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            Abstract
Lack of access to safe drinking water is a global problem, and methods to reliably and easily detect contaminants could be transformative. We report the development of a cell-free in vitro transcription system that uses RNA Output Sensors Activated by Ligand Induction (ROSALIND) to detect contaminants in water. A combination of highly processive RNA polymerases, allosteric protein transcription factors and synthetic DNA transcription templates regulates the synthesis of a fluorescence-activating RNA aptamer. The presence of a target contaminant induces the transcription of the aptamer, and a fluorescent signal is produced. We apply ROSALIND to detect a range of water contaminants, including antibiotics, small molecules and metals. We also show that adding RNA circuitry can invert responses, reduce crosstalk and improve sensitivity without protein engineering. The ROSALIND system can be freeze-dried for easy storage and distribution, and we apply it in the field to test municipal water supplies, demonstrating its potential use for monitoring water quality.
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                    Fig. 1: The ROSALIND system.[image: ]


Fig. 2: IVT of a fluorescence-activating aptamer rapidly generates a visible RNA output that can be allosterically regulated.[image: ]


Fig. 3: ROSALIND is modular and can be used to sense complex molecules, small molecules and metal ions.[image: ]


Fig. 4: Crossreactivity of ROSALIND reactions can be corrected using an RNA logic circuit.[image: ]


Fig. 5: Sensitivity of ROSALIND reactions can be tuned using an RNA-feedback circuit.[image: ]


Fig. 6: Field deployment of ROSALIND.[image: ]
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Extended data

Extended Data Fig. 1 Homemade transcription reactions can be optimized to perform as well as commercial kits.
Homemade in vitro transcription reactions were compared to a commercially available high yield transcription kit (NEB HiScribe™ T7 Quick High Yield RNA Synthesis Kit). 25 nM DNA encoding T7–3WJdB-T was added to each reaction in a total reaction volume of 20 µL. Over the course of 1 hour, the data show similar fluorescence activation. However, the homemade reaction begins to saturate after 1 hour, likely due to the exhaustion of NTPs in the homemade reaction (11.4 mM) when compared to the commercial kit (40 mM). All data shown for n = 3 independent biological replicates as lines with raw fluorescence values standardized to MEF (µM FITC). Shading indicates the average value of 3 independent biological replicates ± s.d.
Source data


Extended Data Fig. 2 Design and optimization of a ROSALIND reaction.
Constructing a ROSALIND reaction begins with identifying a ligand of interest, an aTF capable of binding or unbinding a DNA operator sequence as a function of the ligand and the aTF’s cognate operator sequence. Once identified, two DNA constructs are designed, one to separately express and purify the aTF and the other to generate a linear transcription template encoding the promoter, spacer, operator, fluorescent RNA aptamer and optional terminator. The first step in optimizing the sensor is performing a titration of the purified aTF at a fixed DNA template concentration to determine the amount of aTF needed to fully repress the expression of 3WJdB. Then, the target ligand is titrated (at the concentration of aTF previously determined) to test for induction. If the sensor needs improvement, components of ROSALIND can be redesigned and retested. The data shown here are for the TetR-based ROSALIND reaction described in Fig. 2f,h. The bar graphs shown are data taken at 4 h after initiating reactions with T7 RNAP and 25 nM DNA template, and the kinetics data are shown for 0 µM (green lines) and 1.25 µM TetR dimer (purple lines). Fluorescence-activation is substantially repressed at 25-fold excess or greater of TetR dimer over DNA template. The TetR-aTc dose response curve shown are the data presented in Fig. 2h, and the kinetics data are shown for 0 µM (purple lines) and 2.5 µM aTc (green lines). All data shown for n = 3 independent biological replicates as points or lines with raw fluorescence values standardized to MEF (µM FITC), and bars representing averages of the replicates. Shading and error bars indicate the average value of 3 independent biological replicates ± s.d.
Source data


