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ABSTRACT: The interaction between nanoparticles (NPs) and bacterial cell envelopes is crucial 

for designing effective antibacterial materials against multi-drug-resistant pathogens. However, 

current understanding assumes a uniform bacterial cell wall. This study challenges that assumption 

by investigating how bacterial cell wall curvature impacts antibacterial NP action. Focusing on 

Janus NPs, which feature segregated hydrophobic and polycationic ligands and previously 

demonstrated high efficacy against diverse bacteria, we find that these NPs preferentially target 

and disrupt bacterial poles. Experimental and computational approaches reveal that curvature at E. 

coli poles induces conformational changes in lipopolysaccharide (LPS) polymers on the outer 

membrane, exposing underlying lipids for NP-mediated disruption. We establish that curvature-

induced targeting by Janus NPs depends on outer membrane composition and is most pronounced 

at physiologically relevant LPS densities. This work demonstrates that high-curvature regions of 
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bacterial cell walls are “weak spots” for Janus NPs, thereby aiding the development of more 

effective targeted therapies. 
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The rise of antibiotic-resistant bacteria is a significant global health threat.1 To address this, 

antibacterial nanoparticles (NPs) are being developed as an alternative to traditional antibiotics. 

These NPs often employ multiple mechanisms, making them less susceptible to resistance 

development.2-6 A dominant mechanism is targeting the bacterial cell envelope, essential for 

maintaining cell shape and viability.7-9 Interactions of NPs with the bacterial cell wall have been 

studied extensively.10-12 Experimentally, most studies focus on the overall antibacterial effects, 

including cell viability and whole-population measurements of NP-induced cell wall 

penetration.13-15 Some studies have quantified NP binding kinetics to bacterial cell surface.16-22 

Computational simulations of NP-membrane interactions have also been done extensively to 

elucidate underlying mechanisms.23-31 All these studies were based on the assumption that bacteria 

have uniform cell walls. However, recent studies challenge this assumption.  

Recent works, largely enabled by the advancement of high-resolution imaging techniques, have 

revealed that the outer membrane of a diverse range of Gram-positive and Gram-negative bacteria 

is highly spatially heterogeneous. Different regions along the bacterial cell wall vary significantly 

in composition, curvature, and function.32, 33 Mounting evidence suggests that cell wall curvature 

plays an important role in driving the heterogeneous distribution of lipids and proteins on bacterial 

surface.34 For instance, studies have reported the accumulation of certain negatively charged 

molecules, including the phospholipid cardiolipin, on the cell poles of rod-shaped bacteria due to 
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their preference for high curvature. Several cell division proteins have also been shown to localize 

at high-curvature sites including the cell poles and cell division site.34-40 Computational studies 

have corroborated these findings, revealing different mechanisms by which membrane curvature 

can affect local distribution of lipids, such as curvature-induced membrane thinning or lipid 

sorting.41-53 Despite those pioneering findings, no studies have addressed the question: how might 

the curvature of the bacterial cell wall affect their interaction with antibacterial NPs?     

Bacterial cell walls are covered with highly charged, bulky lipoglycans, such as peptidoglycan 

on Gram-positive bacteria and lipopolysaccharide (LPS) on Gram-negative bacteria. Taking LPS 

as an example, their chemical structure and surface density govern the interaction with NPs and 

some antibiotics.54-57 However, we propose that, like other grafted polymers,58-70 the conformation 

of LPS depends on the curvature of the bacterial cell wall. For instance, grafted poly(ethylene 

glycol) forms a “mushroom” conformation on curved surfaces and a “brush” on flatter surfaces.62 

This curvature-dependent polymer conformation directly determines the physical adsorption of 

proteins on NP surfaces.59 Thus, we hypothesize that bacterial cell wall curvature affects the LPS 

packing conformation and, consequently, NP-membrane interaction.  

This study tests our hypothesis by examining interactions between Janus NPs and E. coli. These 

“two-faced” NPs display hydrophobic and polycationic ligands separately on two hemispheres. 

