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      Nanotechnology

      Nanotechnology. The latest news on  nanoscience, nanoelectronics, science and technology. Updated Daily.


      
        What vibrating molecules might reveal about cell biology
        Infrared vibrational spectroscopy at BESSY II can be used to create high-resolution maps of molecules inside live cells and cell organelles in their native aqueous environment, according to a new study by a team from HZB and Humboldt University in Berlin.

      

      
        Tool enables nanoscale visualization of lipid movement between cell organelles
        Lipids are fatty molecules that play critical roles in cell function, including membrane structure, energy storage and nutrient absorption. Most lipids are made in a cell organelle called the endoplasmic reticulum, but specific lipid types are shuttled around to different parts of the cell depending on their purpose. Each organelle serves a specific role in a cell and has its own unique mixture of lipids called a lipidome.

      

      
        How protein coatings influence nanoparticles' ability to avoid immune clearance and reach their destinations
        Nanomedicine uses ultra-small particles to deliver drugs directly to the tissues and cells that need them, improving treatment effectiveness while reducing side effects. This approach underpins some clinically approved RNA-based technologies and chemotherapy drugs.

      

      
        Ultrasensitive sensor maps magnetization textures in rhombohedral graphene
        Graphene, which is comprised of a single layer of carbon atoms arranged in a hexagonal lattice, is a widely used material known for its advantageous electrical and mechanical properties. When graphene is stacked in a so-called rhombohedral (i.e., ABC) pattern, new electronic features are known to emerge, including a tunable band structure and a non-trivial topology.

      

      
        DNA signaling cascades offer a better way to monitor drug therapy at home
        Chemists at Universite de Montreal have developed "signaling cascades" made with DNA molecules to report and quantify the concentration of various molecules in a drop of blood, all within five minutes.

      

      
        Machine learning helps identify 'thermal switch' for next-generation nanomaterials
        Imagine being able to program materials to control heat like you can control a light with a dimmer switch. By simply squeezing or stretching the materials, you can make them hotter or colder.

      

      
        Atom-scale stencil patterns help nanoparticles take new shapes and learn new tricks
        Inspired by an artist's stencils, researchers have developed atomic-level precision patterning on nanoparticle surfaces, allowing them to "paint" gold nanoparticles with polymers to give them an array of new shapes and functions.
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            [image: What vibrating molecules might reveal about cell biology]
             
                The cell is grown on a Si-C-Membrane and embedded in its liquid medium. The tip of the s-SNOM detects vibrations, probed by Infrared-Light from BESSY II. Credit: A. Veber/HZB
            
        

    


Infrared vibrational spectroscopy at BESSY II can be used to create high-resolution maps of molecules inside live cells and cell organelles in their native aqueous environment, according to a new study by a team from HZB and Humboldt University in Berlin.



										      
																																	Nano-IR spectroscopy with s-SNOM at the IRIS beamline is now suitable for examining tiny biological samples in liquid medium in the nanometer range and generating infrared images of molecular vibrations with nanometer resolution. It is even possible to obtain 3D information. To test the method, the team grew fibroblasts on a highly transparent SiC membrane and examined them in vivo. This method will provide new insights into cell biology.

Infrared spectroscopy is a damage-free method for characterizing biological tissues or cells. With the use of an infrared scattering-type near-field optical microscope (s-SNOM), even the smallest sample volumes are sufficient to gain rich information about the molecular composition, structure and interactions, with a spatial resolution of down to 10 nm.

The study is published in the journal Small.

Testing the method on fibroblast cells

The IRIS beamline at BESSY II synchrotron source provides highly brilliant and the extremely broadband infrared light required by this method. In a recent study conducted at BESSY II, under the joint leadership of Dr. Alexander Veber, HZB and Prof. Dr. Janina Kneipp from HUB, the team demonstrated the effectiveness of this method to record vibrational spectra of living cells in liquids. They used fibroblasts, which are responsible for building connective tissue and producing collagen, as test samples.


																																						
    
     




																																			For the first time, the team used an ultra-thin silicon carbide membrane that serves as a protective biocompatible interface between the cells and their liquid medium and the probing tip of the s-SNOM based infrared nanoscope, which detects the vibrations.



    
        
            [image: What vibrating molecules might reveal about cell biology]
             
                The microscopic image (left) plus the obtained IR-spectra contain precise information on relevant molecules and molecular processes inside the cell. Credit: A. Veber/HZB
            
        

    



"Not only were we able to visualize the nucleus and cell organelles, but we succeeded too in reading the individual contributions of proteins, nucleic acids, carbohydrates and membrane lipids based on the detected vibrational spectra," says Veber.

This was possible because the silicon carbide membrane is highly transparent to infrared light. The observed cell structure at the nanoscale is consistent with the known heterogeneity of cells, thus validating the new method.