Extended Data Fig. 3 Characterization of a ROSALIND dose response curve.
A dose response curve of a TetR-regulated ROSALIND reaction is plotted from the measured and calibrated kinetics traces, using the 4-h end point fluorescence values at different ligand concentrations. a, kinetic traces of TetR–aTc induction at different aTc concentrations, and b, the corresponding 4-h fluorescence values plotted against the µM of aTc added. Reactions are generated using 25 nM of DNA and 1.25 µM of TetR dimer. All data shown for n = 3 independent biological replicates as lines (a) or points (b) with raw fluorescence values standardized to MEF (µM FITC). Shading (a) and error bars (b) indicate the average value of 3 independent biological replicates ± s.d.
Source data


Extended Data Fig. 4 Dose response curves of ROSALIND reactions.
The dose response curves of ROSALIND reactions shown in Fig. 3 are presented. The amount of DNA templates and aTF used in each panel are configured as described in Supplementary Table 2. All data shown for n = 3 independent biological replicates as points with raw fluorescence values standardized to MEF (µM FITC). Error bars indicate the average value of 3 independent biological replicates ± s.d. The ligand concentrations at which the signal is distinguishable from the background were determined using two-tailed heteroscedastic Student’s t-test against the no ligand condition, and their p-value ranges are indicated with black asterisks (*** < 0.001, ** = 0.001–0.01, * = 0.01–0.05). The asterisks indicated in red have p-values in the range between 0.05–0.15 due to variability between replicates, although the average signals were clearly above background. Exact p-values along with degrees of freedom can be found in Supplementary Data 3. Data for no ligand conditions were excluded in the plots since the x-axis is on the log scale, but they can be found in Supplementary Data 3.
Source data


Extended Data Fig. 5 Orthogonality of ROSALIND reactions.
The corresponding bar graph data of the orthogonality matrix shown in Fig. 4a are presented. All data shown for n = 3 independent biological replicates as points with raw fluorescence values standardized to MEF (µM FITC), and bars representing averages of the replicates. Error bars indicate the average value of 3 independent biological replicates ± s.d. Tet, Tetracycline; Ery, Erythromycin; 3-OH BA, 3-Hydroxybenzoic Acid; BAC, Benzalkonium chloride.
Source data


Extended Data Fig. 6 RNA kleptamers are used to invert transcription factor responses.
a, A kleptamer RNA (KB2) antisense to the dye-binding region of the broccoli aptamer can disrupt folding of 3WJdB and lead to the loss of fluorescence. Addition of a KB2-expressing template in a 4:1 ratio with the 3WJdB template inhibits signal. b, KB2 transcription can be regulated by TetR by placing the tetO site in between the T7 promoter and KB2 coding sequence. In the presence of 1.25 μM TetR dimer, the KB2 transcription is fully repressed, and the signal from 3WJdB is restored. c, Kleptamers can be used to invert the response of transcription factors when KB2 is regulated by TetR (1.25 μM dimer) and induced by aTc (2.5 μM shown). d, This scheme was used to create a ROSALIND zinc sensor with the aporepressor AdcR. When bound to Zn2+ (30 μM), AdcR (1.5 μM dimer) binds to its cognate operator sequence, adcO, placed upstream of the KB2 coding sequence, preventing KB2 expression and thereby activating fluorescence from 3WJdB. Arrows inside of the plots represent direction of regulation when indicated species are added. All data shown for n = 3 independent biological replicates as lines with raw fluorescence values standardized to MEF (µM FITC). Shading indicates the average value of 3 independent biological replicates ± s.d. 3WJdB template concentrations used are: 25 nM for a-c and 7.5 nM for d. KB2 template concentrations used are: 100 nM for a, and 150 nM for b-d.
Source data


