For the past 3000 years, lead has been used for 
purposes ranging from wine adulteration, paints, gasoline and hair dyes 
to water pipes (O’Connor et al., 2020). Lead has quietly invaded human 
life without revealing obvious signs of its considerable health dangers 
(Needleman, 2004; Flora et al., 2012). In fact, the dark side of this metal 
might never have been discovered but for the efforts of the American 

geochemist Clair C. Patterson (1965), who determined the age of the 
Earth through examination of the isotopic composition of lead (Patter
son, 1956). He later noticed an association between human health 
problems and lead levels, primarily derived from leaded gasoline. Sta
tistical analysis of a 20-year data set suggested that over 400,000 people 
die in the U.S. per year due to lead exposure. Lead inside the human 
body is a risk factor that contributes to both cardiovascular disease and 
overall mortality rate (Lanphear et al., 2018). In addition, numerous 
children may suffer possibly permanent cognitive damage or neurode
generative diseases due to lead exposure (Reuben et al., 2017). 
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It was recently suggested that the blood lead level (BLL), the amount 
of lead in the blood, should not exceed 3.5–5 μg/dL (~175–250 nM) in 
adults and less than 3 μg/dL (150 nM) in children (Lanphear et al., 
2018). Over time, scientists have gathered increasing evidence that no 
minimal BLL is actually safe, if safety is defined as a total absence of 
harm (Reuben et al., 2017; Lanphear et al., 2018; Rocha and Trujillo, 
2019). For example, children subjected to long-term exposure to even 
very low BLLs still have a high probability of developing neuro
developmental impairments, including scoring lower on intelligence 
quotient (IQ) tests, exhibiting academic deficits and suffering from 
attention deficit hyperactivity disorder (ADHD), although the develop
ment of these disorders may not be associated with clear obvious 
symptoms or specific behavior alterations (Reuben et al., 2017; Rocha 
and Trujillo, 2019). To assess the toxicological mechanisms behind lead 
exposure, it would be extremely valuable for human health to develop 
an effective method to precisely measure very low amounts of lead (e.g. 
<150 nM) inside living organisms and determine accumulation routes 
(Caldwell et al., 2017, 2019; Paulson and Brown, 2019). 

Over the years, through countless efforts to modify and combine 
them, fluorescent protein (FP)-based biosensors, also known as geneti
cally encoded indicators, have become widely used in many fields. FP 

biosensors were first developed to measure intracellular calcium, based 
on the detection of fluorescence resonance energy transfer (FRET) 
events between two FPs (Miyawaki et al., 1997). Inspired by this classic 
“cameleon” sensor, various FRET-based biosensors have been developed 
to specifically display the detailed status of living cells dynamically 
and/or to precisely predict the fate of targeted cells (Azad et al., 2014; 
Carter et al., 2014; Hochreiter et al., 2015; Bischof et al., 2019; Hosseini 
et al., 2020). To study lead poisoning, we previously developed the first 
FRET-based lead biosensor Met-lead 1.59 to detect the inorganic diva
lent form of lead (Pb2+), with a dynamic range (DR, in fold of FRET-ratio 
value) of 172% (from 3.3 to 5.7 at 50 μM) and a sensitivity (limit of 
detection, LOD) after a 3-h exposure to 500 nM lead, just below the now 
disused adult BLL threshold of 10 μg/dL (Chiu and Yang, 2012). To 
further improve the visualization of lead intoxication in vivo, we 
developed a new series of Pb2+ biosensors, the Met-leads, with different 
sensing abilities. The DR of the best version, Met-lead 1.44 M1, rose to 
460% (at 10 μM), while its LOD dropped to 10 nM (0.2 μg/dL or 2.0 
ppb), which is five times lower than the World Health Organization 
(WHO)-permitted level of Pb2+ in tap water (10 ppb; WHO, 2017) and 
fifteen times lower than the maximum BLL for children, 3 μg/dL. We also 
tested this biosensor in a variety of hosts, from single living human cells 

Fig. 1. Met-leads FRET sensors designed for Pb2+ detection. (a) Protein domains of PbrR and the designed Met-leads. PbrR contains a DNA binding domain (BD) and 
a Pb BD. The six α-helices of PbrR, numbered 1–6, are shown in gray (α1 and α2) and green (α3–α6). All Met-lead versions have the same FRET pairs, ECFP(ΔC11) 
(blue) and cpVenus (yellow). (b) Protein domains of the M1 Met-lead versions, showing the linker, ASSGSSG, inserted in PbrR α-helix 5. (c, d) Emission ratios 
(cpVenus/ECFP(ΔC11)) of Met-leads 1.01, 1.44, and 1.59 (c) and the corresponding M1 versions (d) with or without Pb2+. (e, f) In-cell fluorescence emission spectra 
of Met-leads without (solid line) or with (dotted line) 50 μM Pb2+. (g) In-cell titration data for Met-leads (circles, 1.44 M1; triangles, 1.59) at different Pb2+ con
centrations. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

D.-M. Yang et al.                                                                                                                                                                                                                               



Biosensors and Bioelectronics 168 (2020) 112571

3

to plant cotyledons and Drosophila organs to whole flies, to assess its 
sensing capability via in-cell, ex vivo and in vivo modalities. 

