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Abstract

Table-top extreme ultraviolet (EUV) ptychography enables nanoscale, label-free,

and quantitative imaging with intrinsic elemental sensitivity, offering a unique modal-
ity for subcellular profiling of bacterial morphology and composition. In this work, we
apply a state-of-the-art EUV ptychographic microscope to systematically investigate
the structural and compositional features of two model prokaryotic bacteria, Escheri-
chia coli and Bacillus subtilis. With quantitative amplitude and phase reconstructions
at 44 nm resolution on a tabletop, we visualize subtle phenomena during bacterial
sporulation based on distinct morphological signatures. Notably, we examine the sin-
gle-cell response of B. subtilis to the antibiotic monazomycin, uncovering ultrastruc-
tural disruption and compositional alterations. To further characterize the phenotypic
variations, we perform multivariate statistical analysis on extracted morphological
features, revealing diversity and clustering patterns associated with defined biological
states. This work establishes EUV ptychography as a powerful, element-sensitive imag-
ing platform for label-free bacterial imaging, showcasing its promise for biomedical
and antimicrobial research.

Introduction

Bacterial infections pose a significant threat to human health, driving the demand for
precise diagnostic tools and in-depth characterization of bacterial structures, physi-
ological states, and responses to antimicrobial agents [1, 2]. While mature molecu-
lar techniques such as polymerase chain reaction (PCR) [3], mass spectroscopy [4],
and Raman-based spectroscopy [5, 6] provide valuable insights into bacterial identity,
they lack spatial resolution and often require amplification or labeling [7]. Advanced
microscopy methods, including fluorescence microscopy with super-resolution
[8-10], atomic force microscopy (AFM) [11], magnetic resonance imaging (MRI)
[12], soft X-ray microscopy [13-15], and cryo-electron microscopy [16—18], have
provided valuable insights into bacterial ultrastructure. However, they each come
with trade-offs: labelling procedures in fluorescence microscopy are often complex,
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time-consuming, and may introduce morphological artifacts or alter physiological
states [19]. Besides, AFM and EM provide high-resolution imaging but suffer from
limited depth information [20, 21], while methods using X-rays are particularly prone
to radiation-induced damage [22], complex sample preparation, or lack of composi-
tional sensitivity [23]. These trade-offs highlight a pressing need for a compact, label-
free, non-destructive imaging technique with excellent material contrast, capable of
resolving subcellular bacterial morphological features.

Since the first successful reconstruction of a hard X-ray diffraction pattern taken
from an intact Escherichia coli cell at the Spring-8 synchrotron facility [13], coher-
ent diffractive imaging (CDI) [24] with X-ray (100 eV—100 keV) light has opened
new avenues for nanoscale biological imaging [23]. Unlike conventional micros-
copy, CDI, and in particular its scanning variant, ptychography [25], computationally
reconstructs both the amplitude and phase of the transmitted or reflected wavefield
from a series of diffraction patterns. Ptychography has attracted considerable atten-
tion in biological studies across X-ray [26—30] and electron [31-33] beams, provid-
ing quantitative, sub-30 nm images of cells and extended organelles under cryogenic
conditions. In addition to short-wavelength implementations, ptychography has also
been demonstrated in the visible light regime, enabling label-free live-cell biomedical
imaging with enhanced phase contrast [34, 35].

At photon energies in the extreme ultraviolet (EUV, 10—100 eV) range, ptycho-
graphic imaging has been widely applied in nanotechnology [36, 37], wavefront sens-
ing [38], and reflectrometry [39], but its biological applications remain limited due to
strong EUV absorption in hydrated samples. Nonetheless, EUV ptychography offers
several unique advantages for dried biological specimens: the short wavelengths allow
for nanoscale spatial resolution [40], while numerous atomic resonances, especially of
the biologically relevant elements carbon, nitrogen, oxygen, and phosphorus, provide
strong, intrinsic elemental contrast [41] in dehydrated cells without the need for labe-
ling or staining. Notably, the capability of ptychography to simultaneously retrieve
amplitude and phase enables dose-efficient imaging in the EUV regime compared
with traditional X-ray microscopy [42], achieving nanoscale resolution at radiation
levels well below the well-known Henderson limit [22].

Recent advances in high-flux laboratory EUV sources [43] based on high harmonic
generation (HHG) [44] have facilitated compact EUV ptychographic microscopes
[45], which have successfully imaged dehydrated mouse neurons [46], fungi, and
bacteria [47]. However, these demonstrations were constrained by moderate spatial
resolution (~80 nm) [46], low throughput (<1 Mpixel/h) [46, 47], and reconstruction
artifacts [47] due to model mismatch in forward propagation algorithms, restricting
their sensitivity and quantitative accuracy for biological analysis.

