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            Abstract
The human eye can distinguish as many as 10,000 different colours but is far less sensitive to variations in intensity1, meaning that colour is highly desirable when interpreting images. However, most biological samples are essentially transparent, and nearly invisible when viewed using a standard optical microscope2. It is therefore highly desirable to be able to produce coloured images without needing to add any stains or dyes, which can alter the sample properties. Here we demonstrate that colorimetric histology images can be generated using full-sized plasmonically active microscope slides. These slides translate subtle changes in the dielectric constant into striking colour contrast when samples are placed upon them. We demonstrate the biomedical potential of this technique, which we term histoplasmonics, by distinguishing neoplastic cells from normal breast epithelium during the earliest stages of tumorigenesis in the mouse MMTV-PyMT mammary tumour model. We then apply this method to human diagnostic tissue and validate its utility in distinguishing normal epithelium, usual ductal hyperplasia, and early-stage breast cancer (ductal carcinoma in situ). The colorimetric output of the image pixels is compared to conventional histopathology. The results we report here support the hypothesis that histoplasmonics can be used as a novel alternative or adjunct to general staining. The widespread availability of this technique and its incorporation into standard laboratory workflows may prove transformative for applications extending well beyond tissue diagnostics. This work also highlights opportunities for improvements to digital pathology that have yet to be explored.
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                    Fig. 1: Conceptual design and fundamental principles.


Fig. 2: Testing device sensitivity using nanofabricated samples.


Fig. 3: Quantification of spectral output, comparison to Ki67, pathology scoring and statistics.


Fig. 4: Nanoslide histology images and pathology assessment of retrospective DCIS human cohort.
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                Data availability

              
              All data sets are included in this article and its Supplementary Information files. Pathology scoring for Figs. 3d and 4e was conducted on the basis of visual inspection of the slides by expert breast cancer pathologists using an Olympus BX51 optical microscope. Histology images used for this study are available in figshare with the identifier https://doi.org/10.6084/m9.figshare.14897697.v2. Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Finite element methods (FEM) optical transmission simulations.
a, FEM model of a section of the nanoslide showing the glass substrate (dark blue), nanoaperture in the metallic film, the capping layer, and air (light blue) constructed in the COMSOL Multiphysics software program. Simulated transmission spectra from each of the four lines (I-IV) which make up the chevron sample (see Fig. 2) and the background (B) spectrum generated using b, FEM model of the device for circular apertures (diameter = 160 nm). c, Shows the simulated background spectrum (no sample) for the crosses (arm length = 160 nm), ellipse (major axis = 210 nm, minor axis = 160 nm), and circular apertures. The peaks represent the plasmon resonances that occur within the active layer of the device. d, Example FEM simulations of a cross section of the electric field generated by a single circular nanoaperture at the peak resonant wavelength of the spectra shown in b
Source data.


Extended Data Fig. 2 AFM line-scan height profiles of the fabricated samples.
a, Schematics of the chevron structure and b, the ‘staircase’ sample. c, The AFM line-scan height profile of the chevron structure sample, the thinnest sample stripe is 3 ± 1 nm. d, The AFM line-scan height profile across the steps and stripes respectively of the ‘staircase’ sample
Source data.


Extended Data Fig. 3 Pathology workflow for small-animal study and schematic showing serial sections used.
a, Pathology workflow for small-animal, MMTV-PyMT mouse model study. b, Schematic showing how serial sections were taken to enable a direct comparison of nanoslide, H&E, and Ki67.


Extended Data Fig. 4 Large field-of-view example images from H&E, Ki67, and nanoslide.
The Ki67 and nanoslide positive areas are overlaid. Large-field-of-view (3.8 × 3.8 mm2) areas of tissue stained with H&E and Ki67 compared to the results obtained directly on nanoslide. The areas of positivity of both nanoslide (light blue) and Ki67 (bright green) were identified based on their respective HSL colour space values for example, ref. 32 (also see Methods).