"We could also vary the measurement parameters in order to control how deep into the sample we detect signals--allowing us to explore its different layers. This paves the way towards infrared nano-tomography of the cells, i.e. a detailed 3D visualization of cell structure and composition," says Veber. Standardized 2D and 3D vibrational imaging and spectroscopy could enable faster progress in biophysics and nanomaterials.

"This method offers the possibility of analyzing biological samples and liquid-solid interfaces much more accurately than was previously possible," says Veber. "In principle, we could use it to examine any type of cell, including cancer cells." The new development is available for national and international user groups of the IRIS beamline.


																																	
																														
																				
																						More information:
												Alexander Veber et al, Nano-Infrared Imaging and Spectroscopy of Animal Cells in Liquid Environment, Small (2025). DOI: 10.1002/smll.202507097
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Tool enables nanoscale visualization of lipid movement between cell organelles

										

    
        
            [image: The many FACES of lipid research]
             
                Subcellular lipid distributions (magenta) in mitochondria (green) revealed using FACES and super-resolution structure illuminated microscopy. Credit: William Moore
            
        

    


Lipids are fatty molecules that play critical roles in cell function, including membrane structure, energy storage and nutrient absorption. Most lipids are made in a cell organelle called the endoplasmic reticulum, but specific lipid types are shuttled around to different parts of the cell depending on their purpose. Each organelle serves a specific role in a cell and has its own unique mixture of lipids called a lipidome.



										      
																																	Scientists have long wanted to get a closer look at the movement of lipids around a cell, but because organelles are so close together--often only tens of nanometers apart--it's tough to visualize with traditional light microscopy, which only has resolutions up to 250 nanometers.

Now researchers at the University of California San Diego have unveiled a new technology with the power to see cells in unprecedented detail. The tool, called fluorogen-activating coincidence encounter sensing (FACES), was developed in Associate Professor of Biochemistry & Molecular Biophysics Itay Budin's lab. This work appears in Nature Chemical Biology.

Cell membranes are composed of lipid bilayers. These bilayers are 3-4 nanometers wide and are composed of two lipid layers called leaflets. The lipids in each leaflet are not necessarily the same types, further complicating attempts to understand the microscopic biochemistry taking place.

To get a glimpse of lipid movement, the team turned to fluorogens, small-molecule dyes that do not fluoresce unless they are bound to a special fluorogen-activating protein or FAP. The study shows how when lipids are chemically modified by attaching fluorogens to them, they only light up in parts of the cells where the FAP protein is found. By controlling the localization of the FAPs, researchers can selectively illuminate only the lipids at sites of their choosing.


																																						
    
     




																																			"It's like having a kind of switch," stated Budin, the corresponding author on the paper. "You have a dye and you have a protein. By themselves, neither are fluorescent. But if they're in the same place at the same time, they bind to each other, and the complex is fluorescent."



    
    
    
        
        
    
            
            Mobility of TGN vesicles containing the soluble secretory cargo marker SP-mCherry. Credit: Nature Chemical Biology (2025). DOI: 10.1038/s41589-025-02021-z
  

This tool allows researchers to only see how lipids are transported to specific organelles in the cell, while other lipids in the cell remain dark. It can also parse the individual leaflets of a lipid bilayer, fluorescing one side while the other remains unseen. Budin's lab uses FACES to see how lipids are trafficked between organelles and how they're transported across a single membrane bilayer between two different leaflets.

The idea for the tool came from project scientist William Moore. Despite Budin's initial hesitations about the technical challenges posed by using fluorogens to image lipids, Moore was persistent in getting his idea from the drawing board to the microscope room.

"Fluorogens are typically used for the localization and tracking of proteins that are genetically tagged with a FAP. I was confident we could reverse this logic and repurpose FAPs as sensors for the localization and tracking of fluorogens, which could be conjugated to other molecules like lipids," stated Moore, who is the paper's first author.

This new tool will complement the advanced imaging tools being developed in Obara's lab. Together, they hope to better understand organelle communication--how different components of a cell interact with each other--including lipid transport. The project also featured key contributions from Professor of Biochemistry & Molecular Biophysics Neal Devaraj's lab.

Budin hopes to make the sensor protein and fluorogen molecule easily available to other labs--even those not studying lipids.

"We're focusing on the lipid angle because that's what our lab studies," said Budin. "But the technology can actually be applied to many different types of biomolecules that can be labeled using these kinds of chemicals. We want it to be used by biology and biochemistry labs around the world."


																																	
																														
																				
																						More information:
												William M. Moore et al, Leaflet-specific phospholipid imaging using genetically encoded proximity sensors, Nature Chemical Biology (2025). DOI: 10.1038/s41589-025-02021-z
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            [image: How protein coatings influence nanoparticles' ability to avoid immune clearance and reach their destinations]
             
                Microscopic image of membrane-wrapped nanoparticles with protein coronas. Credit: University of Delaware
            
        

    


Nanomedicine uses ultra-small particles to deliver drugs directly to the tissues and cells that need them, improving treatment effectiveness while reducing side effects. This approach underpins some clinically approved RNA-based technologies and chemotherapy drugs.



