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ABSTRACT 
 
Synthetically engineered cells are powerful and potentially useful biosensors, but it remains problematic to 
deploy such systems due to practical difficulties and biosafety concerns. To overcome these hurdles, we 
developed a microfluidic device that serves as an interface between an engineered cellular system, 
environment, and user. We created a biodisplay consisting of 768 individually programmable biopixels and 
demonstrated that it can perform multiplexed, continuous sampling. The biodisplay detected 10 µg/l 
sodium-arsenite in tap water using a research grade fluorescent microscope, and reported arsenic 
contamination down to 20 µg/l with an easy to interpret “skull and crossbones” symbol detectable with a 
low-cost USB microscope or by eye. The biodisplay was designed to prevent release of chemical or 
biological material to avoid environmental contamination. The microfluidic biodisplay thus provides a 
practical solution for the deployment and application of engineered cellular systems.  
 
KEYWORDS: microfluidic, environmental sensor, heavy metal sensor, arsenic, biodisplay, continuous 
bacterial culturing. 
 
GRAPHICAL ABSTRACT  
 

 
 
 
 
With the advent of synthetic biology, a number of biological sensors have been engineered capable of 
monitoring the environment1,2. Although such synthetic biological systems are in principle powerful 
sensors and information processing units, they often lack direct applicability because suitable interfaces 
between the environment, the user and the engineered biological system don’t exist3,4. The lack of such 
interfaces results in problems related to safely deploying genetically modified organisms (GMOs), while 
making it possible for them to interact with the environment and user5. Aside from safety concerns, 
interfaces can solve practical problems such as keeping the engineered biological system alive for extended 
periods of time, automatic and frequent sampling of the environment, and facilitating readout. 
 
Microfluidics originated as a tool to enable analytical measurements in chemistry and biology6. In the last 
decades, microfluidic devices have found a plethora of applications in biology6 spanning high-throughput 
screening7, cell-based assays8,9, and molecular diagnostics10. The use of microfluidic devices increases 
throughput, reduces cost, and can enable novel measurements11. In most instances the purpose of 
microfluidics is to enable or conduct analytical measurements of molecules or cells. Few examples depart 
from this dogmatic application of microfluidics and instead employ microfluidic devices as soft robots 
capable of movement and camouflage12, or as microfluidic games13. One recent example demonstrated how 
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engineered biological systems can be deployed by combining bacterial sensors with passive microfluidic 
channels in a wearable hydrogel-elastomer hybrid device capable of sensing and reporting the presence of 
diacetylphlorogluicinol (DAPG), isopropyl β-d-1thiogalactopyranoside (IPTG), acyl homoserine lactones 
(AHL) and rhamnose14. 
 
We previously developed a method to culture and interrogate 1’152 S. cerevisiae strains on a microfluidic 
device. Each strain was cultured in a dedicated micro-chemostat and was interrogated optically to provide 
single-cell, phenotypic information on each strain. We applied this platform to the comprehensive, single-
cell analysis of yeast proteome dynamics15 and a detailed characterization and modeling of transcriptional 
regulation in yeast16. Here we show that this approach can be used to generate a bacterial biodisplay. 
Unlike previous bacterial biodisplays17, each of the 768 pixels can be independently programmed with a 
specific bacterial strain or clone. We used the biodisplay to characterize the response of several engineered 
bacterial strains to small molecule analytes for extended periods of time. To demonstrate environmental 
monitoring, we programmed the biodisplay with a “skull and crossbones” symbol using a bacterial arsenic 
sensor strain. The symbol is displayed when arsenic contaminated water is sensed by the biodisplay. We 
also demonstrated a multiplexed biodisplay that reports on the presence or absence of two small molecules: 
arabinose and arsenic. The use of an easy-to-interpret symbolic display drastically simplifies analysis, and 
is readily understood by a layman without any special hardware or analysis requirements. To enable field-
deployment of our biodisplay we showed that readout can be conducted using an off-the-shelf low-cost 
USB microscope, a cellphone, or direct visual inspection. Finally, to increase shelf-life and facilitate 
shipping / deployment of the biodisplay we programmed the device with B. subtilis spores, which allowed 
storage of the display at 80ºC for 1 month without any detectable decrease in viability or sensing 
functionality. 
 
