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Methods 
 
Caenorhabditis elegans, strain CL21221 [dvIs15(mtl-2:gfp)], cultured under standard conditions2 at 20 °C  were split into two 
populations at the forth larval stage (L4), and cultured on nematode growth agar media  with or without 100 µM CuCl2. 
Following 24 hours exposure at 20 °C  samples were isolated, washed and freeze dried on silicon nitride windows as described 
in reference 3 and placed at the 2.5 µm FWHM focused 10 keV X-rays of a KB mirror pair. The C. elegans specimens were 
scanned in the focal plane of the KB mirrors in both the horizontal and vertical directions with sampling intervals in both axes 
of 400 nm as described in reference4. The horizontal axis was scanned ‘on-the-fly’ at 20 µms-1, resulting in a data collection 
rate of 6.7 µm2s-1 including end-of-line overheads. Up to 511,000 diffraction frames (188,000 to 511,000 diffraction frames 
with areas of between 0.045 and 0.082 mm2) were collected for each specimen using an EIGER X 1M detector with 75 µm 
square pixels, placed 3.67 m downstream of the focus. Using an event-mode data acquisition scheme4. Fluorescence data 
was collected simultaneously using a 384-element Maia (Revision C) detector5 placed in its usual backscatter geometry. For 
a rigorous explanation of the method used to collect ptychography data at the XFM beamline of The Australian Synchrotron 
the reader should refer to the prior publication of Jones et al.4, of which the data was collected under the same conditions 
to that which is presented here. The total dose (equal to the dose for fluorescence imaging) received by each specimen was 
approximately 8.5 ´ 104 Gy and 1.5 ´ 104 Gy for the fly and step scans respectively due to dose accumulated during stage 
moves associated with step scanning, while the ptychography imaging dose for each case was 4.3 ´ 104 Gy and 7.7 ´ 104 Gy 
respectively with differences arising from different sampling densities. 

Diffraction patterns were cropped to 128 × 128 pixels centred on the diffraction pattern yielding a reconstructed 
ptychography pixel size equal to 47.4 nm. Each diffraction dataset was split into overlapping subsets of approximately 64000 
diffraction frames as shown in Fig. 1 equating to approximately 22 min of data acquisition time. Each subset was 
reconstructed on a single node with two GPUs (NVIDIA M2070) on the Multi-modal Australian ScienceS Imaging and 
Visualisation Environment (MASSIVE)6 with the ePIE algorithm7 for 500 iterations with 10 orthogonal probe modes, initially 
assumed to be a Gaussian with 2.5 µm FWHM8. Splitting the dataset into overlapping subsets across many compute nodes 
offers several advantages; firstly, it allows parallel processing of the entire dataset (in this case, up to 17 compute nodes 
were used for a single dataset), and secondly, as the data was collected over a significant time, splitting the dataset into 
smaller subsets allows the effective imaging time for each reconstruction to be significantly reduced, effectively eliminating 
the adverse effects of an evolving probe in time. As the algorithm does not constrain the phase, the residual background 
phase gradient and offset was removed with a rolling ball background subtraction with a radius of 4000 pixels in ImageJ to 
ensure a smooth background was subtracted 4. Once the background was subtracted, the images were recombined using a 
globally optimal image stitching method as implemented in the Stitching Plugin9 in Fiji10. The validity of this approach is 
independent of the specific reconstruction code used in recovering the phase. Fluorescence data was analysed using the 
dynamic array method in GeoPIXE11, with elemental maps generated as quantitative 32 bit images. 
Registration of the XFM images to the ptychography images consisted of resizing the XFM images using bicubic interpolation 
using Fiji10 to the same physical pixel size (~47.7nm), before the Compton scatter image was aligned to the ptychography 
image using a multimodal rigid transformation using the Matlab® function imregtform12. The results of the alignment were 
visually confirmed before the same set of transformations were then applied to all other elemental maps. Segmentation was 
done visually in Fiji10 using the ptychography image. The selected region was then used to measure mean elemental 
abundance and standard deviation in each region. 
 