										      
																																	But designing effective nanomedicines is no easy task. The body's immune system can mistake nanoparticles for harmful invaders and try to clear them, limiting their effectiveness and sometimes causing adverse effects. A key player in this process is the protein corona, a layer of proteins that forms around nanoparticles when they enter the bloodstream that can influence how the immune system reacts to them.

Findings from researchers at the University of Delaware College of Engineering, published Sept. 29 in the Proceedings of the National Academy of Sciences, offer fresh insights into how the protein corona affects immune system recognition of nanoparticles and the particles' ability to reach their destination.

"Understanding the influence of the protein corona on a nanoparticle's fate will help us design nanomedicines that more reliably evade immune clearance and deliver therapies precisely," said senior author Emily Day, professor in the Department of Biomedical Engineering.

Targeting blood stem cells

For this study, a team from Day's laboratory focused on nanoparticles targeting hematopoietic stem cells, which give rise to all types of blood cells. Nanomedicines that deliver drugs or gene therapies directly to these cells could serve a range of purposes, from helping prepare the body for a bone marrow transplant to correcting the genetic variation that causes sickle cell disease.


																																						
    
     




																																			"The rarity of hematopoietic stem cells--they comprise just 0.01% of bone marrow cells--makes them a challenging target," said first author Eric Sterin, who received his doctorate in biomedical engineering from UD earlier this year. "One approach we've been using to improve targeted delivery is wrapping the nanoparticles with a membrane derived from bone marrow cells known as megakaryocytes, which coats them with proteins that help guide them to the marrow."

The team tested how these membrane-wrapped nanoparticles behave in laboratory and animal experiments. To form protein coronas, they incubated the particles in blood serum from mice, cows or humans. Compared to unwrapped nanoparticles, membrane-wrapped particles bound less protein overall, and in human serum the classes of proteins that bound to them were especially distinct.

Further experiments suggested that the sparser protein coronas on the membrane-wrapped particles may influence how they interact with cells. In lab studies, these particles entered their target cells more easily and were less likely to be taken up by immune cells than the unwrapped particles.

Exploring the protein corona

The researchers next sought to figure out which proteins in the corona have the biggest impact on a nanoparticle's fate. Understanding this could show them which parts of the corona to adjust to make nanomedicines more precise.
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																																			Proteomics analyses revealed that apolipoprotein B was the most abundant protein in the corona. This was somewhat surprising, as other studies with similar nanoparticles had found apolipoprotein E to be more common. Both proteins help carry molecules around the body, but they can also act as "flags" that make it easier for clearance cells to spot and remove the particles.

To further explore how individual proteins in the corona affect nanoparticle destiny, the researchers used different mouse models, each engineered to lack one specific type of protein. Examining where the particles accumulated in mice after injection into the bloodstream revealed an intriguing and delicate balance. Some proteins in the corona, such as complement component 3 and immunoglobulin G, were found to help the immune system clear particles to organs like the liver. But those same proteins can also help the particles reach the targeted hematopoietic stem cells in the bone marrow.

"Finding ways to control the levels of these proteins could help shift the balance toward more precise delivery to blood stem cells in the bone marrow and less off-target delivery to other organs," said Day.

Currently, the researchers are exploring how to adjust the composition of the protein corona by altering components of the membrane wrapping. A future direction is to extend their experiments to humanized mice, which have a human-like immune system, to better understand how these nanoparticles might behave in people.


																																	
																														
																				
																						More information:
												Eric H. Sterin et al, Influence of the protein corona on hematopoietic stem and progenitor cell uptake and macrophage clearance of membrane-wrapped nanoparticles, Proceedings of the National Academy of Sciences (2025). DOI: 10.1073/pnas.2507922122
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Ultrasensitive sensor maps magnetization textures in rhombohedral graphene

										

    
        
            [image: Study maps magnetization textures in rhombohedral graphene]
             
                Local magnetometry of symmetry-broken states. Top panel: a nano-SQUID loop on a sharp tip scans the device, revealing the local magnetization pattern; inset: scanning electron micrograph of the fabricated SQUID loop at the tip apex. Bottom panel: real space map of the ac magnetic signal in the symmetry-broken half-metal phase for the spin tilt angle th_s= +-45deg. The magnetic signal reverses polarity at the opposite sample edges (dotted lines). Blue circular region within the sample are blisters from trapped fabrication residues (polymers). Credits: Prof. Eli Zeldov and Dr. Surajit Dutta.
            
        

    


Graphene, which is comprised of a single layer of carbon atoms arranged in a hexagonal lattice, is a widely used material known for its advantageous electrical and mechanical properties. When graphene is stacked in a so-called rhombohedral (i.e., ABC) pattern, new electronic features are known to emerge, including a tunable band structure and a non-trivial topology.