We previously demonstrated that amphiphilic Janus NPs are more effective in disrupting lipid 

membranes71-73 and killing bacteria than uniformly coated NPs.74 Here, we demonstrate that the 

Janus NPs preferentially bind to and disrupt E. coli poles. Through experiments and computational 

simulations, we show how curvature of the bacterial pole versus along the axial wall influences 

LPS conformation, making the Janus NPs more effective in penetrating the LPS layer and 

disrupting the outer membrane. Our molecular dynamics simulation establishes a diagram 
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predicting the dependence of Janus NP-outer membrane interactions on bacterial cell wall 

curvature within a broad range of outer membrane compositions. Our results suggest that bacterial 

cell wall heterogeneity could reveal targets for effective antibacterial strategies. 

The Janus NPs used in this study have a hydrophobic hemisphere and a polycationic hemisphere 

(Figure 1a). We achieved this Janus structure by coating one hemisphere of aminated silica NPs 

with 5-nm thick chromium and 25-nm thick gold layers, then conjugating octadecanethiol onto the 

gold cap to make it hydrophobic. Colistin was then conjugated onto the aminated hemisphere using 

glutaraldehyde crosslinking chemistry (col/pho JP). While colistin is often used as a last-resort 

antibiotic, we employed it here as a polycationic ligand to promote strong electrostatic interaction 

of Janus NPs with bacterial membranes, as we reported previously.74 The Janus geometry and 

hydrodynamic diameter of these NPs was confirmed, respectively, using scanning electron 

microscopy (SEM) (Figure 1b) and Dynamic Light Scattering (Figure S1). 

To evaluate the impact of the Janus NPs on bacterial membranes, we incubated E. coli (MG1655 

strain) with various NP concentrations for 2 h at 37°C with shaking. SEM micrographs revealed 

that Janus NPs preferentially interacted with the E. coli poles (Figures 1c,d). Notably, a significant 

majority of E. coli in contact with the Janus NPs exhibited deformed or even ruptured cell 

envelopes at the poles (Figures 1c,d). Although some of the Janus NPs exhibited slight 

aggregation, this did not affect their preferential binding. Control experiments using uniform 

cationic NPs (col UPs) without hydrophobic ligands (zeta potential in Figure S2) showed 

attachment to both the poles and axial cell wall of E. coli with no preference (Figures 1e,f). We 

have shown previously that once Janus NPs are brought into close proximity with lipid membranes 

after electrostatic attraction, their surface hydrophobicity on one hemisphere drives the lipid 

extraction, leading to membrane disruption.71-73 The difference in binding between Janus NPs and 
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uniform colistin NPs here suggests that in the presence of electrostatic attraction between the 

cationic charges on NPs and anionic bacterial membranes, the hydrophobic interaction with the 

lipids underneath the LPS layer plays an important role in the preferential binding of Janus NPs to 

the bacterial pole. This is confirmed by roughly identifying the orientation of the Janus NPs in the 

SEM micrographs (Figure 1g) and found that over half were oriented with their hydrophobic 

hemisphere facing the bacterial membrane (Figure 1h). In the SEM images, the hydrophobic 

hemisphere appeared brighter due to strong electron scattering of the gold coating.  

 

Figure 1. (a) Schematic illustration of the fabrication of Janus NP. (b) SEM image of the Janus 

NPs. (c,d) SEM images showing E. coli interaction with Janus NPs at 12 pM and 64 pM 



 6 

concentrations. Scale bars, 1 μm. Yellow arrows indicate deformations and ruptures in the bacterial 

cell wall. (e, f) SEM images showing E. coli interaction with uniform cationic NPs (col UP) at 12 

pM and 64 pM concentrations. Scale bars, 1 μm. (g) SEM images showing Janus NPs (64 pM) 

interacting with E. coli with different sites of binding. Yellow arrows indicate deformations and 

ruptures in the bacterial cell wall. Red arrows indicate the hydrophobic side of Janus NPs. (h) Data 

from SEM image analysis show the percentage of Janus NPs bound to the bacterial surface from 

their hydrophobic side, cationic colistin-coated side, or the Janus interface (both sides).  