To enable reliable quantitative imaging, we employed an upgraded EUV ptycho-
graphic microscope operating at 92 eV [35], featuring optimized illumination optics,
a low-noise sCMOS detector [48], and a newly developed purity-based autofocusing
algorithm [49]. This system achieves a 44 nm resolution on dried biological samples
with imaging speed improved by a factor of four compared to the previous EUV imag-
ing studies on biological samples [46, 47]. The utilized ptychographic microscope is
described in Methods.
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Building on this capability, we present a systematic EUV ptychographic study of two
model bacterial species, Escherichia coli and Bacillus subtilis, captured as unstained, air-
dried samples without chemical fixation. Next, we investigate morphological and com-
positional changes during B. subtilis sporulation [50], as well as the cellular response
to monazomycin, a membrane-targeting macrolide antibiotic [51]. The reconstructed
phase and amplitude are further processed to extract a scattering quotient [27] metric,
enabling label-free elemental mapping of bacterial ultrastructure.

Notably, we apply feature-based multivariate statistical analysis to EUV image data-
sets for the first time, enabling phenotypic profiling of individual bacterial cells treated
with monazomycin. This approach reveals distinct clustering patterns correspond-
ing to defined physiological states, demonstrating the quantitative capability of EUV
ptychography.

Altogether, our results establish EUV ptychography as a promising platform for high-
resolution, label-free, quantitative morphological and compositional imaging in micro-
biological and antimicrobial research.

Results

Morphological imaging of two representative bacterial models

To initiate our investigation, we selected two widely-studied bacterial models: Escheri-
chia coli (E.coli, Gram-negative) and Bacillus subtilis (B. subtilis, Gram-positive), which,
while comparable in size and rod-like shape (typically 25 in length, 0.2—1 pm in diam-
eter [52]), exhibit pronounced differences in their cell wall architecture. E. coli features
a thin peptidoglycan layer (2—7 nm) enclosed by an outer membrane enriched with
lipopolysaccharides (LPS) and lipoproteins, whereas B. subtilis is encapsulated by a sub-
stantially thicker peptidoglycan wall (20—80 nm) enriched with lipoteichoic acid (LTA)
and teichoic acids [53].

EUV ptychographic measurements were performed on two independently prepared
samples per bacterial species at sub-50 nm half-pitch resolution, covering multiple
regions of interest (ROIs) to ensure robustness against biological variability and imag-
ing conditions. The complete workflow and all reconstructed fields of view (FOV) are
summarized in Supplementary Figure S2. Sample preparation details are provided in the
Methods.

Figure 1a and b show representative reconstructions of individual E. coli and B. sub-
tilis cells, respectively. These two species differ fundamentally in their envelope archi-
tecture (Supplementary Figure S1). The amplitude (A) and unwrapped phase (¢) images
reflect the cell’s absorption and refraction properties. From these, scattering contrast
54] (fo =1/ In%|A| + ¢?) and scattering quotient [27] (f; = ‘/’/lnA) maps are extracted
to emphasize scattering strength and material contrast, respectively. As reported previ-
ously [27, 35, 47], these integrated metrics help reveal ultrastructural features less appar-
ent in amplitude or phase alone.

The f; map shows variations in envelope morphology, with the E. coli cell appearing
more layered and sharply defined, while B. subtilis cell displays a more diffuse inter-
nal profile. The f; map, which uncovers the projected elemental composition aver-
aged along the optical axis, further emphasizes the distinctions. For instance, E. coli
cell exhibits a high-contrast, single-pixel-wide shell at the outer boundary (f; > 5),
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Fig. 1 EUV ptychographic imaging of E. coli and B. subtilis reveals morphological and compositional contrast
at the single-cell and population level. a, b Complex-valued EUV reconstructions of single E. coli (a, red box)
and B. subtilis (b, blue box) cells, showing amplitude, unwrapped phase, scattering contrast, and scattering
quotient, respectively. ¢, d Wide-field scattering quotient maps of bacteria clusters of multiple E. coli and

B. subtilis cells within selected regions of interest (ROls) in complex-valued transmission (white boxes).
Brightness and hue encode modulus and phase, respectively. Black boxes (each 400 nm in size) indicate the
ROIs used for quantitative analysis shown in (e), with 10 ROls selected per image. e Histograms of averaged
scattering quotient values extracted from individual ROIs (n =40 per species) for the averaged scattering
quotient, visualizing statistically distinct distributions between the two species. f Box plot of the averaged
scattering quotient, showing the median, interquartile range, and outliers. Statistical significance is assessed
using the Mann-Whitney U test, with effect size quantified by Cliff's 6. Color bars are normalized per channel.
Scale bars: 500 nmiin (a, b), 2 umin (¢, d)