Extended Data Fig. 7 ROSALIND sensitivity can be tuned by changing the concentration of transcription factor.
a, Increasing the concentration of CsoR desensitizes the copper sensor (dose response shift to higher concentrations), while b, decreasing the concentrations of CadC sensitizes the lead sensor (dose response shift to lower concentrations). The red arrows in the plots indicate the direction of dose response shift. All data shown for n = 3 independent biological replicates as points with raw fluorescence values standardized to MEF (µM FITC). Error bars indicate the average value of 3 independent biological replicates ± s.d. 3WJdB DNA template concentrations used are: 25 nM for a and 1.5 µM CadC condition in b, and 10 nM for 0.5 µM CadC condition in b.
Source data


Extended Data Fig. 8 Stability of ROSALIND.
a, The fluorescence signal generated from unregulated ROSALIND reactions are stable over weeks. The increase in fluorescence from Day 1 is likely due to a concentration increase caused by evaporation when the plate was taken out of the incubator after the first measurements. b, The shelf-stability of freeze-dried ROSALIND reactions (unregulated, TetR-regulated and aTc-induced) decay over the course of a month without proper packaging. c, Packaging of freeze-dried ROSALIND: 1) reactions are lyophilized overnight, 2) the overnight lyophilized reactions are purged with inert gas such as argon and 3) the reactions are placed into a light-protective bag with a desiccant and immediately impulse heat sealed (Supplementary Video 2). d, When this packaging method is implemented, lyophilized reactions are functional out to 2.5 months. Though we observed signal decay, the signal from rehydrated reactions after 2.5 months is clearly visible. Images are shown for one replicate with other replicate images included in Supplementary Data 1. Unregulated reactions were lyophilized with 25 nM of the 3WJdB template, and TetR-regulated reactions with additional 1.25 µM TetR dimer along with the components of IVT specified in the In vitro transcription reactions method section. Unregulated and TetR-regulated reactions were then rehydrated with laboratory-grade water, and aTc-induced reactions were rehydrated with 10 µM of aTc. All data shown for n = 3 independent biological replicates as points with raw fluorescence values standardized to MEF (µM FITC), and center values representing averages of the replicates. Error bars indicate the average value of 3 independent biological replicates ± s.d. The original, uncropped images shown in c and d can be found in Supplementary Data 1.
Source data


Extended Data Fig. 9 Handheld fluorescence illuminator design.
a, A low-cost handheld fluorescence illuminator enables point-of-use functionality for ROSALIND. 3D printed components include a, b, front case, c, back case and d, battery cover. A printed circuit board (e, front view facing back case, f, rear view facing front case) mounts in the front case and connects LEDs, resistors, a trimmer potentiometer, a power switch and a battery holder. Full CAD files, 3D print files (.STL), PCB design files and assembly instructions are provided in Supplementary Data 4. The estimated cost of building one device is $8.69 USD.


Extended Data Fig. 10 ROSALIND reactions can be freeze-dried and rehydrated with an environmental surface water source.
a, The ROSALIND reactions shown in Fig. 6 were characterized for response to CuSO4 as in Supplementary Fig. 6, but using water from Lake Michigan (collected in Evanston, IL). We observed lower signals from these spiked environmental samples than with the laboratory-grade water samples due to uncharacterized matrix effects. b, To test ROSALIND functionality on real-world environmental samples, surface freshwater samples were obtained from two streams known to contain elevated levels of copper: (1) the Yerba Loca Creek, upstream from Santiago, in the Maipo watershed of Central Chile, and (2) the Toro River, upstream from La Serena, in the Elqui watershed of Northern Chile. c, d, Copper concentrations of the samples from the Yerba Loca Creek (c) and the Toro River (d) were determined using Flame Atomic Absorption Spectroscopy (FAAS) and found to be in the range of 6.9–8.5 ppm. FAAS was calibrated with a Cu(NO3)2 standard solution as shown in e. Serial dilution was performed on each sample to create three separate diluted samples that are in the operating ppm range of FAAS, and their ppm values were measured and reported in Table f as the average value of 3 independent replicates ± s.d. Using these measurements, linear regression on the averages of each dilution was performed to calculate the ppm value of the undiluted sample. g, h, In order to generate a series of tests that cover our detectable copper range, we serially diluted each sample with laboratory-grade, metal-free water (undiluted, 1:2, 1:4, 1:8, 1:16 and 1:32 dilutions) and measured their concentrations by FAAS before using this series to rehydrate freeze-dried copper sensors. The copper concentrations indicated were taken from c, d, or calculated from the extrapolated ppm value of the undiluted sample in Table f. When rehydrated with the 1:8 dilution, we observed clear visible signals, corresponding to copper concentrations of 0.88 ppm and 1.05 ppm from the Yerba Loca Creek and Toro River samples, respectively. Four-hour end-point data are shown in a, g, h for n = 3 independent biological replicates as points with raw fluorescence values standardized to MEF (µM FITC), and bars representing averages of the replicates. Error bars indicate the average value of 3 independent biological replicates ± s.d. Geographical data in b © OpenStreetMap contributors46.
Source data
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Supplementary Information
Supplementary Figs. 1–7, Tables 1–5 and References.