										      
																																	Due to these emerging properties, electrons in rhombohedral graphene can behave as if they are being influenced by "hidden" magnetic fields, even if no magnetic field is applied to them. While this interesting effect is well-documented, closely studying how electrons organize themselves in the material, with their spins and valley states pointing in different directions, has so far proved challenging.

Researchers at Weizmann Institute of Science recently set out to further examine the local magnetization textures in rhombohedral graphene, using a nanoscale superconducting quantum interference device (nano-SQUID). Their paper, published in Nature Physics, offers new insight into the physical processes governing the correlated states previously observed in the material.

"Our paper began with a simple question: in rhombohedral multilayer graphene, how do the four isospin flavors (two spins, two valleys) magnetically order in the absence of external magnetic field at low temperature?" Prof. Eli Zeldov, group leader and senior author of the paper, told Phys.org.

"In these systems, the large density of states promotes a Stoner-like instability that lifts the fourfold degeneracy of the nominal metallic state, producing half-metal (two-fold) and quarter-metal (one-fold) phases as the carrier density is reduced. These symmetry-broken metals are promising for non-volatile memory and a fertile arena for correlated physics, so resolving their magnetic textures and underlying electron-electron interacting energy scales is essential."


																																						
    
     




																																			Most earlier studies aimed at uncovering the isospin texture of rhombohedral graphene relied on bulk, high-magnetic field probes. These probes can identify isospin degeneracies in materials, yet they do not yield much insight into the local magnetic anisotropy and the underlying interacting energy scales at a magnetic field close to zero.

As part of their study, Prof. Zeldov's group thus employed a nano-SQUID-on-tip probe, which is essentially a tiny but ultrasensitive superconducting sensor built on the apex of a sharp pipette. This probe, operated at millikelvin temperatures, allowed them to directly image isospin-related magnetic textures in multilayer graphene for the first time.

"We scanned a few hundreds of nanometers above the dual-gated rhombohedral tetralayer graphene devices inside a vector magnetic field," explained Dr. Surajit Dutta, co-first author of the paper. "The sensor is extremely sensitive and able to measure magnetic field strength down to 10 nanotesla. To get the magnetic pattern, we modulate the electron density by applying small a.c. voltages to the gates. This tiny density wiggle changes the sample's magnetization, which in turn produces a local ac stray magnetic field, detected by the SQUID-on-tip."

The researchers ultimately gathered the first experimental insight into the patterns of directionally dependent magnetism (i.e., magnetic anisotropy) in two exotic quantum phases of multilayer rhombohedral graphene. These phases are known as the spin-polarized half metal and the spin-valley polarized quarter metal phases.
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																																			"We find that in the half metal the spins have very weak anisotropy--field of just tens of millitesla are sufficient to tilt the spins in any direction--whereas in the quarter metal phase the spins are strongly pinned along the valley polarized out-of-plane direction," said Dr. Dutta.

"This clear contrast in the anisotropy allows us to set a lower bound on an electron-electron interaction energy scale, Hund's exchange coupling. This energy scale had not been extracted through any prior experiment in the rhombohedral multilayer graphene systems despite its key role in setting the energetics hierarchy among competing symmetry-broken states."

This recent study by Dr. Auerbach, Dr. Dutta, Mr. Uzan and their colleagues highlights the potential of SQUID-on-tip devices for probing local magnetic phenomena in two-dimensional (2D) materials. Similar methods could be used to map the magnetic textures in other materials, potentially yielding insight that could inform the future engineering of spintronic and quantum technologies.

In their experiment, the researchers collected measurements at a base temperature of a dilution refrigerator, which is around 20 mK. In their next studies, they plan to slowly increase the temperature in the cooling device and observe how the magnetic texture changes at different temperatures.

"This will let us pinpoint the Curie temperature--the temperature at which the magnetism finally switches off--and track how the corresponding magnetic anisotropy evolves," added Prof. Zeldov. "Beyond that, our bigger future goal is to see how the magnetic ordering of isospins in the symmetry-broken states shapes the integer and fractional quantum anomalous Hall states, and whether it can spark unconventional superconductivity across the multilayer rhombohedral graphene family."
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            [image: A better way to monitor drug therapy at home]
             
                The sensing principle of these sensors is straightforward: The molecular target or drug to be monitored (shown in green in the illustration) can interact with a specific DNA molecule, called an aptamer (yellow molecule). Upon binding to the molecular target, this aptamer DNA can no longer inhibit another electro-active DNA (red DNA), which can then reach the surface of an electrode and generate an electrochemical current easily detectable with an inexpensive reader. Credit: Jianbin Zhou
            
        

    


Chemists at Universite de Montreal have developed "signaling cascades" made with DNA molecules to report and quantify the concentration of various molecules in a drop of blood, all within five minutes.



										      
																																	Their findings, validated by experiments on mice, are published in the Journal of the American Chemical Society, and may aid efforts to build point-of-care devices for monitoring and optimizing the treatment of various diseases.