which is nearly absent in B. subtilis. This peripheral enhancement is consistent with
the presence of a lipid- and LPS-rich outer membrane (f; # 6.0 for lipids at 92 eV, see
Supplementary Table 1), commonly reported in Gram-negative bacteria [55]. How-
ever, it should be noted that the lipid membrane is only a few nanometres thick, i.e.,
well below the resolving ability of the system. As a result, such thin structures cannot
be resolved as distinct features but instead contribute to a spatially smeared signal
governed by the effective point-spread function. Moreover, the E. coli displays gen-
erally higher and more uniform f; values within the cell interior, whereas B. subtilis
presents a localized f; hotspot with relatively lower f; values, which could be attrib-
uted to carbohydrate-rich structures of the thick peptidoglycan layer in Gram-posi-
tive bacteria ( f; ~ 3.5 for carbohydrates at 92 eV, see Supplementary Table 1).
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To account for cell-to-cell variability, a population-level comparison was conducted.
Figure 1c and d present complex transmission images of representative clusters, with
hue encoding the phase shift and brightness representing amplitude attenuation. Corre-
sponding f; maps of zoom-in FOVs imply the compositional difference between the two
species. For statistical analysis, a total of 80 ROIs (40 per species) were selected from 8
independent measurements, focusing on cellular regions (black boxes). The distributions
of f; values across these ROIs are shown in Fig. le. Notably, the f; histogram reveals
a partially separated distribution, consistent with expected differences in biochemical
composition of the cell wall. The trend is further reflected in the median and interquar-
tile ranges (Fig. 1f). A Mann—Whitney U test confirms a statistically significant differ-
ence (p < 0.001) with a large effect size (Cliff’s § = 0.87), indicating a stable distinction
between the two bacterial classes. A more detailed interpretation, along with reference
f4 values for key biochemical components, is provided in the Supplementary Note 1.

Taken together, the EUV ptychographic reconstructions reveal reproducible morpho-
logical and compositional contrasts between E. coli and B. subtilis, with population-level
trends consistent with expected envelope biochemistry. While not intended as a spe-
cies-classification assay, these label-free measurements provide subcellular sensitivity
to envelope architecture and composition, complementing established methods such as
Gram staining, which differentiates bacteria by cell-wall composition, particularly the
thickness of the peptidoglycan layer [56], but lacks subcellular resolving power, thereby
underscoring the complementary value of EUV ptychography.

Visualization of B. subtilis sporulation

Endospore formation is a well-known survival strategy adopted by certain bacterial
species to endure harsh environmental conditions [50]. These dormant structures pro-
tect the bacterial genome during periods of stress, such as desiccation, freezing, high
temperature, toxic chemicals, or intense radiation exposure, including UV and y radia-
tion [57]. Specifically, B. subtilis serves as a widely studied model organism for spore
formation, relevant to both food safety and antimicrobial research [58]. While extensive
genetic and biochemical investigations have been conducted, structural visualization of
sporulation has primarily relied on electron microscopy [59] and X-ray [60] illumina-
tion, which often require elaborate sample preparation and a lack of phase contrast.

In this study, B. subtilis samples are treated with MnSO, to create conditions favour-
able for sporulation [61] and imaged using EUV ptychography. The long-term culture
results in nutrient depletion and a heterogeneous mixture of bacterial cells and spores,
which can be distinguished by morphological and scattering variations. As shown in
Fig. 2a, the reconstructed complex image reveals rod-shaped cells and ellipsoidal struc-
tures corresponding to individual spores. A resolution analysis using two independent
measurements and a Fourier ring correlation (FRC) [62] indicates a diffraction-limited
half-pitch resolution of 44 nm (Fig. 2b).

Next, ROIs containing cells and spores are selected for detailed analysis. A rod-
shaped cell (white box in Fig. 2a) is seen in proximity to four adjacent ellipsoidal
spores. The amplitude, phase, and scattering quotient (f;) maps of this region are
shown in Fig. 2c-e. While the amplitude and phase suggest the spore is denser than
the cell, the scattering quotient remains relatively uniform, indicating similar average
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Fig. 2 EUV ptychographic characterization of B. subtilis sporulation. a Complex-valued transmission image
of B subtilis under sporulation. Brightness and hue encode modulus and phase, respectively. Scale bar: 5
um. b Fourier ring correlation analysis of the EUV image a, showing a spatial resolution of 44 nm. ¢, d, and e
represent the normalized, vacuum-referenced amplitude, unwrapped phase, and scattering quotient of the
ROl indicated by the white box in a, respectively. Scale bar: 1 um. f Schematic model of B. subtilis spore coat
structure. f1-f3 Logarithmic amplitude maps of three individual spores (red box in a), revealing concentric
amplitude modulations corresponding to spore coat layers. Scale bar: 300 nm. g Lineout profiles from spores
in f1-f3 showing the separation between coat and cortex. A knife-edge test yields a 10%-90% amplitude
transition over &~ 59 nm

o
-

composition. By contrast, the filament structure connecting multiple spores displays a
sharp peak in both phase and scattering quotient, suggesting a distinct local composi-
tion. While such features could be consistent with an extracellular matrix component
or hydrophobic residue [63], a definitive identification cannot be made based on the
present EUV contrast alone and remains speculative. Correlative approaches, such as
fluorescence labelling, would be required to unambiguously determine its biochemi-
cal origin. Additionally, other cells (red arrowheads in Fig. 2a) appear to exhibit mor-
phological abnormalities, such as localized swelling, division, and irregular cellular
contours.