 
RESULTS AND DISCUSSION 
 
Biodisplay programming, culturing, sampling and readout 
The biodisplay has a resolution of 48 x 16 for a total of 768 programmable pixels with a density of 64 
pixels per inch (Figure 1a). Each pixel consists of a 250 µm square cell chamber, two side channels for 
medium and sample introduction, sandwich valves to isolate adjacent pixels and a neck valve to isolate the 
pixel from the side channels. Each pixel of the biodisplay can be programmed with a different bacterial 
strain. Standard microarray spotting was used to array bacterial cells or spores on an epoxy-coated glass 
slide. E. coli was spotted in medium containing 10% glycerol to preserve cell viability, as we observed that 
dried E. coli spots failed to regrow after spotting. B. subtilis spores could be spotted in water without 
addition of glycerol. The bacterial array was then aligned to the microfluidic chip and bonded at 37°C for 1 
hour. 
 
After assembling and bonding the biodisplay, cells were allowed to recover overnight using an automated 
culturing routine (Figure 1b). A medium reservoir was attached to the device and the waste outlet was 
connected to a receptacle containing 70% aq. EtOH to immediately sterilize and contain the device outflow. 
First, the entire device was loaded with medium by outgas priming18. Once the device was fully primed 
with medium, cells were cultured with the following three-step culturing routine: i) flowing medium 
through the side channels (10 minutes), ii) allowing medium to diffuse into the biopixels (45 minutes) and 
iii) flowing lysis buffer through the side channels (10 minutes). Whenever fluid was flowed through the 
side channels, the biopixel chambers were sealed off from the side channels using a set of valves. In step 
(ii) the biopixel valves were opened to allow diffusion of molecules in and out of the biopixel chamber. 
During this step, individual pixels were isolated from one another by closed sandwich valves. The lysis 
segment of the culturing routine prevented biofilm and microcolony formation outside of the biopixels19. 
By actively preventing accumulation and growth of cells in areas other than the biopixels we avoided 
device clogging and allowed experiments to proceed for several days; the longest experiment conducted 
here lasted one week. Culturing was performed at 37ºC using a thermo glass plate (Okolab). Culturing at 
37ºC increased growth rate, leading to faster accumulation of biomass, but was otherwise not required and 
incubation at room temperature was also possible. After overnight culturing, each bacterial spot had 
outgrown, and populated its dedicated biopixel. We did not observe any contamination resulting from 
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microarraying. Cells occasionally populated empty biopixels during culturing, which was avoided by 
spotting a non-fluorescent E. coli strain in otherwise empty biopixels.	  
  
Once the biodisplay was online, we switched from the culturing routine to a sampling routine that enabled 
frequent testing of a liquid sample (Figure 1c). The sampling routine was identical to the culturing routine, 
with an additional step added prior to diffusive mixing of the pixel and side channels. After flowing 
medium through both side channels, the sample was flowed through one of the side channels. During the 
diffusion step, both medium and sample were allowed to diffuse into the biopixel chambers. This process 
allowed us to aspirate a water sample directly, rather than having to premix it manually with the medium 
solution. By using a dedicated sampling port, it was possible to automatically sample a source for extended 
periods of time in 75 minute intervals without user interference.  
 
We employed a standard research grade epi-fluorescent microscope (Nikon) and a handheld, low-cost USB 
fluorescent microscope (Dino-Lite) for device readout and quantitation (Figure 1d). The standard epi-
fluorescent microscope equipped with a motorized stage was programmed to image each biopixel 
individually whereas the handheld USB microscope could image either the entire display at once or acquire 
several sub-sections. Both approaches were used to acquire time-course and endpoint measurements. We 
also demonstrated that the biodisplay could be observed directly by eye using a LED flashlight and an 
emission filter, and images could be acquired using a standard cellphone camera. 
 
