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            Abstract
Manufacturing processes for biological molecules in the research laboratory have failed to keep pace with the rapid advances in automization and parellelization1,2,3. We report the development of a digital-to-biological converter for fully automated, versatile and demand-based production of functional biologics starting from DNA sequence information. Specifically, DNA templates, RNA molecules, proteins and viral particles were produced in an automated fashion from digitally transmitted DNA sequences without human intervention.
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                    Figure 1: Concept of on-demand production of biologicals on the DBC.[image: ]


Figure 2: Biologicals production on the DBC.[image: ]
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Integrated supplementary information

Supplementary Figure 1 Prototype of the digital-to-biological converter (DBC).
Components that constitute the DBC are marked as indicated in the following equipment list.


Supplementary Figure 2 Route map of synthesis of a biological in DBC.
Schematic of the sequence of processes that are automated to occur on the DBC subsequent to recognizing the oligonucleotide synthesis file and the name of the instruments used in these processes are shown.


Supplementary Figure 3 Importance of error-correction reaction to produce functional DNA amplicons.
(a) Genome of the phage Î¦X174, was synthesized in vitro from oligonucleotides while including or not including an error-correction step. Error-corrected genome produced many more functional viral particles (as demonstrated by plaque formation on susceptible E. coli strain HF4704, Supplementary Methods), than the genome that was not subjected to an error-correction step during synthesis. (b) In vitro coupled transcription-translation reaction (PURExpress, New England Biolabs) was used to produce green fluorescent protein (GFP) from DNA templates that were error-corrected or not subjected to the error-correction reaction. A no template control was included. Relative fluorescence units (RFU) (Ex: 480nm; Em: 510nm) was measured every 20min after the first 60min of incubation at 37ËšC. A consistent lag in the GFP yield was observed when a non-error corrected template was used (green curve vs orange curve).


Supplementary Figure 4 Optimizing protein production conditions for the DBC.
T7- or tac- promoter driven- green fluorescent protein (GFP) encoding template with or without the T7 terminator was transcribed and translated using PURExpress in vitro Protein Synthesis Kit (New England Biolabs) or E. coli S30 Extract System for Linear Templates (Promega). Transcription-translation reactions were incubated for two hours at 37ËšC before measuring relative fluorescence units (RFU) (Ex: 480nm; Em: 510nm). (a) To avoid DNA purification on the DBC, unpurified DNA amplicon directly from a PCR was tested for the production of protein, when incubated with in vitro coupled transcription-translation systems. 3-6 Î¼l of unpurified T7-GFP template was used in 25 Î¼l of PURExpress and the RFUs were recorded. (b) Two in vitro transcription-translation systems were compared, PURExpress in vitro Protein Synthesis Kit (New England Biolabs) or E. coli S30 Extract System for Linear Templates (Promega), for the production of GFP using none or 3 Î¼l of unpurified PCR product carrying T7 or the tac promoter. (c) Robustness of the PURExpress system was tested by pre-incubating the reaction mix under sub-optimal conditions such as -20ËšC or 4ËšC for 16 hours prior to the coupled transcription-translation reaction for the ease-of-use in the DBC. Temperature conditions were tested with T7-promoter driven GFP templates with or without the T7-terminator to assess the importance of the T7-terminator regulatory element.


Supplementary Figure 5 Visualizing GFP produced by DBC.
DNA template carrying encoding GFP with T7 -promoter and -terminator as regulatory elements was transcribed and translated using the PURExpress system. A negative control for the in vitro coupled transcription-translation reaction was included with no DNA template added to the reaction. These two reactions were tested for protein production on the Typhoon Imager (Amersham Biosciences) using the Green laser setting along with a GFP standard (10 Î¼g) purchased from Vector Laboratories. GFP fluorescence from the DBC sample is indicative of the production of properly-folded and functional GFP.


Supplementary Figure 6 Production of polypeptides constituting antibodies on the DBC.
Lucentis (a) and Herceptin (b) were synthesized by assembling a tac-promoter driven bi-cistronic light and heavy chain ORFs and translating this construct using the E. coli S30 Extract System for Linear Templates (Promega). Translation was done in the presence of FluoroTectâ„¢ GreenLys in vitro Translation Labeling System (Promega), which enabled fluorescence-based visualization of the protein. Lucentis (a) is a combination of two polypeptides of very similar molecular weight (24 kDa and 25 kDa), which could not be successfully resolved with our system. In both (a) and (b), the control and the antibody lanes were contrasted more than the protein marker lane to visualize the proteins produces.