To further verify the resolving power of our microscope, we selected three indi-
vidual spores for coat analysis. The apparent concentric layering observed in the
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logarithmic amplitude maps (Fig. 2f1-f3) reveals nanoscale coat envelope struc-
tures. A 10%—90% knife-edge analysis of the representative profile {3 (green curve in
Fig. 2g) yields a width of 59 nm, consistent with the FRC-derived 44 nm resolution
when accounting for the intrinsic gradient of biological coat boundaries. Line profiles
across each spore consistently exhibit a narrow high-absorption ridge at the periph-
ery (red shading), followed by a lower-absorption band (yellow shading) and finally a
homogeneous core region. This pattern agrees with the established B. subtilis spore
coat assembly [64]. The outer high-absorption ridge corresponds to the protein-rich
coat, approximately 80 nm [65], which exhibits elevated EUV absorption. Beneath the
coat lies the cortex, a protective peptidoglycan-rich compartment that appears as an
intermediate band of ~100 nm width [66]. The thickness of the outermost polysac-
charide crust layer [67] lies below our resolving power and is not expected to be indi-
vidually resolved.

These observations show that EUV ptychography enables the visualization of repre-
sentative morphological diversity potentially associated with sporulation, providing sub-
50 nm, label-free contrast that offers new insights into the subcellular characteristics of
B. subtilis spores. Future efforts will focus on time-resolved EUV imaging on B. subti-
lis across successive stages of sporulation, aiming to capture morphological transitions
and establish reliable stage assignments incorporating well-defined sporulation mutants
(e.g., cotE [68]), potentially supported by fluorescence-based references in future cor-
relative stages.

Visualization of bacterial responses to antibiotic monazomycin

Antibiotics are potent medications that either inhibit bacterial reproduction or kill bac-
teria outright. The latter antibiotics often target essential processes, such as bacterial cell
wall synthesis or interference with cellular contents like DNA, proteins, or metabolic
pathways [69].

Membrane-targeting antibiotics such as monazomycin are widely used against Gram-
positive bacteria. As a polyether macrolide, monazomycin intercalates into lipid bilay-
ers and forms hydrophilic pores, leading to membrane depolarization and uncontrolled
ion leakage [70]. Unlike B-lactams that target peptidoglycan synthesis, the biochemical
mechanism of monazomycin has not been extensively studied and remains virtually
unexplored. To our knowledge, no microscopy-based investigations have been reported
for monazomycin-treated Gram-positive bacteria. While various imaging studies
employing fluorescence [71, 72], AFM [73], and mostly EM [74—77] have revealed mor-
phological responses to other antibiotics and bacterial species, these approaches often
lack sufficient spatial resolution or elemental specificity and cannot be directly extrapo-
lated to monazomycin due to its distinct membrane-targeting mechanism.

Here, we employ EUV ptychography to visualize the morphological diversity of B.
subtilis following monazomycin treatment. By capturing a wide spectrum of structural
phenotypes, including membrane fragmentation, condensation, and swelling, we reveal
a highly heterogeneous cellular response at the single-cell level.

Identical cultures of B. subtilis were cultivated under standardized conditions, with
one group treated with 10 pg/mL monazomycin and the other serving as an untreated
control. Both groups were subsequently prepared on SiN membranes and imaged with
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Fig. 3 EUV ptychographic imaging and postprocessing of B. subtilis under antibiotic treatment. a
Representative complex-valued transmission images of control (1) and 10 pg/mL monazomycin-treated cells
(2-5), with insets marking cells for downstream analysis. Brightness and hue encode modulus and phase,
respectively. b Zoomed-in scattering quotient (fq) maps highlight material diversity and change upon
treatment. ¢ Cell segmentation and feature analysis workflow. From the input amplitude channel, cells from
14 independent EUV images are segmented using the CellPose-SAM algorithm, and masks are generated.
Multiple morphological and scattering-based features are then calculated from each cell for quantitative
analysis via principal component analysis (PCA)

EUYV ptychography under identical acquisition parameters, enabling a direct comparison
of morphological and structural responses to monazomycin. Figure 3a displays complex
transmission reconstructions from representative FOVs for both conditions. Compared
to the untreated controls, treated cells exhibit notable morphological alterations, includ-
ing increased scattering density, irregular shape deformation (a3—a5), and reduced
internal uniformity. In contrast, control cells largely retain their rod-like morphology
and structural integrity. These structural changes are further supported by scanning
electron microscopy (SEM) images provided in the Supplementary, which visually con-
firm disruption with lower contrast. In Fig. 3b, f; maps of the selected ROIs marked in
Fig. 3a further reveal pronounced features in the element-contrast-enhanced ultrastruc-
ture. In particular, a distinct shell-like layer with f; > 5 is frequently observed near the
periphery of treated cells (b2—b5). This layer, absent in controls (b1), likely reflects the
formation of a disordered or detached membrane bilayer due to the monazomycin.
Next, to enable large-scale quantitative analysis of the cellular morphological and
compositional response, a pipeline of single-cell feature-based multivariate analysis
based on numerous EUV reconstructions was implemented, as illustrated in Fig. 3c. The
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reconstructed amplitude channel was used as input for the deep learning-based segmen-
tation algorithm Cellpose-SAM ([78]. The fully automated method requires no model
retraining or parameter adjustment and accurately segments typical rod-like bacterial
cells. A total of 474 cells were segmented from 14 representative reconstructions in both
controlled (4) and treated groups (10). For each segmented cell, a comprehensive set
of nine features was extracted to capture structural morphology, edge roughness, and
compositional characteristics. These include the statistical descriptors such as mean,
standard deviation (std), and relative standard deviation (RSD) from both amplitude and
phase channels, edge roughness calculated from amplitude and phase, scattering met-
rics (f and f;), projected cell area, and estimated density. The scattering-related features
offer material-specific information while roughness and density serve as morphological
indicators of cellular integrity and uniformity.