Multiplexed characterization of bacterial strains 
We tested the biodisplay device by culturing and characterizing nine E. coli strains engineered to induce 
GFP or RFP expression in response to arabinose (Table S1). These strains were obtained from the iGEM 
registry of standard biological parts and were generated by various student teams. The fluorescent protein 
genes were under the regulation of a pBAD promoter or derivatives thereof. We programmed the 
biodisplay with the nine strains, each strain filling 2 columns of the device for a total of 32 pixels per strain. 
Strains were induced with arabinose after overnight culturing at 37°C. Consequent culturing and induction 
were performed at room temperature (23-24ºC) (Figure 2a) or 37ºC (Figure S1). Room temperature 
induction was used in order to assess the performance of the biodisplay and cell-based sensors at ambient 
temperature in order to reduce platform complexity by eliminating the need for a temperature control 
element. 
 
We designed the biodisplay device so that it was possible to specifically address four sets of four rows with 
a different solution. We used this modality to characterize each strain against four arabinose concentrations: 
0.006 mM, 0.066 mM, 0.666 mM, 6.66 mM (0.0001%, 0.001%, 0.01% and 0.1% w/v) arabinose in 
lysogeny broth (LB) medium. Altogether, we tested 36 strain – inducer combinations by measuring nine 
strains in response to four arabinose concentrations with eight technical repeats for each combination. The 
biodisplay was placed on an automated research-grade fluorescent microscope and imaged over time. 
 
We performed two consecutive 24 hour inductions, with the second induction starting 51 hours after the 
end of the first (Figure 2). Upon induction we observed a measurable signal in all strains. All three of the 
GFP strains showed a strong response to 6.66 mM arabinose while only strain #3 induced highly in 
response to 0.666 mM. Strains #1 and #2 induced to low levels in response to 0.666 mM and failed to 
induce to appreciable levels at lower arabinose concentrations, whereas strain #3 also induced in the 
presence of 0.066 mM arabinose. These results indicate that strains #2 and #3 could be used in combination 
to distinguish three different inducer concentrations ranging over 3 orders of magnitude. All RFP strains 
induced expression to differing degrees in response to 6.66 mM arabinose and in the cases of RFP strains 
#2-6 also to 0.666 mM arabinose. All strains, with the exception of strain GFP_1 slowly decreased in 
intensity during the 51 hour de-induction period. Strain GFP_1 exhibited a transient expression profile with 
signal beginning to decrease during the induction phase. GFP_1 is also the only strain that failed to induce 
during the second induction when cultured at room temperature but induced well in the second induction 
when cultured at 37ºC (Figure S1). The transient expression profile can be attributed to the DH5-α 
background used and the presence of a LVA protease tag which is not present in any of the other strains 
tested. 
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Using the same approach we tested nine engineered arsenic responsive bacterial strains20,21. We chose 
arsenic responsive strains for use in a biodisplay for low-cost, continuous environmental arsenic 
monitoring. After overnight growth, we flowed LB medium supplemented with 0 µg/l, 10 µg/l, 100 µg/l 
and 500 µg/l sodium-arsenite for 24 hours and quantitated GFP expression over time. The experiment was 
performed at room temperature. Strain EDI_as_4 in particular showed high expression of GFP and detected 
sodium-arsenite down to 10 µg/l (Figure S2). We thus chose this strain for all further arsenic sensing 
applications. 
 
This series of experiments demonstrated that our biodisplay is a viable high-throughput platform for long-
term culturing and characterization of bacterial strains. Theoretically, up to 768 strains can be characterized 
in parallel on this platform under dynamically changing media conditions15, which is otherwise difficult to 
achieve using existing standard microplate batch cultures or low-throughput microfluidic devices. 
 
Biodisplay 
High levels of arsenic in groundwater are common in a number of countries including China, India, and the 
USA. Not only is arsenic a concern in water supplies, high arsenic levels have also been found in a number 
of food sources22, particularly rice23,24. In Bangladesh, an estimated 20 – 45 million people are affected by 
arsenic levels that exceed the national standard of 50 µg/l and the WHO / EPA standard of 10 µg/l25. 
Worldwide it is estimated that over 200 million people are exposed to unsafe arsenic levels of 10 µg/l or 
above26. Arsenic also tops the ATSDR substance priority list27, which lists those substances “determined to 
pose the most significant and potential threat to human health”. Our biodisplay could serve as a continuous 
environmental water monitor that is low-cost, deployable in resource limited settings, and easy to interpret. 
 