Extended Data Fig. 5 Comparison of histoplasmonics to H&E staining of different tissues.
Bright-field optical images: H&E stained images and histoplasmonic images. Tissue slices were placed on the slides in a sequential manner.


Extended Data Fig. 6 Colorimetric analysis and pathology assessment of mouse data.
a, Histology images (200× magnification) were sub-categorized into four different stages for both nanoslide (1st column) and Ki67 (3rd column). The HSL image pixel colour space values were compared against ground truth pathology annotations and classified as True Positive (TP - green), False Negative (FN - red), False Positive (FP - yellow), and True Negative (TN - blue). The white space in the Ki67 image in the top row is an area where no stain adhered. Scale bars = 15 μm. b, H&E images for neoplastic regions –yellow outline (1st column), nanoslide intensity (2nd column), and Ki67 (3rd column) positivity.


Extended Data Fig. 7 Cell counting Ki67 vs nanoslide using brightfield microscopy.
Example histoplasmonic images of 1 μm thick sequential cancerous breast tissues (PyMT mice). a, Low magnification ( × 100) images. Left: contouring of cancerous regions on Nanoslide. Middle: contouring of the same cancerous regions using Ki67. Right: the contours for Nanoslide (blue) is overlapped with the contour for Ki67 (red). b, High magnification ( × 200) images. Left: Nanoslide image of MIN region; Middle: Ki67 image of the same region. Right: Overlap of positive cells on Nanoslide and MIN (92% concordance). c, High magnification (×200) images. Left: Nanoslide image of MIN region; Middle: Ki67 image of the same region. Right: Overlap of positive cells on Nanoslide and MIN (93% concordance).


Extended Data Fig. 8 Schematic showing serial sections used for DCIS breast cancer patient study.
Schematic showing how serial sections were taken to enable a direct comparison of nanoslide, H&E, ER, and CK 5/6 for human tissue.


Extended Data Fig. 9 Bright-field microscopy of 70 nm thick TEM optic nerve tissue sections imaged using toluidine staining and with histoplasmonics.
Top: Bright-field optical image of toluidine stained 70 nm thick optic nerve sections. Nanoslide results: middle – at 0° incident polarization, bottom – at 90° incident polarization reveals axons, glia and the myelin sheath as different colours. The black scale bar in both the left and right column images is 5 μm.


Extended Data Fig. 10 Bright-field microscopy of tissues of different thicknesses.
Left: Histoplasmonic images of cancerous breast tissues (PyMT mice) sectioned at 4 and 5 μm slice thickness showing almost no difference in colour contrast. Right: Bright-field optical images of optic nerve sections sectioned at 70 and 200 nm thickness showing dramatic difference in colour contrast. The scale bar is 15 μm.


Extended Data Table 1 Comparison of key label-free techniques for histologyFull size table





Supplementary information
Supplementary Information
This file contains Supplementary Figures 1-6 and Supplementary Tables 1-4.


Reporting Summary

Supplementary Video 1
Example video of pathologist using nanoslide for histoplasmonics. Video shows an example of breast tissue being examined on nanoslide. Note that the colours as they appear in the video look slightly different to when images are captured directly using the microscope.





Source data
Source Data Fig. 2

Source Data Fig. 3

Source Data Fig. 4

Source Data Extended Data Fig. 1

Source Data Extended Data Fig. 2




Rights and permissions
Reprints and permissions


About this article
       



Cite this article
Balaur, E., O’ Toole, S., Spurling, A.J. et al. Colorimetric histology using plasmonically active microscope slides.
                    Nature 598, 65–71 (2021). https://doi.org/10.1038/s41586-021-03835-2
Download citation
	Received: 03 November 2017

	Accepted: 19 July 2021

	Published: 06 October 2021

	Issue Date: 07 October 2021

	DOI: https://doi.org/10.1038/s41586-021-03835-2


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

                
                    	
                            
                                