The resulting feature vectors were subjected to three-dimensional principal compo-
nent analysis (PCA) for dimensionality reduction. While several extracted features are
derived from the reconstructed complex transmission function and thus exhibit strong
intercorrelations, PCA effectively captures the dominant modes of variation while mini-
mizing redundancy, as illustrated in Fig. 4a. The first two principal components account
for 52.77% (PC1) and 20.25% (PC2) of the total variance, which reveal distinct distribu-
tions between treated and control groups along these two axes. The relative contribu-
tions (loadings) of each feature to PC1 and PC2 are shown in Fig. 4b. f; density and
roughness-related features contribute most strongly to PC1, reflecting that structural
complexity and heterogeneity vary the most within those mutants. In contrast, the
orthogonal axes PC2 are dominated by the projected area and RSD of f.

In addition, a statistical comparison of single-cell features between control and treated
groups is presented in Fig. 4c as standardized violin plots, ranked by statistical signifi-
cance. Notably, f. density and phase mean exhibit the most pronounced differences,
indicating a consistent deviation in intracellular material content upon treatment. These
changes likely reflect membrane disruption and cell condensation. Similarly, amplitude
roughness is significantly increased in treated cells, indicative of irregular scattering sur-
faces, possibly due to membrane disorganization. It is also worth noting that RSD of f,,
a measure of spatial variation in scattering properties, is significantly increased as well,
supporting the hypothesis of disrupted internal uniformity under treatment. Lastly, the
projected area exhibits a broader distribution in the treated group, suggesting that mon-
azomycin may induce alteration of the cell size.

To further categorize the phenotypic profiles of the 474 cells, we performed a similar-
ity-based unsupervised clustering using the K-means [79] algorithm. The medium clus-
ter silhouette score [80] (0.35 for K=4) indicates moderate separation, consistent with
partially overlapping phenotypic clusters along a continuum of morphological states
rather than sharply distinct categories. As illustrated in Fig. 4a, the clusters exhibit the
separation in the PCA space (projected onto PC1 and PC2), each enclosed by a convex
hull.

Cluster 0 predominantly comprises untreated control cells (n=99) along with a small
number of minimally affected treated cells (n=32). It forms a compact region char-
acterized by low phenotypic variation. Representative control cells (Fig. 4a, bottom
left; Fig. 5a, top row) exhibit intact rod-shaped morphology with uniform density and
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Fig.4 Quantitative phenotyping of B subtilis. cells based on EUV-derived single-cell features. a Three-dimensional
PCA of 474 segmented cells using nine extracted features, projected in PC1-PC2 space. Four major clusters are
identified through unsupervised K-means clustering (K=4), enclosed by convex hulls. The number of clusters was
determined by silhouette analysis [70]. Each point represents an individual cell, colored by treatment condition.
Cluster centers are labeled with their mean PC3 value. Representative cells for each cluster centroid are shown as
insets. b PCA loadings indicating the contribution of each parameter to PC1 and PC2, sorted by PC1 importance.
Std: Standard deviation. RSD: Relative standard deviation. ¢ Violin plots comparing features distribution between
the control and antibiotic-treated groups. Features are sorted by statistical significance (p-value) between control
and treatment groups using a two-sided Welch's t-test (unequal variance t-test)

smooth boundaries. Treated cells within this cluster show slight swelling but retain opti-
cal features similar to control, suggesting an early stage of antibiotic exposure. Clusters
1—3 consist exclusively of treated cells and show more dispersed distributions in PCA
space. Cluster 1 (n=147) is marked by increased amplitude roughness and phase het-
erogeneity, with representative phenotypes showing signs of peptidoglycan thickening
and separation of cell envelope layers [74]. In contrast, Cluster 2 (n=101) shifts fur-
ther along PC1 and PC2, and contains phenotypes with enlarged projected areas and
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Fig. 5 EUV phenotypic visualization of representative B. subtilis cells under monazomycin treatment. a
Negative control cells. b Antibiotic-treated cells displaying a wide range of damage phenotypes. Scale bar: 1
um

diminished phase contrast, indicative of swelling, membrane bulging, and blebbing [75],
morphological features previously reported primarily in Gram-negative bacteria via
TEM and SEM [76, 77]. Cluster 3 (n=>56) occupies the extreme positive end of PC1,
representing phenotypes with pronounced amplitude roughness and a complete loss of
phase integrity. These features are consistent with severe envelope rupture and cytoplas-
mic leakage, representing a terminal lytic state.