2. Materials and methods 

2.1. Gene construction 

To construct a FRET-based lead biosensor, we previously tested 
different lead binding proteins, isolated from the lead resistance operon 
(Pbr) of the bacterium Cupriavidus metallidurans CH34, e.g. PbrA, PbrD, 
and PbrR (Borremans et al., 2001), as candidates for a lead sensing 
domain within the FRET biosensor design. Only PbrR performed well in 
the generation of FRET events upon binding of lead ions (Chiu and Yang, 
2012). We PCR-amplified the PbrR gene fragment and cloned the PCR 
product into the pGEM-T easy vector (Promega). We inserted the 7-res
idue ASSGSSG linker (Fig. 1b) between amino acids 98 and 99 of PbrR, 
thereby breaking one α-helix critical for dimerization into two short 
α-helixes to allow for some flexibility (Figs. S5 and S6). We then 
PCR-amplified the full-length (aa 1–131) and two truncated forms (aa 
44–131 and aa 59–131) of PbrR with or without the ASSGSSG linker 
using primers containing the KpnI and BamHI restriction sites. We then 
substituted the resulting KpnI/BamHI fragments for the region in 
Met-lead/pcDNA3 coding for the Pb2+-binding domain (PbBD), to 
generate Met-lead 1.01, 1.44, 1.59, and 1.01 M1, 1.44 M1, 1.59 M1, 
respectively (Fig. S1). 

2.2. Molecular structure and simulation of met-leads 

We predicted the molecular structures of Met-leads and related 
proteins in this study, i.e. the cyan fluorescent protein (CFP), the circular 
permutated yellow fluorescent protein (YFP) variant cpVenus, and the 
Met-lead biosensor series (containing the above FRET pairs and the PbrR 
sensing peptides) through the homology modeling-based prediction 
server PS2 (Chen et al., 2006; Huang et al., 2015; Yang et al., 2020). In 
the Molecular Operating Environment software (MOE, Chemical 
Computing Group Inc., with the help of Professor Wolfgang Fischer, 
Institute of Biophotonics, National Yang-Ming University) (MOE, 2013), 
we analyzed the sequence of proteins of interests, including join chain 
and energy calculation, and exported the data as a. mol2 file. We then 
used Pymol to generate animated display files (Movies S1, S2). 

Supplementary data related to this article can be found at https://do 
i.org/10.1016/j.bios.2020.112571. 

2.3. Human cell cultures, gene transfer, and procedure for FRET imaging 

We introduced the Met-lead biosensors into single human living cells 
from different sources to examine its sensing abilities. We obtained 
human embryonic kidney (HEK 293) cells and the human cancer cell 
line HeLa from the American Type Culture Collection (ATCC, Rockville, 
MD). Cell lines were cultured according to the culture manual (Chiu and 
Yang, 2012; Chiu et al., 2013). Human induced pluripotent stem cells 
(iPSC)-derived cardiomyocytes (Cardiosight®-S) (Wang et al., 2015; 
Uzun et al., 2016) were obtained from Nexel (Seoul, South Korea). We 
first coated 96-well glass-bottom plates with fibronectin/gelatin 
(0.5%/0.1%) at 37 ◦C for at least 1 h. We then plated human iPSC car
diomyocytes in the 96-well glass-bottom plates and cultured them for 
three days in Nexel’s Cardiomyocyte Maintenance Medium, at which 
point cells were ready for observation with Tyrode’s buffer. For further 
FRET imaging, we seeded human cells on 24 mm coverglasses (Deck
glaser) coated with poly-L-lysine and transfected them with the genes 
encoding Met-leads using LipofectAmine (Invitrogen, Thermo Fisher 
Scientific Inc.) according to the manual (Chang et al., 2008; Chiu and 
Yang, 2012; Chiu et al., 2013). The cells were used for lead biosensing 2 
days after transfection. 

2.4. Cultures of plant protoplasts/seedlings/whole plant, gene transfer, 
and procedure for FRET imaging 

We generated and cultured Arabidopsis (Arabidopsis thaliana) pro
toplasts from Col-0 seedlings according to the culture manual (Wu et al., 
2009). We introduced the genes encoding Met-lead variants into pro
toplasts via polyethylene glycol (PEG)-mediated transfection. The pro
toplasts were put on 24 mm coverglass slides on an inverted FRET 
imaging platform. 

For cotyledon tissues of Arabidopsis seedlings, we followed the 
AGROBEST method for Agrobacterium (Agrobacterium tumefaciens)- 
mediated transient expression of our FRET sensors, including the 
introduction of the vectors containing the Met-lead genes in Agro
bacterium (Zhang et al., 2006; Wu et al., 2014). We co-cultivated Ara
bidopsis seedlings and Agrobacterium cultures carrying the Met-lead 
constructs for 2 days, then washed the Agrobacteria off and allowed the 
seedlings to grow for another 2–3 days (Zhang et al., 2006; Wu et al., 
2014). We then excised the cotyledons and immersed them into leaded 
water (or pure water for negative controls) overnight before imaging 
them in an upright FRET imaging platform for ex vivo lead biosensing. 

We also generated stable transgenic Arabidopsis lines (in the Col- 
0 background) expressing various Met-lead biosensors using the floral- 
dipping method (Zhang et al., 2006). We selected primary trans
formants on Murashige and Skoog (MS) medium supplemented with 
hygromycin and timentin for 7–10 days (Zhang et al., 2006). We used 
whole plants for in vivo/ex vivo lead biosensing. After 2 days of growth 
on normal growth medium, we transferred seedlings to leaded medium 
and excised leaves and imaged them under a stereo FRET imaging 
platform. 