This result was achieved by a research group led by UdeM chemistry professor Alexis Vallee-Belisle.

"One of the key factors in successfully treating various diseases is to provide and maintain a therapeutic drug dosage throughout treatment," he said. "Sub-optimal therapeutic exposure reduces efficiency and typically leads to drug resistance, while overexposure increases side effects."

Maintaining the right concentration of drugs in the blood remains, however, a major challenge in modern medicine. Since each patient has a distinct pharmacokinetic profile, the concentration of medications in their blood varies significantly. In chemotherapy, for example, many cancer patients do not get the optimal dosage of drugs, and few or no tests are currently rapid enough to flag this issue.

"Easy-to-perform tests could make therapeutic drug monitoring more widely available and enable more personalized treatments," said Vincent De Guire, a clinical biochemist at the UdeM-affiliated Maisonneuve-Rosemont Hospital and chair of the Working Group on Laboratory Errors and Patient Safety of the International Federation of Clinical Chemistry and Laboratory Medicine.


																																						
    
     




																																			"A connected solution, similar to a glucometer in terms of portability, affordability, and accuracy, that would measure drug concentrations at the right time and transmit the results directly to the health care team, would ensure that patients receive the optimal dose that maximizes their chances of recovery," De Guire said in an independent assessment of the study.

Holder of a Canada Research Chair in Bioengineering and Bio-nanotechnology, Vallee-Belisle has spent many years exploring how biological systems monitor the concentration of molecules in their surroundings in real time.

The breakthrough with this new technology came by observing how cells detect and quantify the concentration of molecules in their surroundings.

"Cells have developed nanoscale 'signaling cascades' made of biomolecules that are programmed to interact together to activate specific cellular activities in the presence of specific amounts of external stimuli or molecules," said the study's first author Guichi Zhu, a postdoctoral fellow at UdeM.

"Inspired by the modularity of nature's signaling systems and by the ease with which they can evolve to detect novel molecular targets, we have developed similar DNA-based signaling cascades that can detect and quantify specific molecules via the generation of an easy measurable electrochemical signal," she said.

The sensing principle of these sensors is straightforward: the molecular target or drug to be monitored can interact with a specific DNA molecule, called an aptamer. Upon binding to the molecular target, this aptamer DNA can no longer inhibit another electro-active DNA, which can then reach the surface of an electrode and generate an electrochemical current easily detectable with an inexpensive reader.

"A great advantage of these DNA-based electrochemical tests is that their sensing principle can also be generalized to many different targets, allowing us to build inexpensive devices that could detect many different molecules in five minutes in the doctor's office or even at home," said Vallee-Belisle, whose team validated their novel mechanism by detecting four distinct molecules in that time.
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																																			Tested on mice

To illustrate how this novel signaling mechanism can be adapted into an easy-to-use home test to help patients monitor and optimize their chemical therapy, the authors also demonstrated the real-time monitoring of an anti-malaria drug in living mice. The current gold-standard tests employed to do so typically require hours of procedures and an expensive instrumental setting.

This novel signaling mechanism produces sufficient change in electrical current to be measured using inexpensive electronics similar to those in the home glucose meters used by diabetics to check their blood sugar.

"Using this DNA-based assay, we have been able to develop sensors for multiple blood molecules even if their concentration was sometimes less than 100,000 times less concentrated than glucose," said Bal-Ram Adhikari, another UdeM postdoctoral fellow who participated in the study.
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												Kinetically programmed signaling cascades for molecular detection, Journal of the American Chemical Society (2025). DOI: 10.1021/jacs
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            [image: Machine learning helps identify 'thermal switch' for next-generation nanomaterials]
             
                Potential training workflow. The process involves: (i) obtaining configurations through AIMD or MD; (ii) screening configurations that cannot be adequately described by the potential; (iii) training the potential function through active learning to achieve a comprehensive description of nearly all structural features of the system; (iv) conducting thermodynamic and mechanical property analyses based on the optimized potential function. Credit: npj Computational Materials (2025). DOI: 10.1038/s41524-025-01710-6
            
        

    


Imagine being able to program materials to control heat like you can control a light with a dimmer switch. By simply squeezing or stretching the materials, you can make them hotter or colder.



										      
																																	One of the fundamental challenges in advanced materials has been accurately predicting and controlling heat flow in complex, next-generation materials. Traditional simulation methods, which rely on simplified empirical models, fail to capture a material's intricate atomic interactions, especially under deformation.

New research by Xiangyu Li, an assistant professor in the Department of Mechanical and Aerospace Engineering, and his Ph.D. student, Shaodong Zhang, helps alleviate that problem.

Li and Zhang used a machine learning assisted neuroevolution potential (NEP) to train computational models on how atoms interact with each other at the sub-nanometer scale. For highly porous materials like graphene foam, this technique helps predict thermal and mechanical properties by simulating atomic movements and interactions. The technique allows researchers to model how these materials behave under different conditions, such as compression, and understand how their structure changes.