Notably, Clusters 1—3 are composed entirely of monazomycin-treated cells, reveal-
ing a continuous phenotypic progression from intact to highly disrupted states. In com-
parison to representative images of the control group in Fig. 5a, images in Fig. 5b show
increasing morphological and biophysical deterioration, such as bulging formation,
blebbing, condensation, altered cell size, filamentation, and membrane lysis, in agree-
ment with previously established antibiotic-induced phenotypes [81]. Notably, we also
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observed cells with almost completely depleted internal density yet preserved envelope
integrity (Fig. 5b, ‘ghost cell’ is used to describe those lysed bacteria [82]), indicative of
complete cytoplasmic loss through polar leakage without gross membrane rupture. The
preservation of cell shape may originate from mechanical constraints within dense cell
clusters, where adjacent cells and the extracellular matrix prevent envelope collapse
despite cytoplasmic depletion.

Overall, our results revealed that monazomycin elicits not a binary but a graded
response in bacterial cells, ranging from early-stage membrane detachment to full cytol-
ysis, consistent with previously reported phenotypic continua induced by various kinds
of antibiotics.

Discussion and outlook

In this work, we demonstrate that EUV ptychography enables quantitative, label-free
imaging of bacterial cells across multiple biological contexts at sub-50 nm resolution,
including different bacterial species, developmental states, and antibiotic-induced dis-
ruption. The achieved resolution is estimated via FRC and independently cross-validated
by high-resolution SEM comparison of the same bacterial ultrastructure (Supplemen-
tary Note 2).

As a baseline study, the comparative imaging of Gram-positive (B. subtilis) and Gram-
negative (E. coli) species reveals pronounced differences in scattering quotient maps,
attributable to their distinct cell wall compositions, including peptidoglycan thickness
and lipid content, and illustrates the material specificity of EUV ptychographic imag-
ing. Furthermore, the visualization of B. subtilis sporulation reveals subcellular mor-
phological features and variations at 44 nm resolution, including the characteristic
high-absorption peripheral ridge across the spores, and a filament along the cell. While
the biochemical origin of these features remains to be fully established, their consist-
ent appearance across multiple spores highlights the sensitivity of EUV ptychography to
subtle subcellular changes. This capability opens the door to future quantitative, label-
free investigations of sporulation dynamics and other bacterial developmental processes.

Most importantly, the study of the response of B. subtilis to monazomycin treatment
reveals a continuum of phenotypic states. This gradient is supported by feature-based
clustering and visual phenotyping, exposing a spectrum of morphological deteriora-
tion from early membrane detachment to cytoplasmic leakage and lysis. The ability to
resolve a continuum of phenotypic states highlights the strength of EUV ptychography
in capturing subtle structural and biophysical variations that are often inaccessible to
label-dependent techniques. Crucially, this level of quantitative reliability is enabled by
our novel purity-based axial distance calibration [49], which minimizes reconstruction
biases and ensures accurate retrieval of both amplitude and phase. The combined analy-
sis of phase and amplitude signals measured at very short EUV wavelengths enables the
extraction of quantitative descriptors (e.g., roughness, scattering density) that sensitively
reflect nanoscale damage phenomena and form the basis for unsupervised clustering,
allowing the identification of subclusters along a gradient of damage.

Such capability opens up new possibilities in microbiological research, including the
study of antimicrobial mechanisms and host-microbe interactions [83] in-depth at
unprecedented resolution. The informative approach could also contribute to future
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phenotypic screening pipelines, where quantitative structural readouts complement
molecular or genetic assays for assessing treatment efficacy. Further, the multivariate
datasets acquired by EUV ptychography enable analysis and discovery of potential asso-
ciations and temporal relationships between different response phenotypes.

In the present work, imaging is performed at 92 eV on air-dried samples, which may
introduce morphological alterations. However, this condition enables important advan-
tages for EUV ptychography, including improved dose efficiency, enhanced penetration
depth, and increased material contrast in the absence of water [84]. Compared to fluo-
rescence microscopy, EUV imaging provides intrinsically label-free contrast and enables
quantitative retrieval of both amplitude and phase, whereas fluorescence techniques
offer molecular specificity and compatibility with live-cell imaging. These approaches
should therefore be regarded as complementary, addressing different aspects of biologi-
cal structure and function.

Within the broader EUV regime, it is also instructive to consider the wavelength
dependence of material contrast below the carbon K-edge (~284 eV), referred to as the
“protein window” [84]. In this spectral range, differences in the complex refractive index
between major biomolecular components are enhanced, leading to improved material
contrast. As illustrated in Fig. 6, the scattering quotient shows increased separation
between biomolecular classes, indicating enhanced chemical specificity. Higher photon
energies within the protein window may offer further improvements in contrast and spa-
tial resolution, and potentially increased penetration depth for dehydrated samples.