2.5. Fly strains, fly transgene constructs, and preparation for FRET 
imaging 

Drosophila (Drosophila melanogaster) fly stocks were raised on stan
dard cornmeal food and housed at 25 ◦C and 70% relative humidity in a 
12:12 h light:dark cycle incubator. The cholinergic gal4 driver and the 
specific mushroom bodies driver R13F02-gal4 (Hu et al., 2010) were a 
kind gift from Professor Chia-Lin Wu (CGU, Taiwan). We purchased the 
pan-neuronal driver Elav-gal4 (#458) from the Bloomington Drosophila 
Stock Center (BDSC, University of Indiana, IN, USA). We generated 
UAS-Met-lead 1.44 M1 and UAS-Met-lead 1.59 transgenic fly lines. All 
brain images of transgenic Met-lead expression were collected on the 
progeny of crosses between gal4 driver lines and the UAS-Met-lead 1.44 
M1 or UAS-Met-lead 1.59 indicator lines. 

We generated the pUAST-Met-lead 1.44 M1 and pUAST-Met-lead 
1.59 constructs using standard molecular cloning procedures. We first 
digested the pcDNA3-Met-lead 1.44 M1 or pcDNA3-Met-lead 1.59 vec
tors with HindIII and filled in the cohesive ends to obtain blunt ends. We 
then digested the linearized vectors with XhoI for the release of the 1.7 
kbp Met-lead 1.44 M1 or Met-lead 1.59 genes. We then cloned the Met- 
lead 1.44 M1 and Met-lead 1.59 fragments into the filled-in NotI and 
cohesive XhoI site of the double-digested pJFRC28-10XUAS-IVS-GFP- 
p10 vector (plasmid#36431; purchased from Addgene) to create the 
pUAST-Met-lead 1.44 M1 and pUAST-Met-lead 1.59 transgenes, 
respectively. We generated the UAS-Met-lead 1.44 M1 and UAS-Met-lead 
1.59 flies by injecting the transgenes into embryos, using a standard 
protocol for phiC31-mediated specific insertion on chromosome II 
attP40 or on chromosome III attP2 landing sites. 

For in vivo FRET imaging of the adult brain, we placed flies onto a 
custom-made plate (Fig. S15A) and removed their skulls on that holder 
(Fig. S15B) under an upright microscope. For ex vivo confocal ratio or 
spectra imaging, we dissected and immersed adult fly brains in 4% 
paraformaldehyde (in 0.01 M phosphate-buffered saline, PBS) pre- 
cooled on ice (30 min before dissection) for 1 h with gentle shaking. 
The brains were transferred to 2% PBST (PBS with 2% Triton X-100) for 
30 min with gentle shaking. We then transferred brain samples to fresh 
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2% PBST and placed them in a vacuum chamber to eliminate tracheal air 
(6 rounds, repeating vacuum 3 min and wait 10 min). We washed the 
brains three times with PBS with gentle shaking at room temperature, 
each time for 10 min. Finally, we mounted the sample brains and cleared 
them with 15 μL of RapiClear on the coverslips. Samples were stored in 
an electronic dry cabinet until imaging. 

2.6. FRET-ratio imaging or spectra under epi-fluorescent or confocal 
microscopes 

Met-lead expressing cells (such as HEK 293, HeLa, iPSC-induced 
cardiomyocytes and protoplasts) or tissues (Arabidopsis cotyledons 
and Drosophila brains) were imaged on an inverted live-cell (Axiovert 
200 M; with 20x objectives, NA = 0.8, Zeiss) or upright ex vivo/in vivo 

(BX-53, Olympus, Japan; with 10x or 20x objectives, NA 0.75 or 0.8, 
Olympus) FRET-ratio imaging platform, respectively. 

To obtain in-cell or in situ epi-fluorescent signals of cp173Venus and 
ECFP(ΔC11) from Met-lead expressing samples, both FRET-ratio image 
systems (inverted or upright) were equipped with a W-View module 
(Gemini, Hamamatsu, Japan; with filters 542/27 nm for YFP and 483/ 
32 nm for CFP) and a CMOS camera (ORCA-Flash 4.0 LT, Hamamatsu, 
Japan) and controlled by HCImage software. For 3D FRET-ratio imaging 
of fly brains, we employed a laser scanning confocal microscope. We 
applied a 440 nm laser as the excitation source within either an Olympus 
FV1000 (with 20x NA 0.75 objectives, Japan) or a Zeiss LSM 880 (with 
20x NA 0.8 objectives, Germany) confocal system. We acquired the 
emission signals, either for YFP (530–630 nm) or CFP (460–500 nm) or a 
range of emission spectra (from 450 nm to 600 nm) separately or 

Fig. 2. Live-cell biosensing of intracellular Pb2+ by Met-lead 1.44 M1 through an inverted FRET-based image platform. (a) Time-lapse fluorescence images of HeLa 
cells expressing Met-lead 1.44 M1. Representative images of cpVenus in the YFP channel (i; numbers indicate time points in sec), ECFP(ΔC11) in the CFP channel (ii), 
and the transformed ratio images as a rainbow color scale (cpVenus/ECFP(ΔC11), iii) are shown. Scale bar, 10 μm; the rainbow-colored ratio bar is from 2 to 9. (b) 
Representative time courses of FIs for YFP (red) and CFP (blue) channels, and emission ratios from selected cells. 10 μM Pb2+, 5 μM ionomycin and 100 μM TPEN 
were introduced at the time points indicated by arrows. (c, d) Averaged emission ratios in response to different extracellular Pb2+ concentrations (10 μM —, 1 μM … 
∙∙, 100 nM ———, 10 nM -∙-∙-∙-) with (c) or without (d) ionomycin. Inset of (d) shows the ratio values at time points before (Control) and after addition of Pb2+ at 
50 min to 100 nM or 10 nM final. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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continuously. 