Li and Zhang's research was recently published in the International Journal of Thermal Sciences and npj Computational Materials.

"This research demonstrates that by combining the nanomaterial graphene foam with a common silicon polymer we can create a composite that is not only tougher but also possesses a remarkable ability to regulate its heat flow when deformed," Zhang said. "This paves the way for intelligent materials that can self-adjust their thermal properties, leading to safer, more energy-efficient electronics, advanced wearable devices, and smarter thermal management systems in everything from laptops to spacecraft."
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                Credit: University of Tennessee at Knoxville
            
        

    





																																						
    
     




																																			More efficient experiments

The results from Li and Zhang's research showed that both the thermal conductivity and thermal conductance of graphene foam increase with the increase of density at room temperature. However, the thermal conductivity experiences a downward trend followed by a subsequent upward trajectory in the compression process. The outcomes suggest that the weakening of thermal conductivity in the initial state can be attributed to the thickness reduction resulting from material compression.

"This provides a scientific blueprint for designing 'thermal switches,' where a material's ability to conduct heat can be turned up or down on demand," Zhang said.

Given the challenges of measuring and manufacturing next-generation materials, Li said having a machine-learning tool to understand how the molecular structure of different combinations can help guide the development.

"The goal is to reduce the amount of experimental efforts, and we can provide a rough estimation of the outcome," Li said. "Ideally, we hope to predict all material properties without prior knowledge, which demands years of effort and refinement of tools. The goal is to help materials development, and make system and device designs much more streamlined, so you spend less money and time on repetitive trials and errors."
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																																			The next-gen frontier

The breakthrough research by Li and Zhang opens the door for large-scale molecular dynamics simulations that are highly efficient and precise, bridging a key gap between atomic-scale accuracy and practical material design.

Future applications stemming from their research could include developing intelligent thermal switches for next-generation electronics; advancing flexible and wearable technology, which could lead to wearable sensors that adapt to body temperature or clothing that actively manages heat for comfort; and accelerating material discovery for water vapor adsorption.

"It's still further away from real applications," Li said. "But for example, it can be used with batteries, where you have to let it work within a narrow temperature range. We also hope to leverage machine learning-based molecular dynamics in other physical and chemical processes."


																																	
																														
																				
																						More information:
												Pingyang Zhang et al, Machine learning-driven molecular dynamics decodes thermal tuning in graphene foam composites, npj Computational Materials (2025). DOI: 10.1038/s41524-025-01710-6

Shaodong Zhang et al, Theoretical investigation on the dynamic thermal transport properties of graphene foam by machine-learning molecular dynamics simulations, International Journal of Thermal Sciences (2025). DOI: 10.1016/j.ijthermalsci.2024.109631
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Atom-scale stencil patterns help nanoparticles take new shapes and learn new tricks

										

    
        
            [image: Atom-scale stencil patterns help nanoparticles take new shapes and learn new tricks]
             
                With atomic stenciling, researchers have made a variety of patterned patchy nanoparticles with new shapes and properties. Illustration by Maayan Harel. Credit: University of Illinois / Maayan Harel
            
        

    


Inspired by an artist's stencils, researchers have developed atomic-level precision patterning on nanoparticle surfaces, allowing them to "paint" gold nanoparticles with polymers to give them an array of new shapes and functions.



										      
																																	The "patchy nanoparticles" developed by University of Illinois Urbana-Champaign researchers and collaborators at the University of Michigan and Penn State University can be made in large batches, used for a variety of electronic, optical or biomedical applications, or used as building blocks for new complex materials and metamaterials.

Led by Qian Chen, an Illinois professor of materials science and engineering, the researchers report their findings in the journal Nature.

"One of the holy grails in the field of nanomaterials is making complex, functional structures from nanoscale building blocks. But it's extremely difficult to control the direction and organization of each nanoparticle, especially in achieving materials beyond simple close packing," Chen said.

"Then we got this idea from nature: Proteins have different surface domains, and by their interaction, they can make all the intricate machines we see in biology. So we are adopting that strategy, having patches or distinct domains on the surface of the nanoparticles."

However, the problem of how to attach the patches in a controlled design or at large scales proved a challenge. While wrestling with the problem as a graduate student in Chen's lab, Ahyoung Kim, the co-first author of the paper, took an art class. In the class, she learned a stenciling technique that used a mask to paint a complex design on a curved piece of pottery. She realized such a technique could work on nanoparticle surfaces, too.



    
    
    
        
        
    
         
             
         

        Credit: University of Illinois at Urbana-Champaign
  

"We know that halide atoms, like iodide, chloride or bromide, adsorb to metals. We also know that different facets of a metal nanoparticle have different adsorption affinities. So we can coat some surfaces of a gold nanoparticle in just one layer of iodide, and others in an organic primer. Then we can bring in the polymer, and it just sticks to the facets with the organic primer. The iodide masks the other facets," said Kim, who is now a postdoctoral researcher at the California Institute of Technology.