Reporting Summary

41587_2020_571_MOESM3_ESM.mov
Supplementary Video 1 Illumination of an unregulated ROSALIND reaction. The video shows two ROSALIND reactions with and without 250 nM 3WJdB DNA template run using the NEB HiScribe T7 Quick High Yield RNA Synthesis Kit. The reactions were incubated at 37 °C and monitored in real time using the 3D-printed, handheld illuminator. The speed of the video has been sped up 90× to show the 90-min-long incubation in a 1-min period.


41587_2020_571_MOESM4_ESM.mov
Supplementary Video 2 Freeze-drying and packaging of ROSALIND reactions. The video shows the method used to freeze-dry and package ROSALIND reactions. ROSALIND reactions are prepared on a sterilized aluminum block and sealed with a cap with three holes. A lyophilizing jar is prepared by padding its inside with tissues and wrapping its outside with aluminum foil to protect from light. Reactions are then flash-frozen on the aluminum block using liquid nitrogen, wrapped with tissues and aluminum foil, placed inside the lyophilizing jar and lyophilized overnight. Lyophilized reactions are then removed from the jar, put inside a vacuum-sealable bag with several desiccants, purged with argon gas and sealed immediately. The vacuum-sealed reactions are placed inside a light-protective bag and stored in a cool, shaded area until usage.


Supplementary Data 1
Raw illuminator and freeze-dried packaging method images included in figures.


Supplementary Data 2
Template Excel worksheet for setting up a ROSALIND reaction.


Supplementary Data 3
Calibrated plate reader data for all figures.


Supplementary Data 4
Instructions for 3D printing and assembling a handheld illuminator.


Supplementary Data 5
DNA and protein sequences used in the present study.





Source data
Source Data Fig. 2
Fig. 2b,d,f,h Calibrated plate reader data.


Source Data Fig. 3
Fig. 3 Calibrated plate reader data.


Source Data Fig. 4
Fig. 4a,c Calibrated plate reader data.


Source Data Fig. 5
Fig. 5b Calibrated plate reader data and statistical source data.


Source Data Fig. 6
Fig. 6c–f Calibrated plate reader data.


Source Data Extended Data Fig. 1
Calibrated plate reader data.


Source Data Extended Data Fig. 2
Calibrated plate reader data.


Source Data Extended Data Fig. 3
Calibrated plate reader data.


Source Data Extended Data Fig. 4
Calibrated plate reader data and statistical source data.


Source Data Extended Data Fig. 5
Calibrated plate reader data.


Source Data Extended Data Fig. 6
Calibrated plate reader data.


Source Data Extended Data Fig. 7
Calibrated plate reader data.


Source Data Extended Data Fig. 8
Extended Data Fig. 8a,b,d Calibrated plate reader data


Source Data Extended Data Fig. 10
Extended Data Fig. 10a,g,h Calibrated plate reader data.