We programmed our biodisplay with an arsenic sensing E. coli strain (EDI_as_4) spelling “As”, the 
elemental symbol for arsenic, and a “skull and crossbones” symbol commonly used to warn of toxic 
substances (Figure 3a). All pixels not programmed with the arsenic sensing strain were programmed with a 
non-fluorescent strain to prevent invasion and cross-contamination by the arsenic sensing strain.  After 
overnight growth, sodium-arsenite in tap water was sampled every 75 minutes by the device using the 
sampling routine described above. The biodisplay was kept at room temperature for the entire duration of 
the sampling routine. Using the research grade fluorescent microscope for readout, the biodisplay detected 
as little as 10 µg/l sodium-arsenite, and 20 µg/l sodium-arsenite was detected with the handheld low-cost 
fluorescent USB microscope (Figure S3). Fluorescent signal and the appearance of the “As” and “skull and 
crossbones” symbols was detected after 10 hours by the research grade microscope (Figure S4). After 24 
hours a strong fluorescent signal had developed that could be easily imaged with a low-cost handheld USB 
microscope. A negative control biodisplay, which was run under identical conditions but exposed to tap 
water without added arsenic showed no detectable fluorescent signal. We also performed an experiment 
demonstrating that the biodisplay is able to sense arsenic containing water after 1 day of continuous 
operation. After overnight growth, arsenic-free tap water was sensed by the biodisplay for 24 hours. After 
the 24 hour period, the arsenic-free water source was replaced with water containing 50 µg/l sodium-
arsenite and an increase in fluorescent signal was observed over time (Figure S5). 
 
Given the large number of programmable pixels and high pixel density on our biodisplay we explored the 
possibility of generating a biodisplay that could sense and report the presence or absence of multiple 
substances in a sample. We selected the same arsenic sensing strain as above and the iGEM GFP_3 strain 
for arabinose sensing. The arsenic sensing strain was spotted in the form of a “skull and crossbones” 
pattern whereas the arabinose sensing strain was spotted in a “smiley” pattern. We performed four separate 
experiments exposing a new biodisplay to one of the four possible combinations of arsenic and arabinose. 
After sampling for 24 hours, the biodisplay accurately reported the presence / absence of these two small 
molecules (Figure 3b). We note that the arsenic-sensing strain used (EDI_as_4) was engineered to be 
tunable by arabinose, explaining the difference in intensity of the “skull and crossbones” symbol between 
experiments sampling arsenic and arabinose versus arsenic alone20. The patterns could be readily imaged 
using a research grade and USB fluorescent microscope. Because of the ease with which the symbols could 
be visualized we also tested whether the device could be imaged directly with a cellphone using a blue 
LED flashlight for illumination and a fluorescence emission filter held in front of the cellphone camera. 
Both symbols could readily be imaged with this simple setup (Figure 3d). The symbols could also be seen 
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by eye using the LED flashlight and emission filter. Imaging was performed in an illuminated laboratory 
during daylight hours, with a small curtain shielding the device from direct sunlight (Figure 3d, Figure S6). 
 
Spores enable long-term storage 
In order to develop a biodisplay that can withstand long-term storage and shipping without requiring a 
cold chain or special conditions, we explored the use of bacterial spores. Bacterial spores are well 
known for their incredible robustness to adverse environments28,29 and thus would be ideal for 
programming a long-term storage biodisplay. 
 