                                    
                                        Enabling smart vision with metasurfaces
                                    
                                

                            
                                
                                    	Dragomir N. Neshev
	Andrey E. Miroshnichenko


                                
                                Nature Photonics (2023)

                            
	
                            
                                
                                    
                                        Metal-organic framework template-guided electrochemical lithography on substrates for SERS sensing applications
                                    
                                

                            
                                
                                    	Youyou Lu
	Xuan Zhang
	Shikuan Yang


                                
                                Nature Communications (2023)

                            
	
                            
                                
                                    
                                        Genomic and Phenotypic Biomarkers for Precision Medicine Guidance in Advanced Prostate Cancer
                                    
                                

                            
                                
                                    	Fatemeh Davoudi
	Afshin Moradi
	Jyotsna Batra


                                
                                Current Treatment Options in Oncology (2023)

                            
	
                            
                                
                                    
                                        Large-scale pancreatic cancer detection via non-contrast CT and deep learning
                                    
                                

                            
                                
                                    	Kai Cao
	Yingda Xia
	Jianping Lu


                                
                                Nature Medicine (2023)

                            
	
                            
                                
                                    
                                        Optical barcoding using polarisation sensitive plasmonic biosensors for the detection of self-assembled monolayers
                                    
                                

                            
                                
                                    	Eugeniu Balaur
	Catherine Sadatnajafi
	Brian Abbey


                                
                                Scientific Reports (2022)

                            


                

            

        
    

            
                Comments
By submitting a comment you agree to abide by our Terms and Community Guidelines. If you find something abusive or that does not comply with our terms or guidelines please flag it as inappropriate.



                
                    
                    

                

            
        





    
        

        
            
                

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



            

            
                

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



            

        
    


    
        
    

    
    

    
        
            
                
                    
                        
                            Advertisement

                            
    
        
            
                
        

    


                        

                    

                

            

            

            

        

    






    
        
            
                Explore content

                	
                                
                                    Research articles
                                
                            
	
                                
                                    News
                                
                            
	
                                
                                    Opinion
                                
                            
	
                                
                                    Research Analysis
                                
                            
	
                                
                                    Careers
                                
                            
	
                                
                                    Books & Culture
                                
                            
	
                                
                                    Podcasts
                                
                            
	
                                
                                    Videos
                                
                            
	
                                
                                    Current issue
                                
                            
	
                                
                                    Browse issues
                                
                            
	
                                
                                    Collections
                                
                            
	
                                
                                    Subjects
                                
                            


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


            

        
    
    
        
            
                
                    About the journal

                    	
                                
                                    Journal Staff
                                
                            
	
                                
                                    About the Editors
                                
                            
	
                                
                                    Journal Information
                                
                            
	
                                
                                    Our publishing models
                                
                            
	
                                
                                    Editorial Values Statement
                                
                            
	
                                
                                    Journal Metrics
                                
                            
	
                                
                                    Awards
                                
                            
	
                                
                                    Contact
                                
                            
	
                                
                                    Editorial policies
                                
                            
	
                                
                                    History of Nature
                                
                            
	
                                
                                    Send a news tip
                                
                            


                

            
        

        
            
                
                    Publish with us

                    	
                                
                                    For Authors
                                
                            
	
                                
                                    For Referees
                                
                            
	
                                
                                    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 (Nature)
                
                
    
    
        ISSN 1476-4687 (online)
    
    


                
    
    
        ISSN 0028-0836 (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


    





        
    
        
    
    © 2024 Springer Nature Limited




    

    
    
    







    

    



    
    

        

    
        
            


Close
    



        

            
                
                    
                    Sign up for the Nature Briefing: Cancer newsletter — what matters in cancer research, free to your inbox weekly.

                

                
                    
                        
                        

                        
                        
                        
                        

                        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 cancer research, free to your inbox weekly.
            Sign up for Nature Briefing: Cancer
            
        


    









    