Supplementary Figure 7 Verifying H7 assembly into an RNA replicon backbone using RT-PCR.
Hemagglutinin antigen H7 was assembled from oligo nucleotides in the DBC and ligated into a self-amplifying RNA replicon based on the genome of the Venezuelan equine encephalitis virus before transcription. To verify the presence of H7 coding region within the RNA replicon mRNA, an oligo dT primer was used in RT-PCR (NEB ProtoScript, with or without RT, +/-) to convert the RNA to cDNA. cDNA, thus generated, was subsequently used as a PCR template for PCR with primers flanking the H7 coding region (1790bp).


Supplementary Figure 8 Immunofluorescence analysis (IFA) of Vero cells transfected with H7 replicon RNA synthesized on the DBC.
Cells were fixed and immuno-stained with an anti-H7 primary antibody and Alexa Flour 488 secondary antibody. (a) Bright-field image of H7 Replicon transfected Vero cells. (b) IFA of H7 Replicon transfected cells showing H7 specific expression. (c) Overlay of H7 and DAPI channels. (d) Overlay of H7, DAPI, and bright-field channels.


Supplementary Figure 9 GC flux of the various DNA templates synthesized on the DBC.
Each of the nine DNA templates (listed on Supplementary Table 4) assembled on the DBC, was subjected to GC-flux analysis using GPMiner (http://gpminer.mbc.nctu.edu.tw/) across the entire length of the template using a 60-nucleotide window. The number of windows (X-axis) was plotted against the GC% of the windows (Y-axis).


Supplementary Figure 10 Biological material synthesized on the DBC.
Full-length DNA and protein gels corresponding to those in Figure 2 are shown. The expected DNA and protein products are indicated by arrows.





Supplementary information
Supplementary Text and Figures
Supplementary Figures 1â€“10 (PDF 1236 kb)


Supplementary Tables
Supplementary Tables 1â€“12 (PDF 241 kb)


Supplementary Codes
Oligonucleotide Designer Script (PDF 226 kb)


Supplementary Data
Amplicon Sequencing (PDF 23955 kb)


Oligonucleotide Synthesis. (MOV 10927 kb)

Oligonucleotide Deprotection. (MOV 26162 kb)

Oligonucleotide Pooling. (MOV 14451 kb)

DNA Assembly. (MOV 26774 kb)




Rights and permissions
Reprints and permissions


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



Cite this article
Boles, K., Kannan, K., Gill, J. et al. Digital-to-biological converter for on-demand production of biologics.
                    Nat Biotechnol 35, 672â€“675 (2017). https://doi.org/10.1038/nbt.3859
Download citation
	Received: 05 August 2016

	Accepted: 24 March 2017

	Published: 29 May 2017

	Issue Date: July 2017

	DOI: https://doi.org/10.1038/nbt.3859


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
                        








            


            
        
            
                This article is cited by

                
                    	
                            
                                
                                    
                                        Breaking the mold with RNAâ€”a â€œRNAissanceâ€� of life science
                                    
                                

                            
                                
                                    	Charles H. Jones
	John R. Androsavich
	Mikael Dolsten


                                
                                npj Genomic Medicine (2024)

                            
	
                            
                                
                                    
                                        Streamlined and on-demand preparation of mRNA products on a universal integrated platform
                                    
                                

                            
                                
                                    	Hongjuan Wei
	Zhen Rong
	Shengqi Wang


                                
                                Microsystems & Nanoengineering (2023)

                            
	
                            
                                
                                    
                                        Automated high-throughput genome editing platform with an AI learning in situ prediction model
                                    
                                

                            
                                
                                    	Siwei Li
	Jingjing An
	Meng Wang


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        A framework to efficiently describe and share reproducible DNA materials and construction protocols
                                    
                                

                            
                                
                                    	Hideto Mori
	Nozomu Yachie


                                
                                Nature Communications (2022)

                            
	
                            
                                
                                    
                                        Cell-free gene expression: an expanded repertoire of applications
                                    
                                

                            
                                
                                    	Adam D. Silverman
	Ashty S. Karim
	Michael C. Jewett


                                
                                Nature Reviews Genetics (2020)

                            


                

            

        
    

            
        





    
        

        
            
                

    
        
            
                
                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
	Protocol Exchange
	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 Korea
	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: Translational Research]
                    Sign up for the Nature Briefing: Translational Research newsletter â€” top stories in biotechnology, drug discovery and pharma.

                

                
                    
                        
                        

                        
                        
                        
                        

                        Email address

                        
                            
                            
                            
                            Sign up
                        


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

                    

                

            


        


    

    
    

        

    
        
            

Close
    



        
            Get what matters in translational research, free to your inbox weekly.
            Sign up for Nature Briefing: Translational Research
            
        


    









    [image: ]







[image: ]