We generated spores from two B. subtilis strains, each containing a genomically integrated Phy-spank 
promoter driving the expression of either mCherry or GFP. The spores were spotted onto glass slides 
together with B. subtilis and E. coli cells. The slides were aligned and bonded to a microfluidic device. 
These biodisplays were then stored for one day or one month at 40ºC and 80ºC. After the storage period 
we introduced LB medium (Figure 4a,b). Neither E. coli nor B. subtilis cells could be grown after any 
of the storage condition tested. Only when spotted in the presence of glycerol and without an extended 
storage period could E. coli and B. subtilis cells be grown on-chip. B. subtilis spores, on the other hand, 
germinated after all storage conditions, notably even after incubation at 80ºC for one month. 
Germination was observed as early as 1.5 hours after the start of the culturing routine. To test whether a 
spore-based biodisplay retains sensing capability after storage at 80ºC for one month, we induced 
reporter expression with 1 µM IPTG and observed a rapid increase of fluorescence within 90 minutes. 
B. subtilis biopixels not exposed to IPTG remained non-fluorescent (Figure 4c). To decrease the risk of 
environmental biological and chemical release, the entire spore biodisplay with attached tygon tubing 
was embedded in PDMS (Figure S7a). No adverse effects on spore germination and induction were 
observed (Figure S7b,c). Increasing the flow pressure from 20 kPa to 140 kPa as well as the actuation 
pressure of the control valves from ~70 kPa to 172 kPa did not lead to device failure, demonstrating its 
improved tolerance to higher pressures.  
 
Summary 
 
We developed a bio-hardware device by combining engineered bacterial strains with a microfluidic chip 
operated under the control of an automated system. The resulting biodisplay consists of 768 independently 
programmable biopixels and we showed that it could culture bacterial strains for extended periods of time. 
Continuous culturing with the capability of dynamically changing media makes the biodisplay a useful 
platform for high-throughput bacteria cell analysis and may find application in high-throughput screening 
and characterization of synthetically engineered bacterial strains. 
 
Biological systems are powerful sensors, but challenging to deploy for several reasons. First, engineered 
biological systems generally need to be cultivated under fairly well controlled conditions, and often require 
the presence of antibiotics in order to maintain the synthetic network. Second, a major concern limiting the 
applicability of synthetic systems is the possible escape of genetically modified cells into the environment. 
Not only is the escape of GMOs a concern, but also the release of genetic material, which could be taken up 
by environmental bacteria through horizontal gene transfer. Our biodisplay solves both issues by providing 
a platform that enables long-term culturing, while decreasing the risk of release of genetic and chemical 
material into the environment. The small scale of the device requires low quantities of medium and 
antibiotics: ~2 ml for a 6 day experiment. The device outflow is sterilized and collected to prevent 
environmental contamination with biological and chemical components.  
 
The ability to culture bacterial sensors on the biodisplay for extended periods of time with frequent readout 
makes the biodisplay a potentially useful environmental monitoring tool. We showed that our biodisplay 
can detect arabinose and sodium-arsenite in tap water using bacterial strains previously engineered by other 
research groups20,30 and student teams31. Several heavy metal sensors have already been engineered, 
including arsenic32,33, mercury33, and lead sensors34. Information processing systems also exist, including 
genetic toggle switches35, logic functions36, band-pass filters37, and event counters38. By combining event 
counters or toggle switches with sensors it is possible to implement memory, which could be useful in 
instances when the biodisplay can be monitored only intermittently, but a transient contamination should be 
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logged and reported. The use of band-pass filters would enable the development of a biodisplay that reports 
the concentration of an analyte without requiring quantitative analysis of the reported signal. The 
biodisplay can also reduce the complexity of engineered strains, since functions can potentially be 
distributed amongst several strains39. For example, to generate a sensor that senses and reports the 
presence/absence of three different substances wouldn’t require incorporation of all three functions into a 
single strain but could instead be implemented in three individual strains. It may also be possible to develop 
chemiluminescent biodisplays or color biodisplays using chromogenic proteins. Communication between 
pixels as previously demonstrated using hydrogen peroxide17 could be used to couple sensing biopixels, 
logic biopixels, and reporter biopixels. 
 
Unlike previous biopixel arrays17 where each pixel contained the same bacterial strain, each pixel on our 
display can be specifically programmed with a different strain, drastically increasing the multiplexing 
capacity and information content of our biodisplay with a maximum of 768 unique strains, each of which 
could contain multiple, genetically encoded functions. A previous demonstration of integrating an E. coli 
arsenic biosensor in a microfluidic device was limited to a single culture, employed a complex scheme that 
decoupled culturing from measurement, and used a research-grade fluorescent microscope for readout 40. A 
scheme called InfoBiology was used for the transmission of information using arrays of bacterial cells 
spotted on microtiter sized agar plates41. 144 colonies of a handful of strains were spotted in this scheme, 
but lacked integration with a microfluidic device for cell culturing and environmental sampling. 
 