2.7. FRET-ratio data analysis 

We used ImageJ software to calculate the ratio between fluorescent 
signals for cp173Venus and ECFP(ΔC11) (ratio plus), and to display the 
ratio as a rainbow color scale to visualize FRET biosensing from blue to 
red within intact living human cells, plant cotyledons, or fly brains in 
vivo. All experiments were carried out three times with at least three 
different sets of tested samples (cells, protoplasts, plants, and fly brains). 
Data gathered from the different batches were integrated to calculate the 
emission ratio. We tested for statistically significant changes with the 
two-tailed t-test function in the IBM SPSS statistics package, with a p- 
value <0.0005 (***). 

3. Results and discussion 

3.1. Design and characteristics of lead biosensors 

Based on classical FRET strategies (Miyawaki et al., 1997), we 
designed the Met-leads to comprise two parts: the Pb2+-sensing peptide 
from PbrR and a pair of FRET FPs, enhanced CFP ECFP(ΔC11) and 
cp173Venus (Fig. 1a and b; sequences are listed in Fig. S1) (Chiu and 
Yang, 2012; Yang et al., 2020). We developed six Met-lead versions with 
Pb-binding domains (BD) of different lengths, and without and with an 
additional linker, ASSGSSG, designed to prevent multimer formation 
(Fig. S1): Met-leads 1.01, 1.44, and 1.59 (Met-leads, Fig. 1a) and the 
corresponding M1 versions with linker (Met-lead M1s, Fig. 1B). We 
confirmed the success of this M1 linker strategy by gel electrophoresis 
(Figs. S2 and S3) and homology simulations (Figs. S4–S6). The dimer
ization properties of PbrR and Met-leads can also be observed through 
homology simulations (Figs. S7–S9; animated Met-lead 1.44 and 

Fig. 3. Pb2+ entry through non-selective Ca2+ channels. (a, b) Time-lapse recording of HeLa cells expressing Met-lead 1.44 M1 treated with extracellular Pb2+

concentrations of 50 μM (a) and 10 μM (b) in the presence (− ) or absence (—) of 2 mM extracellular Ca2+. (c, d, e) Time-lapse of Met-lead 1.44 M1 expressed in iPSC- 
derived cardiomyocytes with 50 μM Pb2+ in the presence of the Ca2+ channel inhibitors verapamil (————), diltiazam (-.-.-.-.), or 2-APB (-..-..-..-). The Δ ratio (the 
plateau value of the FRET emission ratio minus the FRET ratio before the introduction of Pb2+) in different conditions are summarized in (a, b, d) as bar graphs. 
Ratiometric images are shown in e. 
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Fig. 4. Detection of intracellular Pb2+ using Met-lead 1.44 M1 in Arabidopsis. (a) FRET images acquired at different time points from protoplasts exposed to 10 μM 
extracellular Pb2+ with (i) or without (ii) ionomycin (5 μM), or to 1 μM extracellular Pb2+ with ionomycin (iii). (b) Averaged emission ratios of FRET images shown in 
(a). (c) Acquired FRET images of Arabidopsis cotyledons before (as control; i) and after (ii) they were soaked overnight in 10 μM extracellular Pb2+. (iii) Magni
fication of the selected region from (ii). (d) Averaged emission ratios of (c., ii). (e) Averaged emission ratios of three selected zones of the image of (c, iii) colored in 
blue, red, and white (reflecting different intracellular Pb2+ concentrations). Scale bars: 10 μm (a), 50 μm (c). (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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Met-lead 1.59 are shown in Movie S1 and S2, respectively) and previous 
reports (Changela et al., 2003; Chen et al., 2005; Sameach et al., 2017). 

Next, to validate the FRET design, we expressed all six Met-leads in 
cultured human cells (HEK 293) that we then exposed to Pb2+. Taking 
Met-lead 1.44 M1 and 1.59 as examples (Fig. 1e and f), the addition of 
Pb2+ resulted in both an increase in fluorescence of cp173Venus 
(emission signals obtained from 530 nm to 630 nm) and a decrease in 
fluorescence from ECFP(ΔC11) (emission signals obtained from 460 nm 
to 500 nm), confirming that a FRET event occurred, which allowed us to 
make a ratiometric determination between the two signals (cp173Ve
nus/ECFP(ΔC11)). 

