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Correlative Ex Situ and Liquid-Cell TEM Observation of Bacterial Cell Membrane Damage Induced by Rough Surface Topology
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Liquid TEM Imaging 
Bacteria have been shown to be viable within liquid TEM by both fluorescent live/dead staining and by observation of binary fission.1–7 The pressure within the graphene liquid cell (GLC) is dependent on the sample thickness due to the small volume and Van der Waals interactions, with smaller sample sizes inducing higher pressures.8–10  However, for larger samples, such as E. coli bacteria, the increase in pressure might be at most several atmospheres.8–10 This change in pressure is several orders of magnitude lower than that required to kill E. coli.11  The increase in temperature due to the electron beam is at most several degrees C.12 Graphene itself diffuses the electron beam and absorbs free radicals to further mitigate the effects of the electron beam.13  Further, electron-beam exposure sufficient to produce significant free radical doses can produce gaseous bubbles due to the release of free hydrogen and oxygen, which was not observed in our tests.12  While previous studies have proposed that free radical generation may lower the pH, these effects may be decreased by the free radical absorption of the graphene. Further, here the pH may be buffered by the phosphate buffered saline (PBS) medium.14 

Other works have observed the death of bacteria in bulk samples due to sample exposure to a lower-energy incident electron beam, similar to the one used here.15  However, the energy of the incident electron beam is not reflective of the electron dose absorbed by the GLC sample, and cannot be compared to the electron dose of a bulk sample.16  Electron beams induce release of secondary electrons, which reflect within the sample before escaping.17  This reflection of secondary electrons produces most of the damage experienced by the sample, while high-energy TEM electrons pass through the sample inducing minimal sample damage.17  In GLC, electrons pass through a single bacterium in a thin liquid medium, which severely reduces reflection of secondary electrons as compared to a bulk sample. The electron dose  experienced by the sample in GLC may more accurately be modeled as

where S the stopping power of the sample, I the electron beam current, and a the radius of the electron beam.16  This indicates that the electron dose the bacteria experience within the TEM is far lower than in bulk samples due to the far lower stopping power of thin samples.
_________________________
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While some researchers have reported death of eukaryotic organisms, such as yeast, in liquid TEM imaging, a number of differences between the prokaryotic bacteria  and eukaryotic organisms may explain the observed survival of bacteria within GLC.5,18  Eukaryotes are larger, on the order of 4m to 20m diameter for yeast, but more frequently vary from 10m to 100m in diameter.19,20  E. coli are rod shaped and typically between 500nm to 1m in length, but only 250nm to 500nm in diameter.21  The larger eukaryotic sizes may lead to a significant increase in the generation of secondary electrons due to an increased stopping power and reflection of electrons within the larger sample.22  Additionally, eukaryotes contain a single dense nucleus containing the nuclei acid, which may create significant electron beam absorption as compared to the disperse nucleic acid in prokaryotic organisms.20  A number of additional factors, such as the advanced cytoskeleton and complex organelles present in eukaryotes, also prevent direct comparison of eukaryotes to prokaryotic bacteria.20  Regardless of the mechanistic difference between bacteria and yeast, numerous studies have experimentally verified the viability of bacteria within liquid TEM.1,2,4–7,13
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Figure S1. Unaltered (non-colorized) version of Figure 2. Bacterial death is induced by rough MP topography. In A and B, low and high magnification images show the surface interaction between an E. coli bacterium and a rough PLGA particle plasma-etched for 2 minutes. A sharp protrusion on the PLGA particle appears to have penetrated the E. coli bacterium cell wall. The area bracketed in A is shown at higher magnification in B. The scale bars in A and B are 200 nm.
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Figure S2. Unaltered (non-colorized) version of Figure 3. GLC encapsulation of E. coli and PLGA MPs shows localized damage to the cell wall of a bacterium. In A, a lower-magnification image shows the E. coli particle and the PLGA MP. In B, a higher-magnification image shows the PLGA particle and bacterium in close proximity. The cell wall proximal to the PLGA particle reveals damage with a shape similar to the adjacent wall. A high contrast liquid indicates the cytosol of the bacterium, which confirms its death. The cytosol has a higher contrast than the PBS medium due to the protein, glycans, and other bacterial components within the cytosol. Other areas of the E. coli cell wall are smooth and show no damage or degradation. The scale bars in A and B are 200 nm.  
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