We next directly visualized the interaction of Janus NPs with bacteria using live-cell imaging. 

The colistin-coated hemisphere of the Janus NPs was conjugated with a trace amount of Cy5 HNS 

ester dye without altering their surface chemistry, so the NPs were fluorescent for visualization 

(Figure S3). During live-cell imaging, Janus NP concentration was maintained at 12 pM for 

optimal visualization. By combining fluorescence imaging of the NPs with bright-field imaging of 

the bacteria, we observed preferential attachment of Janus NPs to the bacterial poles (Figures 2a-

c). This interaction was strong enough to maintain NP attachment even when bacteria "tumbled" 

in solution (Video S1). Approximately 68% of NPs are attached to the bacterial pole, while only 

about 18% are attached to the axial wall of the rod-shaped bacteria (Figure 2c). 
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Figure 2. (a) Overlaid fluorescence and bright-field time-lapse images showing the interaction of 

fluorescently labeled Janus NPs (shown in red) with E. coli. Scale bars, 4 m. (b, c) Analysis from 

live cell images shows the percentage of E. coli bacteria with Janus NPs bound to the poles, axial 

wall, or both regions. 

We next investigated whether our observations were broadly applicable to Janus NPs of different 

sizes and coated with other polycationic ligands. To assess the effect of NP size, we prepared 50 

nm hydrophobic/cationic Janus NPs using the same procedures. Live cell imaging and SEM 

revealed that these smaller Janus NPs, like the 100 nm ones, preferentially interacted with and 

disrupted the poles of E. coli (Figure S4). To examine the effect of polycationic ligands, we 

replaced colistin with a generation 1.0 PAMAM dendrimer, which has eight primary amines 

(comparable to colistin’s seven) but is not antibiotic. The resulting dendrimer-coated Janus NPs, 

referred to as dend/pho Janus NPs, were characterized for their hydrodynamic diameter and zeta 

potential (Figures S5 and S6). We found that dend/pho Janus NPs also preferentially bound to the 

poles of E. coli (Figure S7). Collectively, these results confirm that the preferential interaction of 
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Janus NPs with bacterial poles is a general phenomenon driven primarily by the high curvature of 

the cell wall, rather than the specific type of ligand or NP size. 

Why do Janus NPs preferentially bind and disrupt bacterial poles? While many factors, such as 

protein or lipid accumulation on the poles,34, 39, 75, 76 may play a role, here we focused on curvature. 

We previously demonstrated that polycationic ligands on Janus NPs enhance their electrostatic 

attraction to lipopolysaccharide (LPS) on the outer membrane of Gram-negative bacteria.74 

Following this binding, the NP’s hydrophobic hemisphere disrupts the membrane by extracting 

lipids and compressing it.71-73 Since surface curvature influences the conformation of grafted 

polymers,64, 77-79 we propose that the distinct curvatures of bacterial poles and axial walls affect 

LPS configuration, influencing Janus NP interactions with the bacterial membrane.  

To understand the observed phenomenon, we performed coarse-grained (CG) molecular 

dynamics (MD) simulations. We modeled bacterial membranes with different curvatures: flat 

membranes for axial cell walls and vesicles for high-curvature poles (Figure 3a). Tests with vesicle 

sizes from 27 to 54 nm showed similar interactions with Janus NPs (Figure S10). Using Martini 

force field CG models of LPS,80 which capture key LPS features without the O-antigen, we 

modeled  rough (RaLPS) and truncated (ReLPS) LPS, with RaLPS being bulkier due to more sugar 

core beads (Figures 3a, S8). The membrane also included POPE lipids, a common bacterial 

membrane lipid,81 with an RaLPS ratio of 60:40, reflecting typical bacterial LPS coverage. At this 

membrane composition, RaLPS covers about 75% of the curved membrane surface and 87% of 

the flat membrane surface, representing the typical LPS surface coverage on the bacterial surface 

as previously reported.82-84 These CG models better capture the complexity of the bacterial outer 

membrane than other more simplified models.85-90  
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To quantify the curvature effect on LPS packing, we analyzed RaLPS surface coverage (%) 

(Figure 3b-i), core bead density (Figure 3b-ii), and the center-of-mass (COM) distance between 

RaLPS molecules (Figure 3b-iii). Results showed significantly denser LPS packing on flat versus 

curved membranes, with higher LPS content yielding denser packing in both cases.  