In-cell emission ratios of the six Met-leads (Fig. 1c and d) showed 
that Met-lead 1.44 M1 has a sensing range of ~250% (the ratio increases 
from 2.37 ± 0.01 to 5.89 ± 0.08, Table S1), which is significantly su
perior to that of Met-lead 1.59, ~157% (from 2.86 ± 0.02 to 4.48 ±
0.04, Table S2). Results of Pb2+ titration experiments in HEK 293 cells 
expressing Met-lead 1.44 M1 (○) or Met-lead 1.59 (Δ) (Fig. 1g) revealed 
sensing ranges of at least 350% (from 2.54 ± 0.02 to 8.95 ± 0.14) for 
Met-lead 1.44 (Table S1) and ~160% (from 2.51 ± 0.02 to 4.03 ± 0.04) 
for Met-lead 1.59 (Table S2). When we plotted the emission ratios 
against the Pb2+ concentrations and fitted them to a sigmoidal binding 
function to determine the dissociation constant (Kd), we obtained Kd 
values of 25.97 nM (~0.5 μg/dL, ~5.0 ppb) and 66.11 nM (1.25 μg/dL) 
for Met-lead 1.44 M1 and 1.59, respectively. As shown in Fig. 1d and g, 
the FRET signals of Met-lead 144 M1 were saturated for Pb2+ concen
trations around or above 0.5 μM (that is, the emission ratio remained the 
same between 0.5 μM and 50 μM Pb2+), suggesting that this Met-lead 
version may constitute a good tool to sense Pb2+ at relatively low con
centrations. The ion selectivity of the optimized Met-lead 1.44 M1 is 
shown in Figure S10, and is very similar to that of Met-lead 1.59 (Chiu 
and Yang, 2012). 

Because Met-lead 1.44 M1 had the best performance out of our six 
Met-lead versions in terms of Kd and dynamic range (DR), we deployed it 
to monitor Pb2+ in different living organisms. First, we evaluated its 
performance in HeLa cells by transient expression (Fig. 2). Fig. 2a shows 
representative time-lapse images of Met-lead 1.44 M1 in the YFP and 
CFP channels (i and ii, respectively), along with emission ratio images 
(iii) obtained by dividing the fluorescence emission from the YFP 
channel by that from the CFP channel for each pixel, displayed as a 
rainbow color scale. We selected several regions of interest (ROI) within 
the same imaged field of view, to quantify sequential time-lapse changes 
in fluorescence intensities (FIs) of YFP and CFP. In the presence of Pb2+, 
FIs for YFP increased, whereas those for CFP declined; the averaged 
emission ratio ranged from 2.98 ± 0.01 to 7.87 ± 0.7 (Fig. 2a, iii, and 2b; 

Movie S3; sensing range 264%, Table S1). 
Supplementary data related to this article can be found at https://do 

i.org/10.1016/j.bios.2020.112571. 
We also exposed HeLa cells expressing Met-lead 1.44 M1 to different 

concentrations of Pb2+ in the presence or absence of 5 μM ionomycin 
(this Pb2+ ionophore is used to artificially carry the same amounts of 
Pb2+ as in the defined buffer into living cells). The averaged time-lapse 
ratios (Fig. 2c and d) revealed that the detection limit (LOD) of Met-lead 
1.44 M1 was at least 10 nM (152% increase, from 1.92 ± 0.001 to 2.92 
± 0.05, with ionomycin, Fig. 2c; 138% increase, from 2.07 ± 0.02 to 
2.85 ± 0.05, without ionomycin, Fig. 2d; Table S3), which corresponds 
to a 50-fold improvement over Met-lead 1.59 (500 nM) (Chiu and Yang, 
2012). The DR (at 10 μM) of Met-lead 1.44 M1 ranged from 250% 
(Figure 1d) to 264% (Fig. 2) up to 350% (○ in Fig. 1g), whereas that of 
Met-lead 1.59 ranged from 145% to 150% (3.56 ± 0.02 to 5.17 ± 0.10, 
△ in Fig. 1g and Fig. S11) to near 160% (Fig. 1c) (Tables S1 and S2). 

3.2. Calcium channels as gates for cytosolic Pb2+ entry 

To unveil the route of Pb2+ entry, we measured intracellular Pb2+

using Met-lead 1.44 M1 in the presence or absence of extracellular 
calcium ions (Ca2+) in HeLa cells. Adding 50 μM or 10 μM Pb2+ to the 
culture medium resulted in significant FRET signal, as depicted in Fig. 3a 
and b (dashed lines): the emission ratios increased from 2.96 ± 0.02 to 
7.44 ± 0.19 and 2.68 ± 0.05 to 5.68 ± 0.16, respectively. In the presence 
of extracellular Ca2+, however, the changes in emission ratio (Δ ratio) 
decreased by ~3.3-fold (Fig. 3a and b, solid lines; inset bar graphs show 
Δ ratios). These results suggested competition between Ca2+ and Pb2+

for entry into the cytoplasm, implying that Ca2+ channels might be a 
pathway for Pb2+ entry. 

Ca2+ channels are classified into two groups: voltage-gated Ca2+

channels (VGCCs), which play a key role in excitable cells, and store- 
operated Ca2+ channels (SOCs), the major players in Ca2+ signaling of 
non-excitable cells. As our model for further studies, we chose excitable 
cardiomyocytes, derived from induced pluripotent stem cells (iPSCs), as 
these express both VGCCs and SOCs (Wang et al., 2015; Uzun et al., 
2016). Introducing 50 μM Pb2+ (final concentration) into the culture 
medium led to a Δ ratio of ~1.51 ± 0.21 (Fig. 3c–e; Movies S4–S8). By 
contrast, in the presence of the calcium channel inhibitors verapamil (2 
μM), diltiazem (1 μM) (both VGCC blockers, Δ ratio = 0.55 ± 0.08, 0.63 
± 0.06, respectively) and 2-APB (SOC blocker, 50 μM, Δ ratio = 0.55 ±
0.12), the Δ ratio decreased 3-fold (Fig. 3d; Table S4). These results 
strongly suggest that Pb2+ can enter living cells through both VGCCs 
(Ferreira de Mattos et al., 2017) and SOCs (Chang et al., 2008). 

