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Table 1 Synchrotron radiation X-ray imaging technology for in situ cellular imaging of nanoprobes
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Figure 1 X-ray imaging methods for NPs in-situ cellular imaging. (A) 2D XRF projection under low resolution and large field of view. (B) 3D
reconstruction of elements under high resolution in selected regions. Panels A and B adapted with permission from Ref. [37]. (C) The distribution of
Gd@Cgy(OH),, NPs in 50 nm cell sections, including the distribution of NPs after STXM 3D reconstruction (left), the distribution of NPs in STXM
vertical two-dimensional projection (middle), and the distribution of gadolinium in XRF imaging (right). Adapted with permission from Ref. [31]. (D)
Images of cell filamentous structures edge (a) and intracellular Au NPs (b) using Ptychography, and (c) intracellular dispersed single Au NPs. Adapted
with permission from Ref. [38]. Copyright 2021 American Chemical Society (color online).
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Figure 2 Subcellular structures imaging of NPs using different X-ray imaging methods. (a) Schematic diagram of Hf-HI-4COOH NPs synthesis and
nuclear-targeted mild photothermal therapy and the XRF imaging effect of NPs. Adapted with permission from Ref. [43]. Copyright 2023 Elsevier. (b)
Enzymatic polymer formation increase after gene transfection to enhance the STXM imaging contrast of specific subcellular structures. Adapted with
permission from Ref. [45]. Copyright 2020 Oxford University Press (color online).
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Figure 3 Valence state analysis of NPs in cells. (a) The two different oxidation states of nanoparticles (light and dark) that are indicated by black
arrows. The silica shell of the nanoparticles is also visible as a light grey annulus. Adapted with permission from Ref. [48]. Copyright 2017 The Author.
(b) XRF mapping of Fe in cells at different culture time. (c) Fe K-edge XANES spectra of Fe-containing references (left), and Fe K-edge XANES
spectra of cells and the culture medium supernatants that cultured with fresh media for different times (right). Adapted with permission from Ref. [49].

Copyright 2023 Elsevier (color online).
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Figure 4 Quantitative imaging of NPs in cells and sample preparation effects. (a) STXM images of Ag ND and Ag NS in cells. (b) Ag K-edge
XANES spectra of cells (left), and the fractions of the Ag species obtained by LCF analysis (right). Panels (a) and (b) adapted with permission from
Ref. [50]. (¢) The comparion of images by different fixation procedures (left) and different dehydration and drying procedures (right). XFM elemental
images for each element are presented with the same maximum and minimum values. Adapted with permission from Ref. [55] (color online).
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Figure 5 NPs cell 3D imaging. (A) Schematic layout of the dual-energy imaging technique. Adapted with permission from Ref. [31]. Copyright 2011
Oxford University Press. (B) Schematic layout of the 3D dual-energy focal stacks (FS) reconstruction method. Scale bar: 500 nm. Adapted with
permission from Ref. [56]. (C) 3D soft X-ray images of cells after co-incubation of BMDCs with PBS, Fe-O-2, Fe-O-1 and Fe;0,. Adapted with
permission from Ref. [57]. (D) Gold ion-induced alterations of mitochondria (yellow) in terms of amount and ultrastructure. Adapted with permission

from Ref. [49]. Copyright 2023 American Chemical Society (color online).
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Abstract: Nanoprobes hold significant potential for highly sensitive tumor imaging and efficient therapeutic
visualization. Cellular in-situ imaging techniques can reveal the interactions between nanoprobes and cells, thus
establishing a biological basis for their clinical applications. Synchrotron X-ray imaging technology emerges as a pivotal
method for investigating the nanoprobes’ cellular in-situ uptake, metabolism, and structure-function relationships. This
review systematically summarizes the research progress in in-situ cellular imaging of nanoprobes using synchrotron
radiation-based X-ray imaging techniques. It encompasses nanoprobes’ cellular in-situ imaging, subcellular structural
in-situ imaging, in-situ cellular oxidation state analysis, in-situ cellular quantitative imaging, and in-situ cellular three-
dimensional imaging. Moreover, this review discusses the future development trends in X-ray imaging technology
applicable to cellular imaging of nanoprobes.
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