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Hydrodynamic tearing of bacteria on
nanotips for sustainable water disinfection

Lu Peng 1,5, Haojie Zhu 2,5, Haobin Wang 3, Zhenbin Guo2,4,
Qianyuan Wu 1 , Cheng Yang 2 & Hong-Ying Hu 1,3

Water disinfection is conventionally achieved by oxidation or irradiation,
which is often associated with a high carbon footprint and the formation of
toxic byproducts. Here, we describe a nano-structured material that is highly
effective at killing bacteria in water through a hydrodynamic mechanism. The
material consists of carbon-coated, sharp Cu(OH)2 nanowires grown on a
copper foam substrate. We show that mild water flow (e.g. driven from a
storage tank) can efficiently tear up bacteria through a high dispersion force
between the nanotip surface and the cell envelope. Bacterial cell rupture is due
to tearingof the cell envelope rather than collisions. Thismechanismproduces
rapid inactivation of bacteria in water, and achieved complete disinfection in a
30-day field test. Our approach exploits fluidic energy and does not require
additional energy supply, thus offering an efficient and low-cost system that
could potentially be incorporated in water treatment processes in wastewater
facilities and rural communities.

The human race has fought against pathogenic microbes throughout
history1. Waterborne pathogens have long been a threat to public
health, and are associated with great pain and suffering2. The devel-
opment of disinfection techniques including chlorination, ultraviolet
radiation and ozonation has helped eliminate waterborne pathogens
and improved the quality of life3. However, current disinfection prac-
tices rely on strong oxidants or harsh conditions4,5, leading to a high
carbon footprint and unpredictable health risks (e.g. carcinogenic
byproducts6,7 and microbial resistance8,9). Most of these technologies
require a large-scale infrastructure and extensive maintenance, and
therefore cannot be easily deployed in rural areas with inadequate
electric power10,11. At present, billions of people worldwide still lack
access to clean water and sanitation12. To provide universal access to
safe and affordable drinking water, new disinfection processes that
produce less secondary pollution and require less energy are urgently
needed.

Recent advances in the mechano-bactericidal effects of nanoma-
terials provide a chemical-free approach for bacterial control13–15. It is

generally believed that if enough mechanical force is exerted on a
bacterium by surface contact, its cell wall can be penetrated16. How-
ever, bacteria have a natural resistance to mechanical shock from the
environment17, as reported by Suo et al., who showed that a bacterial
cell remained viable after repeatedly puncturing it with a sharp atomic
force microscopy (AFM) probe (r ~ 35 nm)18. Previous studies have
shown that mechano-bactericidal effects are more pronounced when
bacteria were statically attached on the nanostructured surface to
allow a sufficient disruption of cell integrity19. Incorporation of capil-
lary force or surface tension at the air-liquid interface could help to
achieve rapid cell deformation at the nanostructured surface, leading
to its death20. Yet, this condition is not easily achieved in bulk water
disinfection featured by a high throughput and a fluidic environment.

A fundamental characteristic of water is its fluidity, and using the
mechanical energy in water flow to inactivate bacteria would be an
ideal way to sustainably disinfect water. In a fluidic environment, the
motion of bacteria is dominated by hydrodynamic forces and Brow-
nian motion, which lead to random collisions during water flow21,22
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(Fig. 1a). However, bacteria have evolved cell envelope tomechanically
resist external forces, which were up to 2–20 nN as obtained by
AFM18,23. Therefore, most cells experience resilient deformation with-
out any physiological structural damage when they collide, and this
does not significantly change even at a sharp and rigid nanostructured
surface (Fig. 1b). The ruptureof bacteria duringflowwasonlyobserved
when the flow was stopped so that the cells could be adhered on the
surface24. At present, there is no reportedway of destroying bacteria in
a continuous flow condition using fluidic energy.