We previously developed a low-cost, portable hardware system that contains all necessary components for 
microfluidic device operation, making the biodisplay readily deployable in resource limited settings42. By 
using bacterial spores the biodisplay can be stored and shipped under ambient conditions and is viable for 
extended periods of time. The material cost of the biodisplay itself is negligible at less than 1 USD per 
device. In this particular example a bio-hardware platform applied to continuous environmental monitoring 
of arsenic levels in water could replace a USD 26’000 instrument with an annual running cost of over USD 
3’000 (Ova 7000, Modern Water Monitoring Limited). The relatively slow response time of our biodisplay 
is acceptable in this and other applications, where continued chronic exposure of a substance is to be 
avoided. For time critical applications the response time of the biosensors would need to be improved, for 
example by developing phosphorylation based sensors and reporters rather than transcriptional based 
genetic networks43. 
 
Programmable biopixel displays drastically simplify device readout and interpretation. Instead of reporting 
the presence of arsenic using a display-wide pattern of signal oscillations17, our biodisplay generates an 
easy to interpret “skull and crossbones” symbol. We showed that this concept can be easily multiplexed 
using different symbols to report the presence of multiple small molecules. The number of biopixels is 
scalable with previous work on two layer polydimethylsiloxane (PDMS) chips having demonstrated up to 
4160 unit cells per device44,45. Immediate optical readout without specialized equipment combined with the 
fact that computing and decision-making steps are conducted by the biodisplay itself make it low-cost, easy 
to deploy, and easy to interpret. Bio-hardware hybrid devices therefore combine the advantages of 
biological systems with the advantages of mechanical, electrical and optical systems. The ability to 
engineer biological systems on the molecular level and combine them with novel hardware opens new 
opportunities for how biological, mechanical, electrical and optical systems are integrated and the types of 
functions they can perform. 
 
 
METHODS 
 
Materials 
All bacterial strains and plasmids used in the study are listed in Table S1. Cells for arsenic detection were a 
gift from Baojun Wang (University of Edinburgh): pBW103ParsR-Amp30C (Addgene plasmid # 78638), 
pBW300ParsR-Amp32T (Addgene plasmid # 78652), pBW102ParsR-Amp32C (Addgene plasmid # 
78637) and pBW101ParsR-gfp (Addgene plasmid # 78636). LB medium was purchased from Applichem 
Panreac (A0954). L-(+)-Arabinose (A3256-100G), 0.05M (35000-1L-R) and chloramphenicol (23275) 
were purchase from Sigma. Kanamycin sulfate (T832.1) was bought from Carl Roth. Isopropyl-β-D-
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thiogalactoside for spore induction was purchased from Roche. Schaeffer and Fulton Spore Stain Kit was 
bought from Sigma Aldrich. 
 
Device fabrication 
Device molds were made using standard photolithography techniques. The mold for the control layer was 
made using GM 1070 SU-8 photoresist (Gersteltec Sarl, Switzerland) with a height of 30 µm. The flow 
layer was made with AZ9260 photoresist (Gersteltec Sarl, Switzerland) with a thickness of 14 µm. A Suss 
MJB4 single side mask aligner was used to expose the wafers. The flow mold was baked for 2 hours at 
135°C to anneal the flow channels. The molds were then treated with chlorodimethylsilane (DMCS) prior 
to being exposed to PDMS (Sylgard 184). The double layer microfluidic device were made by using 
multilayer soft lithography46. For the flow layer, PDMS was prepared with a ratio of 20:1 (part A:B) and 
spin coated with a speed of 3000 rpm for 1 minute, in order to get a thickness in the range of 20 – 40 µm. 
The control mold was placed in a petri dish and coated with a 5:1 ratio of PDMS, in order to get a ~ 0.5 cm 
thick device. Both layers were baked for 30 minutes at 80°C. Then the control layer was cut and peeled 
from the control layer mold and placed on top of the flow layer. Alignment of the two layers was 
performed by eye using a stereomicroscope; markers, placed around the main structure of the device aided 
the alignment process. After alignment the two PDMS layers were baked for an additional 1.5 hours at 
80°C. The chip was then aligned to a spotted glass slide. 
 