																																						
    
     




																																			Chen's group partnered with Penn State professor Kristen Fichthorn's group to explore the competitive binding dynamics of iodide and organic primer to faceted gold nanoparticles and develop masking designs.

"Ionic adsorption is a classical question in surface science," Fichthorn said. "We computed at the atomic level the energetically preferred configurations of iodide and organic primer on various gold facets and predicted a phase diagram for atomic stenciling to occur."

Then the researchers partnered with Michigan professor Sharon Glotzer's group to create a library of what kinds of patchy particles and assemblies the stenciling technique could yield. They used computer simulations to predict how the polymers would arrange within the stencil patterns, and then how the resulting patchy particles would arrange into larger crystal structures. Chen's group validated the simulations experimentally, making more than 20 distinct patchy nanoparticles.

"A computer simulation lets us explore the huge design space of possible patchy particle patterns more quickly than experiments can. By partnering with experimentalists and using their data to help design and validate our computer model, together we can discover much more than with experiment or simulation alone," Glotzer said.


																									
    
        Discover the latest in science, tech, and space with over 100,000 subscribers who rely on Phys.org for daily insights.
        Sign up for our free newsletter and get updates on breakthroughs,
        innovations, and research that matter--daily or weekly.
    


    
    


																																			"Atomic stenciling allows for the synthesis of batches of patchy particles with far more intricate patterns than have been possible in the last 25 years of nanoscience research and will make it easier to self-assemble increasingly more sophisticated structures from nanoparticles."

Because the particles have multiple functional areas on their surfaces, they interact in ways other nanoparticles cannot, and they assemble into novel structures with potential for metamaterials--engineered materials with unique light and sound properties--said Illinois graduate student Chansong Kim, a co-first author of the paper. Additionally, the masking technique could apply to many other types of nanoparticles and functional groups, not only gold and polymer, he said.

"You can use different materials for the nanoparticles, and different types of ions as a mask, so that you can generate a huge diversity of materials," Chansong Kim said. "And we can make them in large batches. We believe, based on different materials combinations, this technique can also create unique materials with new properties and applications. It has unlimited potential."


																																	
																														
																				
																						More information:
												Ahyoung Kim et al, Patchy nanoparticles by atomic stencilling, Nature (2025). DOI: 10.1038/s41586-025-09605-8
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Streamlined method to directly generate photons in optical fiber could secure future quantum internet

										

    
        
            [image: New low-cost, efficient single-photon source for powering future quantum internet]
             
                The proposed method uses a single rare-earth ion, trapped inside a tapered optical fiber, to directly generate and guide single photons within the fiber, representing a key low-cost component for upcoming quantum communication technologies. Credit: Dr. Kaoru Sanaka, Tokyo University of Science, Japan
            
        

    


With the rise of quantum computers, the security of our existing communication systems is at risk. Quantum computers will be able to break many of the encryption methods used in current communication systems. To counter this, scientists are developing quantum communication systems, which utilize quantum mechanics to offer stronger security. A crucial building block of these systems is a single-photon source: a device that generates only one light particle at a time.



										      
																																	These photons, carrying quantum information, are then sent through optical fibers. For quantum communication systems to work, it is essential that single photons are injected into optical fibers with extremely low loss.

In conventional systems, single-photon emitters, like quantum dots and rare-earth (RE) element ions, are placed outside the fiber. These photons then must be guided to enter the fiber. However, not all photons make it into the fibers, causing high transmission loss. For practical quantum communication systems, it is necessary to achieve a high-coupling and channeling efficiency between the optical fiber and the emitter.

In a new study, a research team led by Associate Professor Kaoru Sanaka from the Department of Physics, Tokyo University of Science (TUS), Japan, have found a solution to this issue. They have developed a highly efficient fiber-coupled single-photon source, where single photons are generated directly inside an optical fiber. Unlike previous approaches, a single atom was selectively excited in this method.

"In our approach, a single isolated RE ion confined in a tapered optical fiber is selectively excited by a laser to generate single photons," explains Dr. Sanaka.


																																						
    
     




																																			"Unlike conventional approaches, where single-photon generation and transmission are separate steps, here single photons can be generated and efficiently guided directly within the fiber with significantly reduced loss."



    
        
            [image: New low-cost, efficient single-photon source for powering future quantum internet]
             
                Researchers propose a system of generating single photons at room temperature by selectively exciting an isolated Nd3+ ion within an optical tapered fiber. Credit: Dr. Kaoru Sanaka, Tokyo University of Science, Japan
            
        

    



The team also included third-year Ph.D. candidate Mr. Kaito Shimizu and Assistant Professor Tomo Osada, also from TUS. Additionally, Associate Professor Mark Sadgrove cooperated with the research team to provide fiber devices. Their study is published in Optics Express.

The team first prepared a silica fiber doped with neodymium ions (Nd3+). Nd3+ ions were selected because they can emit photons across a wide range of wavelengths, including telecom standard, making them versatile for different quantum applications.

