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All-Fibre Label-Free Nano-Sensor for Real-Time in situ Early Monitoring of Cellular Apoptosis
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Theoretical simulations of nano-gratings
As in a planar corrugated gratings, the characteristic reflection wavelength is expressed by




where  is the average mode effective RI in the equivalent unperturbed geometry, which is related to the diameter of ZnO waveguide, the wavelength of transmitted light and the RI of surrounding medium, and Λ is the period of the grooves. The reflection property of the nanowire and its wavelength shift with the change of external RI were simulated using finite element analysis before the experiments. By adjusting the diameter of the ZnO nanowire and the period of the gratings, the characteristic reflection wavelength can be regulated to the expected location (~660 nm). The reflectance of the flow at different wavelengths is given by1


where



, , 
and L represents the total length of gratings, which is related to the quantity of the grooves.


We used Comsol Multiphysics to calculate  of the ZnO nanowire and utilized the values in MATLAB to calculate R. As demonstrated in Supplementary Fig. 1a, the reflectance R at characteristic wavelength has a positive correlation with the number of grooves. Nothing but the size of the cells determines the length limitation of the gratings. Since  is related to the RI of the surrounding medium, transmission spectra with different external RIs are obtained as illustrated in Supplementary Fig. 1b. It is obvious that with the increase of external RI, the wavelength of the reflection peak has a redshift, and the simulated sensitivity is ~102 nm/RIU.
[image: ]
Supplementary Fig. 1. Simulations of reflectances of the ZnO nano-gratings with a different quantities of grooves and b different external RI.


Spectrum collection methods
As diagramed in Supplementary Fig. 2, the fiber nano-sensor was immobilized on the high-precision 3D translational stage (Thorlabs) and the nano-gratings were immersed into deionized water. The process was carried out under a microscope with a charge coupled device (CCD, Nikon) camera. A supercontinuum source (Wuhan Yangtze Soton Laser Co., Ltd, SC-5) was utilized to characterize the reflection spectrum of the fiber probe. The signal light was injected into the pigtail of the fiber probe through port 2 of a visible circulator (Thorlabs, 670 nm). Then the output light reflected at the nano-gratings transmitted through port 3, which connected to an ultraviolet-visible spectrometer (Ocean Optics) to record the spectrum, which ranged from 640 to 680 nm.
[image: ]
Supplementary Fig. 2. Schematic diagram of the experimental setup to record the reflection spectrum of the nano-sensor.


HeLa cells cultures
HeLa cells were obtained from Institute of Biochemistry and Cell Biology, Shanghai Institute for Biological Science of Chinese Academy of Science (Shanghai, China). HeLa cells were cultured in DEME/high glucose medium supplemented with 10% fetal bovine serum (FBS, HyClone) and 1% antibiotics (penicillin/streptomycin). Cultures were maintained at 37°C under a humidified atmosphere containing 5% CO2. The measurement of cellular RI was carried out after the media change from DMEM to PBS, avoiding the influence of various organics and ions.


Intracellular RI measurements
[image: ]
Supplementary Fig. 3. Normalized reflection power in cytoplasm and nucleus of three single HeLa cells. ΔP2-ΔP1 represents the difference of reflection power when the probe inserting in the cytoplasm and the nucleus, indicating that the mean RI of nucleus is 0.0054 higher than that of cytoplasm in single HeLa cells.


Cells apoptosis fluoescence tests
Hoechst 33342 (100X) (Beyotime) is a blue fluorescent dye that can penetrate cell membranes and has low toxicity to cells. It is commonly used to detect cell apoptosis, and also for ordinary nuclear staining or conventional DNA staining. Supplementary Fig. 4a is a composite picture of microscope and PL images showing normal cultured HeLa cells stained with this dye. In addition to normal stained cells (blue dashed circle), densely stained apoptotic cells (red dashed circle) are clearly visible. The PL intensity of living and apoptotic cells are plotted in Supplementary Fig. 4b. It is obvious that the fluorescent brightness of dead cells is much higher than that of living cells.
[image: ]
Supplementary Fig. 4. a Composite picture of microscope and PL images showing normal cultured HeLa cells stained with Hoechst 33342. b Mean PL intensity of living and apoptotic HeLa cells, respectively.


Cells apoptosis Monitoring
[image: ]
Supplementary Fig. 5. Microscope images, PL images and normalized reflection power of two single tested HeLa cells (yellow dashed circle) during the apoptosis process. Scale bar, the same with those in Fig. 4 in the text.
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