Rights and permissions
Reprints and permissions


About this article
[image: Check for updates. Verify currency and authenticity via CrossMark]       



Cite this article
Jung, J.K., Alam, K.K., Verosloff, M.S. et al. Cell-free biosensors for rapid detection of water contaminants.
                    Nat Biotechnol 38, 1451–1459 (2020). https://doi.org/10.1038/s41587-020-0571-7
Download citation
	Received: 25 April 2019

	Accepted: 19 May 2020

	Published: 06 July 2020

	Issue Date: December 2020

	DOI: https://doi.org/10.1038/s41587-020-0571-7


Share this article
Anyone you share the following link with will be able to read this content:
Get shareable linkSorry, a shareable link is not currently available for this article.


Copy to clipboard

                            Provided by the Springer Nature SharedIt content-sharing initiative
                        








            


            

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                [image: Advertisement]
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    Reviews & Analysis
                                
                            
	
                                
                                    News & Comment
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Collections
                                
                            


                	
                            Follow us on Facebook
                            
                        
	
                            Follow us on Twitter
                            
                        
	
                            
                                Subscribe
                            
                        
	
                            Sign up for alerts
                            
                        
	
                            
                                RSS feed
                            
                        


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Aims & Scope
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Editorial Policies
                                
                            
	
                                
                                    Content Types
                                
                            
	
                                
                                    Web Feeds
                                
                            
	
                                
                                    Posters
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Research Cross-Journal Editorial Team
                                
                            
	
                                
                                    Reviews Cross-Journal Editorial Team
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    Submission Guidelines
                                
                            
	
                                
                                    For Reviewers
                                
                            
	
                                
                                    Language editing services
                                
                            
	
                                Submit manuscript
                                
                            


                

            
        
    



    
        Search

        
            Search articles by subject, keyword or author
            
                
                    
                

                
                    
                        Show results from
                        All journals
This journal


                    

                    
                        Search
                    

                


            

        


        
            
                Advanced search
            
        


        Quick links

        	Explore articles by subject
	Find a job
	Guide to authors
	Editorial policies


    





        
    
        
            

            
                
                    Nature Biotechnology (Nat Biotechnol)
                
                
    
    
        ISSN 1546-1696 (online)
    
    


                
    
    
        ISSN 1087-0156 (print)
    
    

            

        

    




    
        
    nature.com sitemap

    
        
            
                About Nature Portfolio

                	About us
	Press releases
	Press office
	Contact us


            


            
                Discover content

                	Journals A-Z
	Articles by subject
	protocols.io
	Nature Index


            


            
                Publishing policies

                	Nature portfolio policies
	Open access


            


            
                Author & Researcher services

                	Reprints & permissions
	Research data
	Language editing
	Scientific editing
	Nature Masterclasses
	Research Solutions


            


            
                Libraries & institutions

                	Librarian service & tools
	Librarian portal
	Open research
	Recommend to library


            


            
                Advertising & partnerships

                	Advertising
	Partnerships & Services
	Media kits
                    
	Branded
                        content


            


            
                Professional development

                	Nature Careers
	Nature 
                        Conferences


            


            
                Regional websites

                	Nature Africa
	Nature China
	Nature India
	Nature Italy
	Nature Japan
	Nature Middle East


            


        

    

    
        	Privacy
                Policy
	Use
                of cookies
	
                Your privacy choices/Manage cookies
                
            
	Legal
                notice
	Accessibility
                statement
	Terms & Conditions
	Your US state privacy rights


    





        
    
        [image: Springer Nature]
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    [image: Nature Briefing]
                    Sign up for the Nature Briefing newsletter — what matters in science, free to your inbox daily.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


                        
                            
                            I agree my information will be processed in accordance with the Nature and Springer Nature Limited Privacy Policy.
                        

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get the most important science stories of the day, free in your inbox.
            Sign up for Nature Briefing
            
        


    









    [image: ]







[image: ]