Cell culture, transformation and spore formation  
E. coli and B. subtilis cells were cultured in LB medium at 37°C and 200 rpm with appropriate antibiotics, 
when required. All plasmid transformations and E.coli studies were performed in DH5-α cells. B. subtilis 
sporulation was performed as described previously47. For spore enrichment, a three day old B. subtilis cell 
suspension was centrifuge for 1 min at 15000 rpm, the pellet was washed three times with water.  Schaeffer 
and Fulton spore staining was performed to verify the presence of spores. 
 
Cell arraying 
Overnight cultures of E. coli and B. subtilis were centrifuged for 5 min at 3000 rpm. For the E. coli display 
the cell pellet was resuspended in 100 µl LB with 10% glycerol and appropriate antibiotics. For the spore 
biodisplay spores were resuspended in water. Cell suspensions and B. subtilis spore solutions were plated in 
conical, polypropylene 96-well plates. The samples were spotted with a 0.7 nl delivery volume pin 
(946MP2B Arrayit) on a glass slide by using a microarray robot (QArray2, Genetix). Glass slides were 
coated with epoxysilane (3-Glycidoxypropyl-dimethoxymethylsilane 97% AC216545000 Acros organic). 
The spotting parameters were as follows: 100 ms inking time, 10 ms stamping time, max number of stamps 
per ink 30. A wash procedure was included that consisted of washing the spotting pin with 70% ethanol for 
2 s, washing with water for 2 s followed by pin drying. Depending on the spotting pattern and number of 
samples used the spotting time varied between 10 to 20 minutes. 	  
 
Cell-display culturing 
The E. coli array was aligned to a PDMS chip and incubated for 1 hour at 37°C. The spore-array was 
aligned to a MITOMI48 PDMS chip and incubated depending on the experimental procedure as follows: 
40°C for 1 day, 40°C for 1 month, 80°C for 1 day, or 80°C for 1 month. After the incubation step the 
devices were placed on a temperature-controlled glass plate (H401-NIKON-
TI_SR_GLASS/H401_T_CONTROLLER; Okolab) at 37°C. Tygon tubes were filled with deionized water 
and connected to the inlets of the control lines, pressure was applied in order to actuate the valves. For the 
E. coli display 68.9 kPa and 13.8 kPa were used, for the control and flow lines respectively. For the spore-
display 103.4 kPa and 24.1-27.5 kPa were used instead. For the spore display we used a 768 unit cell 
MITOMI chip48, but performed the same culturing routine as on the biodisplay device. For the cell-
culturing and sampling routines a custom-written LabVIEW program was used. During the culturing, LB 
medium with appropriate antibiotics and lysis buffer containing 30 mM of NaOH (06203-1KG Sigma 
Aldrich) and 12% SDS (L3771-100G Sigma) was used. Depending on the experimental procedure LB 
medium or tap water was supplemented with arabinose, sodium-arsenite, or IPTG.  The level of  arsenic in 
the tap water was measured by a colorimetric arsenic test kit (MQuant™ Arsenic  Test , Sigma Aldrich) 
with a LOD of 5 µg/l. Arsenic levels in our tap water were below the detection limit, and based on 
publically available data are likely below 2 µg/l49. 
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Imaging 
Image acquisition was performed on a Nikon ECLIPSE Ti automated microscope equipped with a LED 
Fluorescence Excitation System and a Hamamatsu ORCA-Flash 4.0 camera controlled by NIS Elements. 
Images were taken at 40x magnification (SPlan Fluor, ELWD 40x/0.60, ∞/0.2, WD 3.6-2.8, Nikon) in 
fluorescent and bright field mode. Images of all biopixel units were stitched together using either the 
Grid/Collection Stitching plugin in Fiji or a custom-written Python script. Fluorescent measurements were 
performed using Genepix software. A FITC USB fluorescent microscope (AM4113T-GFBW, Dino-Lite) 
was used to acquire fluorescent images. Images of 9 sub-sections of the device were taken, using lower 
magnification (10x), and stitched. Pictures were also taken using a cellphone camera. A band-pass filter, 
centered at 530 nm with a 40 nm bandwidth, was placed in front of the camera of the mobile phone, and the 
LEDs of the FITC USB microscope were used for illumination of the biodisplay. 
 