Fig. 5. In vivo application of Met-lead 1.44 M1. (a) Confocal FRET images of fly brains. Flies were housed without (as control) or with food containing 1 mM Pb2+ for 
3 days. Scale bars, 100 μm. (b) Averaged emission ratios from images in (a). 
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Supplementary video related to this article can be found at htt 
ps://doi.org/10.1016/j.bios.2020.112571 

3.3. Pb2+ detection in plants 

We also tested Met-lead 1.44 M1 in Arabidopsis to examine its per
formance in another Kingdom. We exposed Met-lead 1.44 M1- 
transfected protoplasts to 10 μM Pb2+ for 60 min and then performed 
FRET with image acquisition at time points of 0 (control), 10, 30, and 60 
min (Fig. 4a, Movie S9). We calculated Δ ratios of ~2.28 (from 3.05 ±
0.03 to 5.33 ± 0.27; 175%; Table S5 and 1.35 (from 3.24 ± 0.05 to 4.59 
± 0.19; 142%; Table S6) with and without ionomycin, respectively (i, ii, 
Fig. 4a and b). When we exposed protoplasts to a lower concentration of 
Pb2+ (1 μM), Met-lead 1.44 M1 still detected intracellular Pb2+ in the 
presence of ionomycin, as indicated by the gradual increase of the ratio 
from 3.29 ± 0.05 to 4.59 ± 0.15 (ii, Fig. 4a and b; Δ ratio 1.3; 140%; 
Table S7). 

Supplementary data related to this article can be found at https://do 
i.org/10.1016/j.bios.2020.112571. 

Arabidopsis seedlings transiently transfected with the Met-lead 1.44 
M1 construct (Zhang et al., 2006; Wu et al., 2014) were used as a testing 
model for FRET acquisition in intact plant tissue. We soaked seedlings in 
10 μM Pb2+ overnight to allow time for differential distribution of lead 
ions and then performed FRET image acquisition. The FRET images and 
the emission ratios for control and Pb2+-exposed seedlings of 2.18 ±
0.03 and 4.53 ± 0.04, respectively (Fig. 4c and d; Δ ratio 2.35; 208%; 
Table S8), clearly indicated Pb2+ entry and Pb2+ accumulation inside 
cotyledons in the Pb2+-exposed seedlings. A detailed analysis of the 
magnified region of the image in Fig. 4c, ii, revealed different Δ ratios in 
different parts of the image (Fig. 4e, iii; from 2.68 ± 0.02, 5.25 ± 0.21 up 
to 10.07 ± 0.88; Δ ratios from 0.5, 3.07, up to 7.89; sensing ranges from 
123%, 240%, up to 462%; Table S8), suggesting an uneven distribution 
of Pb2+ inside cotyledons. The results indicate that Arabidopsis can 
absorb Pb2+ from lead-contaminated water. 

3.4. In vivo Pb2+ biosensing in fruit fly brain neurons 

Finally, to test the in vivo biosensing ability of Met-lead 1.44 M1 in an 
animal model, we introduced the construct into Drosophila and used the 
UAS-gal4 selection system (Jenett et al., 2012) to express the biosensor 
in various types of neurons within the adult fly brain. We used different 
promoters to drive gal4 expression throughout all neurons of the brain 
(Elav-gal4) (Fig. 5A; Figs. S16 and S17), in cholinergic neurons (Cha-
gal4) (Fig. S15B), and in the mushroom body (R13F02-gal4) (Fig. S18). 
Before image acquisition, we removed the skull of the fly head 
(Figs. S15A and S15B) to allow the emitted YFP/CFP fluorescence from 
neurons inside the brain to be detected. 

The in vivo brain images of adult flies expressing Met-lead 1.44 M1 
within mushroom body neurons (R13F02-gal4 > UAS-Met-lead 1.44 M1) 
are shown in Figure S18, i and ii, for the YFP and CFP channels, and the 
accompanying ratio color images of the same brain region in iii and 
Movie S10. The derived FIs of YFP/CFP and emission ratio (Fig. S18b) 
revealed that the ratio values increased by 3.65-fold (365%, from 2.05 
± 0.02 to 7.48 ± 0.28; Table S9) after the introduction of 10 μM Pb2+ in 
the presence of ionomycin over the course of a 30-min recording. These 
significant changes clearly demonstrate an increase in intracellular Pb2+

inside brain neurons. When we added the metal-ion chelator, 100 μM 
TPEN (N,N,Nʹ,Nʹ-tetrakis (2-pyridinylmethyl)-1,2-ethanediamine), to 
the medium, the emission ratio immediately decreased back to the 
original value (ii, Fig. S18b), confirming that the signal changes were 
caused by the addition of the exogeneous Pb2+. 

Supplementary data related to this article can be found at https://do 
i.org/10.1016/j.bios.2020.112571. 