 
 
Complete Datasets 

 
Figures S1-S5 show the ptychography phase (a) overlaid with elemental calcium (b) and copper (c). Compared to the phase 
reconstructed through ptychography, Compton scatter (d) gives low resolution representation of the ultrastructure. The 
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reconstructed probe for each subregion of ptychographic reconstruction are shown in (e), highlighting variabilities in the 
incident probe for each case. The probe modes show similar structure to the probe recovered by Jones et al.,4 under the 
same experimental conditions and have here been aligned to assist visualisation of the probe evolution. The scale bars in 
(a) and (e) are equal to 20 µm and 1 µm respectively, while the minimum and maximum values in (a) are in radians, and in 
(b-d) in µgcm-2 according to the colour bars (a-d). The magnitude and phase of the reconstructed probes are encoded 
according to the colour wheel, where the brightness represents the magnitude and the phase is represented by the colour.  
 
Probe Evolution 
 
It is well established that the probe recovered through a simultaneous reconstruction of the object and the probe contains 
not only information regarding the incident illumination, but also information relating to the motion of the specimen4, 14-17. 
Horizontal and vertical repetition of the illuminating probe – typically around 1-2 µm FWHM horizontal and 2 µm vertical – 
is observed with a periodicity approximately equal to the distance between diffraction data acquisitions. The variability of 
these repetitions may arise from variability in the motion system4, and accounts for the bulk of the variation in the 
reconstructed probe. 

Each subregion was reconstructed with its own probe. For the step scan (Fig. S1) the reconstructed probe 
represents approximately 100 minutes of data collection, with the size of each subregion limited by the evolution of the 
probe. For the fly-scan data (Figs. S2-S5 ), the subarea size is limited by computational efficiency to approximately 20 
minutes of data collection. As a result, the reconstructed probes in Fig. S1 show higher variability that those in Figs. S2-S5. 
 
 



 
 
Fig. S1: Ptychography phase (a) overlaid with elemental calcium (b) and copper (c) from a specimen with copper 
supplementation collected as a step-scan. Compton scatter gives low resolution representation of the ultrastructure (d). 
The recovered probe for each subregion of ptychographic reconstruction is shown in (e), highlighting variabilities in the 
reconstructed probe. The scale bars in (a) and (e) are equal to 20 µm and 1 µm respectively, while the minimum and 
maximum values in (a) are in radians, and in (b-d) in µgcm-2 according to the colour bars (a-d). The magnitude and phase of 
the reconstructed probes are encoded according to the colour wheel, where the brightness represents the magnitude and 
the phase is represented by the colour. The recovered probes show similar structure to the probe recovered by Jones et 
al., 4 under the same experimental conditions and have been aligned to highlight variations in the phase and magnitude. 
 



 
 
Fig. S2: Ptychography phase (a) overlaid with elemental calcium (b) and copper (c) from a specimen with copper 
supplementation collected as a fly-scan. Compton scatter gives low resolution representation of the ultrastructure (d). The 
recovered probe for each subregion of ptychographic reconstruction is shown in (e), highlighting variabilities in the 
reconstructed probe. The scale bars in (a) and (e) are equal to 20 µm and 1 µm respectively, while the minimum and 
maximum values in (a) are in radians, and in (b-d) in µgcm-2 according to the colour bars (a-d). The magnitude and phase of 
the reconstructed probes are encoded according to the colour wheel, where the brightness represents the magnitude and 
the phase is represented by the colour. The probe modes show similar structure to the probe recovered by Jones et al., 4 
under the same experimental conditions and have been aligned to highlight variations in the phase and magnitude. 
 



 
 
Fig. S3: Ptychography phase (a) overlaid with elemental calcium (b) and copper (c) from a specimen without copper 
supplementation collected as a fly-scan. Compton scatter gives low resolution representation of the ultrastructure (d). The 
recovered probe for each subregion of ptychographic reconstruction is shown in (e), highlighting variabilities in the 
reconstructed probe. The scale bars in (a) and (e) are equal to 20 µm and 1 µm respectively, while the minimum and 
maximum values in (a) are in radians, and in (b-d) in µgcm-2 according to the colour bars (a-d). The magnitude and phase of 
the reconstructed probes are encoded according to the colour wheel, where the brightness represents the magnitude and 
the phase is represented by the colour. The probe modes show similar structure to the probe recovered by Jones et al., 4 
under the same experimental conditions and have been aligned to highlight variations in the phase and magnitude. At high 
resolution, the specimen shows the effects of shrinkage during freeze drying. 
 