To further characterize RaLPS conformation, we quantified two parameters: the radius of 

gyration (R_g) of RaLPS core beads (Figure 3b-iv) and the average COM distance between RaLPS 

core beads and POPE head groups (PO4
⁻) (DPe-S, nm) (Figure 3b-v). R_g of RaLPS is significantly 

larger on flat membranes, especially with higher RaLPS content. This indicates a more extended 

conformation, consistent with what is known for polymer brushes.91 This was further supported 

by larger DPe-S values on flat membrane, which increase with RaLPS content. This shows that 

DOPE lipids are closer to the LPS layer on curved regions. These results suggest that curvature 

affects both LPS packing and conformation; on curved membranes, LPS adopts a "mushroom" 

rather than "brush" configuration, exposing more POPE lipids. 
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Figure 3. Molecular model of the bacterial membrane and the influence of membrane curvature 

on the packing of LPS. (a) The bacterial cell membrane has three major components: POPE, 

RaLPS, and ReLPS. CG representation illustrates the distribution of RaLPS and POPE in two 

membrane geometries: planar membrane (representing low-curvature membranes) and vesicle 

(representing highly curved membranes). An example of a 60% RaLPS: 40% POPE membrane 

configuration after 5 s of relaxation is shown. POPE beads and tails: green and lime, respectively. 
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RaLPS core beads and tails: yellow and brown, respectively. ReLPS core beads and tails: purple 

and brown, respectively. The flat membrane dimension is ~ 30 × 30 nm². The vesicle diameter is 

~27 nm. (b) Influence of curvature on the distribution of RaLPS on the membrane surface. This 

analysis focuses on RaLPS core beads, including (i) surface coverage percentage, (ii) core bead 

density (number of beads/nm2), (iii) center of mass (COM) distance between RaLPS core beads, 

(iv) radius of gyration of RaLPS core beads (R_g, nm), and (v) the average distance between 

RaLPS core beads and POPE head beads (DPe-S, nm). For clarity, solvent molecules are included 

in the simulation but are not shown here.  

How do the different LPS packing and conformation affect Janus NP interactions with bacterial 

membranes? We analyzed the binding energy of Janus NPs on both flat and curved membranes. 

Using our prior Janus NP model,74  with a 10 nm gold core and hydrophobic/hydrophilic 

hemispheres (Figure 4a), the Janus NP measures approximately 15 nm in diameter. We used 

umbrella sampling simulations to measure free energy as a function of the COM distance between 

the Janus NP and membrane (Figure 4b). The NP was positioned to maximize hydrophobic and 

electrostatic interactions, as this configuration best disrupts membranes.74, 92 Indeed, alternative 

configurations – facing the membrane with only the colistin or hydrophobic hemisphere – failed 

to disrupt the membrane after 2000 ns of simulation (Figure S11). We further analyzed the radial 

distribution function (RDF) of POPE and RaLPS components (Figure 4c) to identify likely NP 

contact points during binding (Figures 4e,g).  

On the flat membrane, the system's energy decreases as the NP approaches the membrane, 

reaching a minimum at point (2) due to an initial electrostatic attraction with RaLPS (Figure 4d). 

Figure 4e shows that the NP likely attracts the negatively charged groups and core beads of RaLPS. 

However, as the NP penetrates deeper (2 → 3), steric repulsion increases due to the higher density 
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of LPS core beads. This repulsion eventually outweighs the electrostatic attraction and leads to a 

significant increase in free energy. 