 
SUPPORTING INFORMATION 

The	  Supporting	  Information	  document	  includes:	  
Figure	  S1. Biodisplay for strain characterization at 37°C.	  	  
Figure	  S2 Arsenic-responsive E. coli.	  	  
Figure	  S3.	  Arsenic biodisplay.	  
Figure	  S4.	  Arsenic biodisplay over time.	  	  
Figure	  S5.	  Delayed	  arsenite	  sensing.	  
Figure	  S6. Cellphone image acquisition. 
Figure S7. Embedded spore biodisplay.	  
Table	  S1. List of plasmids and strains used in this work. 
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Figure 1. Biodisplay schematic and use. (a) Design of the two-layer microfluidic device (control channels 
in blue and flow channels in green). The device is composed of 16 rows and 48 columns for a total of 768 
biopixels. Each pixel consists of a chamber (1), chamber valve (2), sandwich valves (3) and side channels 
(4). The side channels in turn can be specifically addressed using the side channel valves (5). A bacterial 
cell array is spotted on a glass slide and aligned with the PDMS chip. (b) The culturing sequence consists 
of 3 steps: i) flowing medium with the chambers closed (10 minutes), ii) incubation with the sandwich 
valves closed and chamber valves open (45 minutes), and iii) flowing lysis buffer with the chamber closed 
(10 minutes). (c) The sampling sequence consists of 4 steps: i) flowing the medium in both side channels 
(10 minutes), ii) flowing the sample in one side channel (10 minutes), iii) incubation with both medium and 
sample (45 minutes), and iv) flowing lysis buffer (10 minutes). The sequence is than repeated continuously 
for the extent of the experiment. (d) The biodisplay can be imaged using a standard research grade epi-
fluorescent microscope, a USB fluorescent microscope, a cellphone camera, or by eye. 
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Figure 2. Using the biodisplay for strain characterization. (a) Fluorescence kymograms of nine arabinose-
sensing E. coli strains. Shown is a representative biopixel for each strain and condition tested. The strains 
were induced twice for 24 hours with 0.006 mM, 0.066 mM, 0.666 mM and 6.66 mM arabinose. (b) 
Quantitative analysis of fluorescence pixel intensities for each strain under four arabinose concentrations. 
The yellow background denotes the two induction periods. Each data point represents the average of eight 
pixels with error bars representing to the std. deviation of the means. 
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Figure 3 Biodisplay. (a) Arsenic-responsive E. coli was spotted according to the indicated pattern, spelling 
“As” and forming a “skull and crossbones” symbol. 20 µg/l of sodium-arsenite in tap water was sampled 
and images were acquired using an epifluorescent and USB microscope after 24 hours. (b) Multiplexed 
detection of arabinose (blue) and arsenic (red) by two E. coli strains that were spotted to display a “smiley” 
and a ”skull and crossbones” symbol, respectively. Epifluorescent and USB microscope images of the chip 
were acquired after flowing all combinations of 6.66 mM arabinose and 100 µg/l sodium-arsenite in tap 
water in four independent experiments. Scale bars: 750 µm (c) Quantitation of GFP intensity after 24 hours 
of induction, measured using the USB microscope. (d) The device exposed to both arsenic and arabinose, 
was imaged using a mobile phone. The image was obtained using the illumination with blue LEDs and a 
band-pass filter, placed in front of the cellphone camera. Scale bar: 3.5 mm. 
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Figure 4 Spore biodisplay. (a) Comparison of E.coli cell, B.subtilis cell and B.subtilis spore recovery under 
different storage conditions. Each table entry represents the number of chambers with observed growth 
divided by the total number of spotted chambers for a specific temperature and time condition. (b) Bright-
field images of a magnified view of the central part of representative pixels after storage at 80ᵒC for 1 
month. Images were acquired immediately after spots were resuspended in medium and after a 5 hour 
incubation at 37ᵒC. (c) Time-lapse images of germinated Phy-spank-mCherry B. subtilis spores after 
storage at 80ºC for one month. Cells were induced with 1 µM IPTG. 
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