To study the influence of a Pb2+-contaminated environment on living 
organisms, we housed adult flies (Elav-gal4 > Met-lead 1.44 M1) on food 
containing 1 mM Pb2+ for 3 days and then dissected their brains for 

imaging acquisition by confocal microscopy. In contrast to a control 
group of flies given normal food, lead-exposed flies showed Pb2+ in 
specific regions of the brain, as indicated by the 3D-colored FRET-ratio 
images (Fig. 5a). Fig. 5b depicts the deduced emission ratio from the 3D 
images and shows a significant increase in ratio (114%, from 1.56 ±
0.03 to 1.78 ± 0.04; Table S10). These results demonstrate that Pb2+

ingested from food sources can accumulate in the brain. 

3.5. Optimization of met-leads, comparisons with other methods, and 
future perspectives 

In general, the critical and limiting step in creating workable FRET- 
based biosensors is the selection of a suitable sensing domain that can 
bind the target specifically while creating enough of a structural change 
for detection (Miyawaki et al., 1997; Hochreiter et al., 2015). However, 
optimizing such tools, i.e. improving their DR (dynamic range) and LOD 
(sensitivity) so as to develop them into truly practical biosensing tools, 
requires another important and lengthy undertaking (Marx, 2017; 
Watabe et al., 2020). 

The level of DR can be directly represented as the increased fold of 
FRET-ratio values (Tables S1–S10), and is largely governed by the dis
tance change (d) and the anisotropy between two FRET-pair FPs that 
occur when the sensing target is present inside the biosensors. Taking 
the calcium biosensor YC 3.6 (Nagai et al., 2001, 2004) with a very high 
DR of nearly 600%, as a classic example, its optimization since the 
first-generation cameleon-1 (Miyawaki et al., 1997) (DR = 70%–150%) 
included a clever modification of the FPs, i.e. their circular permutation 
to create so-called cpFPs, and then the selection of cutting points and 
adoption of the linker GGSGG (Nagai et al., 2001, 2004). Another good 
strategy for sensor optimization is the insertion of linkers of different 
lengths into the sensing domain to serve as a hinge. In the case of the 
Met-leads series, the FRET backbone is leveraged from YC 3.6 (Miya
waki et al., 1997; Nagai et al., 2004; Chiu and Yang, 2012). The 
first-generation Met-lead, Met-lead 1.59 (DR = 160–170%, Chiu and 
Yang, 2012; and Table S2 in this study), was not fully satisfactory for the 
application of monitoring lead accumulation in vivo. We therefore 
continued to develop improved Met-leads by testing different lengths of 
sensing domains in the context of full-length PbrR. It turns out that 
Met-lead 1.44 (Fig. 1a), whose sensing area contains an additional 
α-helix from PbrR 1.44 (Fig. S4, middle), has a better DR than Met-lead 
1.59 (200% in Met-lead 1.44 vs. 150% in Met-lead 1.59; Fig. 1c). Using 
Met-lead 1.44 as a starting point, we further inserted a repeat sequence 
(linker) in the middle position of PbrR to form Met-lead 1.44 M1, which 
displays a relatively low basal ratio level compared to Met-lead 1.44 
(2.37 ± 0.01 in Met-lead 1.44 M1 vs. 3.25 ± 0.06 in Met-lead 1.44; 
Fig. 1b). We observed that the DR of Met-lead 1.44 M1 ranged from 
250% to 460% (both in living single human cells, in Arabidopsis seed
lings and Drosophila brain tissue in vivo; Tables S1, S8 and S9), which is 
the highest among all versions of Met-lead sensors developed thus far 
(Fig. 1d, g, 2b, 2c and 4e; Fig. S18). 

In terms of the LOD, a valuable index to define the sensing capability 
of biosensors is their individual Kd, which can be calculated through 
titration experiments (Fig. 1g). The original Kd of intact PbrR (with its 
DNA BD) was reported to be 198 ± 16 nM (in bacteria) (Chen et al., 
2005), a bit higher than the BLL safety levels in children (3 μg/dL, 150 
nM), but similar to the Kd of the Met-lead 1.59 (66 nM, calculated from 
in-cell data in this study; or 69 nM, from a previous report that char
acterized purified Met-lead proteins (Chiu and Yang, 2012)). However, 
the practical sensing limit of Met-lead 1.59 is in reality 500 nM (Chiu 
and Yang, 2012). After further optimization of the length of the sensing 
domain, and upon addition of the linker, the improved version of 
Met-lead 1.44 M1 has a Kd of 25.97 nM (Fig. 1g) and a practical sensi
tivity of 10 nM (Fig. 2c and d; Table S3), which is five times below the 
WHO-permitted level of Pb2+ in tap water of 10 ppb (WHO, 2017), and 
fifteen times lower than the BLL for children, 3 μg/dL. These noteworthy 
improvements in the Met-lead DR and LOD appear to be due to the 
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additional α-helix and linker. A general comparison of the methods for 
Pb2+ sensing, e.g. graphene oxide-based DNAzyme, quantum dots 
(QDs), metal-peptide supramolecular assembly, near-infrared fluores
cent probes, and the FRET-based method, is shown in Table 1. To the 
best of our knowledge, most of the lead detection methods (in 
vitro/in-cell/in vivo) were designed for inorganic Pb2+ (He et al., 2006; 
Zhao et al., 2011; Chiu and Yang, 2012; Qian et al., 2015; Bi et al., 2017; 
Yang et al., 2017; Zhang et al., 2017; Gui et al., 2019; Yang et al., 2020; 
this manuscript; also, Table 1). In the future, we expect that novel lead 
biosensor(s) can be developed to tackle organic lead sources. 