Similarly, on the curved membrane, free energy decreases as the NP approaches (point 2*), but 

further penetration (2* → 3*) experiences weaker repulsion (Figure 4f). The RDF reveals an 

approximately 2.5-fold decrease in RaLPS core bead density at point 3* (curved) compared to 

point 3 (flat) (Figure 4e). Additionally, a higher density of POPE lipids near the particle at point 

3* (curved) suggests potential hydrophobic attractions between the NP and these lipids, unlike the 

negligible interaction observed in the flat membrane (point 3).  

These findings highlight two key points regarding the interactions between Janus NPs and 

bacterial membranes. First, the brush-like conformation of RaLPS on flat membranes limits the 

deep penetration of Janus NPs. In contrast, curved membranes, which feature less densely packed 

RaLPS and readily exposed POPE lipids, allow for stronger NP attachment. Overall, both 

electrostatic and hydrophobic interactions are critical in driving Janus NP interactions with 

bacterial membranes. Electrostatic attractions initially bring the Janus NPs close to the LPS 

membranes, but the extent of steric repulsion varies depending on LPS conformation, which is 

influenced by membrane curvature. Only in regions of high curvature, where RaLPS is less densely 

packed and steric repulsion is reduced, can Janus NPs effectively attach to and disrupt the lipid 

membrane beneath the LPS layer through hydrophobic interactions. 

. 
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Figure 4. Molecular mechanisms for Janus NP binding to flat and curved bacterial membranes. 

(a) CG representation of the Janus NP with a core diameter of 10 nm. (b) Initial setup for umbrella 

sampling simulations to study the Janus NP binding to bacterial membranes. The flat membrane 
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dimension is ~ 30 × 30 nm². The vesicle diameter is ~27 nm. The membranes consist of 60% 

RaLPS and 40% POPE molar concentration. (c) Components within a RaLPS molecule are used 

for radial distribution function (RDF) calculations. (d) Potential of mean force (PMF) illustrating 

Janus NP-flat membrane interaction. The dashed line indicates the COM distance when the NP 

touches the membrane. (e) Snapshots and RDF from key states along the PMF profiles of Janus 

NP-flat membrane interaction. The shaded area in RDF plots indicates close contact between NP 

and membrane (distance < 5.0 nm). (f) PMF demonstrating Janus NP-curved membrane 

interaction. The dashed line indicates the COM distance when the NP touches the membrane. (g) 

Snapshots and RDF from key states along the PMF profiles of Janus NP-curved membrane 

interaction. The shaded area in RDF plots indicates close contact between NP and membrane 

(distance < 5.0 nm). MD snapshots of the interaction of Janus NP with (h) a planar membrane and 

with (i) a curved membrane over 2000 ns. RaLPS: yellow beads. POPE: green beads. For clarity, 

solvent molecules are included in the simulation but are not shown here. 

After establishing the effect of membrane curvature on Janus NP binding, we investigated the 

membrane disruption process. Consistent with our bacterial experiments, where conjugated NPs 

induced deformations or ruptures at the poles (Figures 1d-f), simulations revealed that Janus NPs 

primarily disrupt the curved membranes of bacterial models. We conducted 2000 ns free dynamics 

simulations, verified across three duplicate runs (Figures S14, S15). As expected, the Janus NP 

did not cause significant deformation on flat membranes (Figure 4h). This aligns with the binding 

energy calculations that indicate substantial steric hindrance from densely packed LPS "brushes" 

(Figures 4d,e). In contrast, the Janus NP easily penetrated the curved membrane, extracting POPE 

lipids (green beads) with its hydrophobic ligands and ultimately disrupting the membrane (Figure 
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4i). This observation aligns with the binding energy calculations in Figures 4f,g, which show that 

curvature enhances NP attachment and access to POPE lipids.  

MD simulation also confirms that a uniform cationic NP does not disrupt the curved membrane 

(Figure S16), matching our experimental observations (Figures 1e,f). To further assess the role of 

membrane curvature, we simulated a cylindrical membrane to mimic the axial cell wall and 

observed that the Janus NP only attached to the surface without penetrating or disrupting the 

membrane (Figure S17), similar to the results with flat membranes (Figures 4h, S14). 