 
Fig. S4: Ptychography phase (a) overlaid with elemental calcium (b) and copper (c) from a specimen without copper 
supplementation collected as a fly-scan. Compton scatter gives low resolution representation of the ultrastructure (d). The 
recovered probe for each subregion of ptychographic reconstruction is shown in (e), highlighting variabilities in the 
reconstructed probe. The scale bars in (a) and (e) are equal to 20 µm and 1 µm respectively, while the minimum and 
maximum values in (a) are in radians, and in (b-d) in µgcm-2 according to the colour bars (a-d). The magnitude and phase of 
the reconstructed probes are encoded according to the colour wheel, where the brightness represents the magnitude and 
the phase is represented by the colour. The probe modes show similar structure to the probe recovered by Jones et al., 4 
under the same experimental conditions and have been aligned to highlight variations in the phase and magnitude. Missing 
lines due to scan errors are evident in the Compton scatter (d) and present in all fluorescence data. The missing lines are 
not visible in the ptychography image (a) due to the significant overlap between lines. At high resolution, the specimen 
shows the effects of shrinkage during freeze drying. 
 



 
 
Fig. S5: Ptychography phase (a) overlaid with elemental calcium (b) and copper (c) from a specimen without copper 
supplementation collected as a fly-scan. Compton scatter gives low resolution representation of the ultrastructure (d). The 
recovered probe for each subregion of ptychographic reconstruction is shown in (e), highlighting variabilities in the 
reconstructed probe. The scale bars in (a) and (e) are equal to 20 µm and 1 µm respectively, while the minimum and 
maximum values in (a) are in radians, and in (b-d) in µgcm-2 according to the colour bars (a-d). The magnitude and phase of 
the reconstructed probes are encoded according to the colour wheel, where the brightness represents the magnitude and 
the phase is represented by the colour. The probe modes show similar structure to the probe recovered by Jones et al., 4 
under the same experimental conditions and have been aligned to highlight variations in the phase and magnitude. At high 
resolution, the specimen shows the effects of shrinkage during freeze drying. 
 
  



Reconstructed ptychography image resolution 
 
A Fourier Ring Correlation (FRC)13 compares the information from two independent ptychography reconstructions to 
obtain an estimate of the resolution. In this case, the overlapping areas of adjacent sub-sections was used in the FRC. The 
overlapping regions account for over 85% of the total image area. The FRC is shown with the ½ bit threshold in Figure S1, 
suggesting a resolution of approximately 280 nm. 
 

 
Figure S6: Fourier Ring Correlation analysis of the ptychography data presented in Figure 1. The solid line depicts the ½ bit 
threshold, which intersects with the reconstructed data at a real space resolution of 280 nm.  
 
 
Ptychography based segmentation  
 
Figure S7 shows the segmented pharynx of each specimen (red) overlaid on the ptychography image. As shown in Fig. 3b 
and 3c, the pharynx and its subregions can be reliably segmented based on the ptychography images, where the same 
regions are indistinct in the Compton scatter images. Figures S2-S6 show that the pharynx is less easily identified by the 
elemental distributions of the other elemental analytes, apart from copper when animals were supplemented with CuCl2. 
 

 
Fig. S7: The pharynx and its subsections are readily identifiable in the ptychography images despite being indistinguishable 
in the fluorescence images. † denotes a step-scan, while * denotes a specimen without copper supplementation. The 
complete data for each panel is presented previously as follows: (a) – Fig. S1; (b-c) – Fig. S2; (d) – Fig. S3; (e) – Fig. S4; and 
(f) – Fig. S5. 
 
 

 

 



Table S1: Area of the segmented features as presented in Fig. 3d. Specimens are as labelled in Fig S7. 

 Area (µm2) 
Specimen  a) b) c) d) e) f) 
Precorpus 477 424 372 271 331 420 
Metacorpus 306 288 372 206 439 392 
Isthmus 388 351 232 109 316 501 
Terminal Bulb 464 419 165 522 482 616 
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