Extending beyond the EUV regime, particularly into the water window region (wave-
length 2.3-4.4 nm), offers compelling opportunities for native-state biological imag-
ing [27, 29, 85]. The inherent contrast between water and carbon in this spectral range
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Fig. 6 Energy-dependent scattering quotient of biomolecular components. Calculated scattering quotient
as a function of photon energy for representative biomolecular constituents (carbohydrates, proteins, nucleic
acids, phospholipids, and lipids). Vertical dashed lines indicate absorption edges of major elements (P, S, C,

N, O). The region below the carbon K-edge (~284 eV), referred to as the “protein window, exhibits improved
chemical contrast. The operating energy of this work (92 eV, corresponding to 13.5 nm) lies within this
regime. The water window region (284-543 eV) is indicated for comparison
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enables visualization of hydrated specimens without labeling or sectioning, bridging
the gap between dry-state ultrastructure and physiologically relevant hydrated environ-
ments. Realizing such capabilities on a table-top platform, however, will require further
developments in coherent source power [86—88], sample delivery and presevation [89],
and dose-efficient imaging strategies. In particular, although no radiation-induced dam-
age was observed at the approximately 10> Gy dose applied in this work, further dose-
efficient measures will be critical for maintaining the high-fidelity quantitative imaging
of hydrated and radiation-sensitive biological systems.

The presented study demonstrates the unique potential of EUV ptychography to pro-
vide structural and biophysical insights into bacterial systems, offering a quantitative
view into physiological and pathological transitions, and to complement conventional
imaging techniques by its intrinsic element-specificity at nanometric resolution. As
compact EUV and soft X-ray ptychographic microscopes continue to evolve, we antici-
pate a growing role for these techniques in microbiology and medical diagnostics where

nanoscale structure and function intersect.

Methods

Bacterial culture conditions and sample preparation

Bacteria were obtained from the German Collection of Microorganisms and Cellculture
(DSMZ). Escherichia coli (DSM 423) and Bacillus subtilis (DSM 1090) were inoculated
in Tryptic-Soy-Yeast Medium (TSY) at 37°C under shaking conditions. After a preculti-
vation overnight, the bacteria were given to a fresh medium for 3 h before preparation
for measurements. To avoid artifacts in the measurements, the medium was washed off
the surface of the bacteria by spinning down 1 ml of bacterial solution and resuspending
the pellet in the same amount of distilled water. This washing step was performed three
times. To increase the density of bacteria in the final solution, bacterial pellets were dis-
solved in 200 pl of distilled water.

To investigate the influence of monazomycin on B. subtilis, the sample cultivation was
kept the same, with the only difference being the media used after the precultivation.
Here, monazomycin was added to TSY with a final concentration of 10 ug/ml.

The sporulation of B. subtilis was achieved by the cultivation of the bacteria in Lysog-
eny Broth (LB) with the addition of 10 mg/l MnSO, exH,O [61]. The cultivation took
place in liquid LB at 37°C under shaking conditions for 11 days. Sample preparation was
done in the same way as it was described above. While classical sporulation protocols
such as Difco medium can yield spores within 24 h, we followed a simplified protocol for
ease of implementation and sample preparation, rather than for optimizing sporulation
efficiency.

For all the bacteria samples, after preparation, 1 pl of the bacteria solution was
dropped onto a SiN membrane. The samples are dried at room temperature for 24 h and
transferred to the vacuum environment for EUV measurements. All measurements were
therefore performed on air-dried samples. This dehydration step reduces the effective
sample thickness compared to the hydrated state, supporting the validity of the thin-
sample approximation under the present experimental conditions (see Supplementary
Note 3).
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High harmonic generation

The high harmonic generation process is driven by a fiber-based chirped-pulse ampli-
fier operating at a central wavelength of 1030 nm. The amplified pulses are compressed
to<7 fs by cascaded noble-gas-filled hollow-core fibers with a residual average power of
30 W at a repetition rate of 75 kHz and a pulse energy of 400 yJ. These few-cycle pulses
are directed into a vacuum chamber and focused onto a 400 pm diameter gas jet with a
backing pressure of 700 mbar argon. A broad EUV continuum is generated, with a pho-
ton flux of 7 x 10° photons/s/eV at 92 eV. The separation of the generated harmonics
from the high-power driving laser is realized by four grazing incidence plates (GIPs).
Afterward, the residual IR laser is entirely blocked utilizing two 100 nm zirconium (Zr)
foils, which results in a transmission window between 70 and 120 eV. More details on
the HHG source can be found in our earlier work [90].