In regards to the possible clinical applications of Met-lead 1.44 M1, it 
will be important to distinguish free Pb2+ in body fluids (e.g. blood 
plasma; Fig. S19a; ratio value from control 3.58 ± 0.05 up to 6.30 ±
0.40 at 10 μM and 8.58 ± 0.65 at 100 μM) and cellular uptake of Pb2+ (e. 
g. the blood cells; Fig. S19b; ratio value from control 1.23 ± 0.02 up to 
1.64 ± 0.07 at 10 μM), from which a new definition of BLL can be 
provided. To this aim, the separated blood plasma from blood samples 
will be put onto a chip where purified Met-lead 1.44 M1 can be immo
bilized (method under development; so far, we used Met-lead 1.44 M1- 
expressing HeLa cells as a sensing tool for serum as shown in Fig. S19a) 
for the measurement of the Pb2+ concentration with the same FRET 
platform. In parallel, blood cells can be isolated from whole blood, 
transduced with Met-lead 1.44 M1 through a general virus approach as 
described in this study, and examined under the FRET imaging platform 
also demonstrated in this study. 

4. Conclusions 

In summary, we have developed an improved FRET-based heavy 
metal biosensor, Met-lead 1.44 M1, with high performance. The LOD 
(sensitivity) of Met-lead 1.44 M1 is 10 nM, equivalent to 0.2 μg/dL (or 
2.0 ppb), 15 times lower than the official safe BLL for children of 3 μg/dL 
(and five times below the WHO-permitted level of lead in tap water of 
10 ppb). Therefore, it has great potential for use in both low BLL mea
surements and the rapid detection of environmental lead contamination 
at very low concentrations. The DR of Met-lead 1.44 M1 in FRET-ratio 
ranges was as high as ~5-fold (in cotyledons of Arabidopsis seed
lings). Its creation confirms the feasibility of developing an in vivo lead 
detection biosensor. The Pb2+ sensing ability of Met-lead 1.44 M1 has 
been demonstrated in both single-cell and whole-body (ex vivo and in 
vivo) contexts. Thus, this sensor provides a powerful tool both for 
advanced research into the effects of low BLLs and environmental lead 

contamination and for practical applications such as fast environmental 
Pb2+ detection and other studies of lead poisoning. 
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Table 1 
Comparison of characteristics of different methods for Pb2+ sensing.  

Methods Limit of detection 
(sensitivity) 

Specificity Assay format Advantages (+)/disadvantages 
(− ) 

Cost- 
efficiency 

Ref. 

(ion selectivity) 

Graphene oxide (GO)-based 
DNAzyme 

0.3 nM 
(calculated) 

Hg2+, Zn2+, Co2+, Cd2+, Mn2+, Ca2+, 
Ni2+, Cu2+, Fe3+

in vitro 20 min (+)/in-cell not practically 
tested (− ) 

High 1 

10–20 nM (river water) 
Graphene quantum dots 

(GQDs)-aptamer (G- 
quadruplex) probe 

0.6 nM 
(calculated) 

Ag+, Fe2+, Ca2+, Co2+, Cu2+, Hg2+, 
Cd2+, Ni2+, K+, Mg2+, Zn2+, Ba2+, 
Fe3+

in vitro; Fast (1 min), photobleaching 
resistance (+)/not practically 
tested (− ) 

High 2 

50–100 nM in vivo 
(expected from 
biocompatibility) 

Metal-peptide 
supramolecular assembly 
(GSSH-2TPE) 

1.5 nM 
(calculated) 

Ni2+, Hg2+, Li+, Mg2+, Cu2+, Co2+, 
Ca2+, Cr3+, K+, Na+, Fe3+, Al3+, Ag+, 
Ba2+, Cd2+, Zn2+, Mn2+, Fe2+

In-cell; in vitro Good cell permeability, non-toxic 
(+)/Al3+ (− ) 

Medium 3 

100 nM 
Near-infrared fluorescent 

probe (NIR-PbP) 
– Zn2+, Fe2+, Hg2+, Cd2+, Ca2+, Co2+, 

Cu2+, Mg2+, Ni2+, Na+, K+

In-cell; in vitro 
(environment) 

In vivo possible; color change 
(+)/LOD unknown (− ) 

Medium 4 

FRET-based 500 nM 
(experimental 
data) 

Ca2+, Mg2+, Mn2+, Fe2+, Cu2+, Zn2+ In-cell Fast (+)/poor LOD; need 
transfection (− ) 

Medium 5 
Met-lead 1.59 

FRET-based 10 nM 
(experimental 
data) 

Ca2+, Mg2+, Mn2+, Fe2+, Co2+, Cu2+, 
Zn2+

In-cell; in vivo; 
environment (in vitro) 

Combine in vivo and in vitro; fast 
(+)/need transfection (− ) 

Medium 6, 7 
Met-lead 1.44 M1 

- indicates values not reported. 
Ref: 1. Zhao et al. (2011); 2. Qian et al. (2015); 3. Gui et al. (2019); 4. Bi et al. (2017); 5. Chiu and Yang (2012); 6. Yang et al. (2020); 7. This study. 
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