The doped silica fibers were then tapered using a heat-and-pull process, wherein a section of the fiber is heated and pulled to gradually reduce its thickness. This process allowed them to access spatially separated individual Nd3+ within the tapered section.

This resulted in a novel approach where a single Nd3+ was selectively excited using a pump laser at room temperature, generating single photons directly into the fiber's guided mode. For testing, the emitted photons were then collected from one end of the fiber.

Using an analytical approach called autocorrelation, where a photon signal is compared with its delayed version, the researchers experimentally validated that only one photon was being emitted at a time and that they can be efficiently guided within the fiber. The team also confirmed that the tapering of the fiber does not alter the natural optical properties of the ion.
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																																			Notably, the results showed that this new approach was significantly more efficient at collecting photons than their previous non-selective excitation method, where multiple Nd3+ were excited together. This collection efficiency can be enhanced even further if photons are collected from both sides of the fiber.

"Our approach allows highly efficient transmission of single photons from source to end," notes Dr. Sanaka.



    
        
            [image: New low-cost, efficient single-photon source for powering future quantum internet]
             
                Scientists utilize a single neodymium ion (Nd3+) to generate photons at room temperature with potential implications in the field of quantum communication technologies. a) shows the spatially resolved single Nd3+. b) shows autocorrelation measurement function of Nd3+ done by selective excitation method. Credit: Dr. Kaoru Sanaka, Tokyo University of Science, Japan
            
        

    



Since this method uses commercially available optical fibers, it is cost-effective, wavelength selectable, and straightforward to integrate into a fiber-based communication network. Moreover, unlike most current quantum technologies that require expensive cryogenic systems, this system operates at room temperature. These features can make this system a strong candidate for next-generation all-fiber-integrated quantum communication networks.

Beyond quantum communications, this approach could also power future quantum computing technologies.

"By individually operating multiple isolated ions within the same fiber, it is possible to develop a multi-qubit processing unit. It may also enable qubit encoding protocols," adds Dr. Sanaka.

A qubit or quantum bit is the basic unit of quantum information. Further studies should focus on improving the wavelength of single photons in practical settings of spectroscopy and imaging analysis.

Overall, this fiber-coupled single-photon source represents a major step for practical quantum technologies, paving the way for secure, unhackable communication networks.


																																	
																														
																				
																						More information:
												Kaito Shimizu et al, Selective excitation of a single rare-earth ion in an optical fiber, Optics Express (2025). DOI: 10.1364/oe.570912
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                Fluxon-Lagnon-Interaction. Credit: CryoQuant/TU Braunschweig
            
        

    


Spin waves are considered to be promising candidates for a new form of electronics. Instead of electrons, the focus here is on magnons. These quantized units of spin waves describe how spin precession propagates. Similar to electrons, magnons can transmit information in a conductor. However, they do so with much lower resistance and thus a fraction of the energy consumption.



										      
																					At TU Braunschweig, the Cryogenic Quantum Electronics working group, together with international partners, has now set a new record for the wavelength of excited propagating magnons. The researchers led by Professor Oleksandr Dobrovolskiy used another quasiparticle, fluxons, to excite the spin waves. The team collaborated with partners from Huazhong University of Science and Technology in China, Goethe University Frankfurt am Main, the University of Vienna and the University of Bordeaux.

"Fluxons move as magnetic flux quanta of a superconductor at speeds of up to 10 kilometers per second. We succeeded in using the ultra-fast fluxons to excite a spin wave in a neighboring magnet," explains Dobrovolskiy. "This effect can be imagined as similar to the bow wave created by a speedboat in water. Except that our boat is so fast that it literally creates a kind of sonic boom."

The team also observed a characteristic feature of this interaction: a so-called Shapiro step in the electrical response of the superconductor. This effect shows that the motion of the fluxons is synchronized with the generated spin waves--an indication of coherent coupling between the two systems. The research is published in the journal Nature Nanotechnology.
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                Experimental set up. Credit: Nature Nanotechnology (2025). DOI: 10.1038/s41565-025-02024-w
            
        

    




New possibilities for future information systems

Beyond fundamental physics, this discovery opens up new possibilities for spin wave-based electronics. "Our results could pave the way for smaller, faster and more efficient components for future information processing systems," says Professor Dobrovolskiy.

With the establishment of modern laboratory facilities at the Laboratory for Emerging Nanometrology (LENA) at TU Braunschweig, the group on Cryogenic Quantum Electronics is now ideally positioned to scale hybrid fluxon-magnon systems to atomic dimensions and conduct experiments with individual quantum excitations.


										
																														
																				
																						More information:
												Oleksandr V. Dobrovolskiy et al, Moving Abrikosov vortex lattices generate sub-40-nm magnons, Nature Nanotechnology (2025). DOI: 10.1038/s41565-025-02024-w. www.nature.com/articles/s41565-025-02024-w
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