EUV ptychographic microscope and workflow

The EUV ptychographic microscope has been previously described in a similar configura-
tion [47]. Figure 7 illustrates the microscope setup and imaging workflow. The generated
broadband EUV beam is spectrally filtered and focused onto a sample using reflective multi-
layer mirrors. Different angles of incidence (AOI) on each mirror are used to compensate
for astigmatism, yielding a combined peak reflectivity of ~23% and a spectral bandwidth
(FWHM) of 0.2 nm at 13.5 nm. A binary spiral amplitude mask (transmission: 10% ~ 20%,
depending on the mask position) is placed on a 3D positioner (SmarAct, Germany). Mask-
based structural illumination has been demonstrated to enrich the spatial-frequency spec-
trum of the illumination, enhancing the signal-to-noise ratio (SNR) and spatial resolution of
ptychographic reconstructions [91]. At the sample plane, the EUV photon flux of approxi-
mately 10”photons/s with a relative spectral bandwidth of ~1.5% at 92 eV. The imaged bac-
teria are adhered to a 50 nm thick SiN membrane (Norcada, Canada), positioned on a 3D
stage a few hundred microns downstream from the masks. For precise positioning, laser
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reconstruction. The calculation of the scattering quotient allows chemical-specific imaging
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interferometric stabilization (Picoscale, SmarAct GmbH, Germany) is applied to both the
sample and mask stages, ensuring nanometer-scale accuracy during ptychographic scans.

It is worth noting that independent effective thickness estimates based on both the
retrieved amplitude and phase, assuming protein-like optical constants, yield values on the
order of ~200 nm in terms of effective material-equivalent thickness, i.e., well within the
system depth of field [92] (~960 nm, stated in Supplementary Note 5). Despite the larger
geometrical thickness of the cell, the absence of resolvable axial signatures in the measured
data supports the validity of the thin-sample approximation under the present experimen-
tal conditions (see Supplementary Note 3).

After the initial biological imaging demonstration, several technical upgrades were
applied to the EUV ptychographic microscope. The integration of a high-speed sCMOS
detector (GSENSE400BSI sensor, Andor Marana-X11, 2048 x 2048 pixels, pixel size 11
um) and upgraded EUV focusing optics increased the photon flux by 50%, enabling faster
acquisition times and larger fields of view [48]. The sCMOS detector is placed 32.7 mm
downstream of the sample. Additionally, we implemented a fast and accurate purity-based
self-calibration for axial distances within the momentum-accelerated PIE algorithm [93]
in the open-source PtyLab [94] framework. This procedure improves axial distance accu-
racy and thereby enhances the reliability of quantitative, complex-valued reconstructions.
Together, these improvements enhance the SNR of the recorded diffraction data as well as
the consistency of the forward model, enabling a more reliable recovery of high spatial fre-
quency information and thereby contributing to improved spatial resolution.

Chemical-specific imaging is achieved by calculating the scattering quotient ( f), defined
as the ratio of the real and imaginary components of the energy-dependent complex refrac-
tive index [27], as illustrated in the equation shown in Fig. 7. The complex refractive index
values required for the reference f; calculation at 92 eV can be obtained from the CXRO
database [41]. For heterogeneous biological samples, the measured f; represents a compo-

sition-weighted effective ratio

chkfz,k/zkckfl,k

where ¢ denotes the local concentration of constituent &, and fj » the real and imaginary
atomic scattering factor, respectively. Although not a single-material value, this effec-
tive quantity remains monotonically linked to biochemical composition and therefore
provides robust relative contrast for mapping ultrastructural and chemical variation in

biological specimens.

Purity-based calibration on the sample-detector axial distance
To minimize reconstruction bias and ensure accurate retrieval of high-fidelity images, we
employ a purity-scan-based axial distance calibration procedure [49] for every measure-
ment. This approach monitors a coherence-related metric, the probe purity i, defined from
the modal decomposition of the reconstructed probe as [95].

V2ot

W=

Y
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where 1, denotes the singular values from the modal decomposition of the recon-
structed probe. By scanning the axial distance and identifying the setting that maximizes
the recovered p, we achieve optimal forward-model matching and robust and optimal
image retrieval. A validation example using the reconstruction of the B. subtilis spore is
detailed in the Supplementary.

This calibration strategy eliminates reliance on ambiguous sharpness metrics or ref-
erences, significantly enhancing the quantitative accuracy and reconstruction fidelity.
It is especially effective for weak-scattering, soft biological specimens, and therefore
represents an enabling capability for quantitative, subcellular imaging of bacterial
morphology and composition.

Data collection

Multiple imaging datasets are obtained from independent bacterial samples, as
illustrated in Supplementary Figure S2. Ptychographic scans are performed on vari-
ous regions of the sample, using a 20 pm spiral grid size for systematic data collec-
tion. Each measurement employed high-dynamic-range (HDR) imaging and ensured
reconstructions with sub-50 nm resolution and an imaging speed of approx. 2
Mpixel/h. The radiation dose per measurement was estimated to be approximately 10>
Gy. No dose-induced structural change was observed between repeated scans of an
identical FOV, confirming that the applied dose did not introduce measurable damage
under our experimental conditions. Detailed experimental parameters are provided
in the Supplementary.
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