 

Figure 5. Tertiary diagram illustrating Janus NP interaction with bacterial membranes on planar 

and curved surfaces. The disruption efficacy of Janus NPs across 17 different 

POPE/RaLPS/ReLPS compositions are represented as points in the phase diagram. The flat 

membrane dimension is ~ 30 × 30 nm². The vesicle diameter is ~27 nm. RaLPS: yellow beads. 

ReLPS: purple beads. POPE: green beads. For clarity, solvent molecules are included in the 

simulation but are not shown. 
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Bacteria have diverse outer membrane compositions and some can even modify their LPS 

content93, 94 and cell wall organization 95-97 in response to antibiotics. We investigated how the 

preferential interaction of Janus NPs with bacterial poles depends on outer membrane composition, 

particularly the surface concentration of LPS. In our model, membranes composed of RaLPS, 

ReLPS, and POPE for both flat and curved geometries. We allowed the Janus NP to interact with 

a broad range of these compositions (Figure 5, Figures S18 and S19). Based on the membrane 

disruption efficacy of Janus NPs, the phase diagram were divided into three regions. (i) In the 

region of high content of POPE but low content of LPS, both flat and curved membranes are 

disrupted by the Janus NP. (ii) At moderate LPS levels, only the curved membrane is disrupted, 

with a boundary at 60 mol% for ReLPS and 40 mol% for RaLPS, which indicates RaLPS’s greater 

impact on interactions with curved membranes due to its bulkier conformation. (iii) When RaLPS 

and ReLPS exceeds 80 mol%, neither flat nor curved membranes are disrupted by the Janus NP, 

presumably because LPS at such high surface densities shields the lipid membrane from interaction 

with the NP. This diagram identifies a range of membrane compositions where Janus NPs can 

effectively disrupt curved but not flat membranes. Interestingly, this identified range is comparable 

to the range of LPS surface coverage observed in Gram-negative bacteria.82-84 

This study challenges our current understanding of NP-bacteria interactions, by revealing a 

previously unseen phenomenon that NPs preferentially target and disrupt bacterial poles. We have 

previously shown that electrostatic attractions bring Janus NPs close to lipid membranes, while 

hydrophobic interactions drive lipid extraction and membrane disruption.74, 92 However, in this 

study, by combining experimentation with CGMD modeling, we elucidate how cell wall curvature 

modulates the interaction between Janus NPs and the Gram-negative bacterium E. coli. Our 

findings reveal that as cationic Janus NPs are attracted to oppositely charged LPS on bacterial 



 17 

membranes, curvature-induced conformational changes in LPS molecules expose the underlying 

lipid membrane, making the poles more susceptible to disruption by NPs driven by hydrophobic 

interactions. Our simulations yielded a comprehensive diagram that captures the interplay between 

LPS composition and NP-membrane interactions across a broad range of membrane compositions. 

This analysis highlights that curvature-induced targeting by NPs is most pronounced under 

physiologically relevant LPS densities, which underscores the real-world significance of our 

findings. 

Importantly, this work challenges the typical assumption of a uniform bacterial cell wall in prior 

antibacterial NP studies. We demonstrate that high curvature creates weak spots on bacterial cell 

walls for antibacterial NPs, a concept previously overlooked. While our study emphasizes bacterial 

membrane curvature as a significant factor in Janus NP interactions, we acknowledge that other 

factors, such as membrane tension and lipid interactions in high-curvature regions, may also 

contribute. Previous studies show that bacteria can sense and regulate the tension of their outer 

membranes. In parallel, antibacterial nanoparticles – including those examined in our studies—

have been found to alter the mechanical properties of bacterial membranes74, 98 which can affect 

lipid and LPS packing and thus influence nanoparticle-membrane interactions, potentially creating 

a feedback loop of interactions. Given the emerging evidence of inherent cell wall heterogeneity 

in bacteria, understanding how its physical, mechanical, and chemical heterogeneities impact 

antibacterial nanoparticle action is critical for developing effective, targeted therapies. 
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