London dispersion force is a basic form of attractive interaction,
and it is vital to structural stability at the microscale25,26. It contributes
to the membrane integrity27 and determines cellular functions such as
membrane permeability28 and cell adhesion29. To destroy the

physiological structure of bacteria, dispersion interactions between
the contact surface and bacteria should not be ignored, as they play a
key role in transforming the kinetic energy from water flow to the cell
wall. At high flow speeds (e.g. a turbulent flow), the contact time is very
short, and thus a stable London dispersion interaction between bac-
teria and the contact surface is not reached. However, a mild fluidic
condition with a relatively low flow rate (e.g. a laminar flow) can only
deliver a small kinetic energy. Facing this dilemma, it is imperative to
set up a new force model incorporating dispersion interaction at the
microscale, so as to increase the efficiency of energy transfer from the
water flow to the cell envelope.

Here, we use a contact surface with nanotips which substantially
increases the stress delivered by the water flow to the cell envelope.
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Fig. 1 | General principles of the hydrodynamic-bactericidal mechanism.
a, b Interaction between the bacteria and the nanostructured surface with a weak
Londondispersion interaction in afluidic environment. Thewaterflowprompts the
bacterial cells to collide with the nanostructure, and the bacteria only encounter
resilient cell deformation. c, d The strong dispersion interaction between the
bacteria and the nanostructured surface allows cells to be trapped and torn up by
water flow. a–d are produced by Photoshop CC 2022. e Initial and final

configurations of the POPE lipid bilayer interacting with materials of different well
depth (ε) values during a 100-ns MD simulation. The material is shown in green
beads and the lipids in the membrane are shown in lines. Changes with time in the
interaction energy (f) and center-of-mass (COM) distance (g) between the tested
materials and themembrane. The interaction energy is in the formof vanderWaals
forces. Source data are provided as a Source Data file.
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With this unique structure, we demonstrate a hydrodynamic-
bactericidal mechanism which couples mild fluidic energy and Lon-
don dispersion force between the nanotip surface and the cell envel-
ope, leading to a dramatic bactericidal effect in water flow.We confirm
that the stress produced by the hydrodynamic and dispersion forces is
outward of the cell and overcomes the puncture resistance of the
bacteria. Using this method, we inactivated >99.9999% of the bacteria
in water and achieved continuous mechanical disinfection in a 30-day
field test, demonstrating the potential of using environmental
mechanical energy to destroy pathogenic bacteria.

Results
Illustration of hydrodynamic-bactericidal mechanism
The basic principles of the process are presented in Fig. 1c. We set up a
model nanostructured surface with a strong dispersion interaction
withbacteria,which enables an efficient energy transfer from thewater
flow to the cell envelope. When a bacterium collides with this nanos-
tructure in flowing water, it is transiently trapped on the surface of the
nanotips due to their strong attraction. The drag force of the flow
stresses the contact area and therefore induces a considerable out-
ward tension on the cell envelope, which is strong enough to over-
come the puncture resistance of the bacterium, causing it to rupture
and die (Fig. 1d).

To quantitatively investigate the London dispersion interaction,
the well depth (ε) of the van der Waals (vdW) potential, which
represents the energy of a system at the equilibrium state, was used
to reflect intermolecular interactions30. The cell membrane was
modeled with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanola-
mine (POPE), which is the typical lipidmolecule in the cell envelope31.
Six different materials with different ε values were placed close to a
POPE lipid bilayer and showed distinctly different configurations
after 100-ns free molecular dynamics (MD) simulations (Supple-
mentary Movies 1–6). As shown in Fig. 1e, materials with
ε < 0.256 kJmol−1 swung away from the lipid membrane while those
with ε > 0.256 kJmol−1 strongly interacted with the lipid molecules
and were inserted into the membrane.

To better understand these effects, we analyzed the physical
interactions between the materials and the lipid membrane. Figure 1 f,
g shows the changes with time in the interaction energy for different ε
values, together with the distances of the center-of-mass of these
materials from the membrane. For materials with ε <0.256 kJmol−1, a
high-energy plateau (approximately 0 kJmol−1) indicated a weak
attraction interaction in the system. A relatively constant energy value
was found at ε =0.256 kJmol−1 where the material was absorbed at the
surface of the membrane without insertion. For ε >0.256 kJmol−1, the
vdW interaction energy decreased rapidly when the material was
inserted into the lipid membrane, corresponding to a strong disper-
sion interaction between the material and the lipid molecules32.

Although the POPE lipid bilayer is a simplified model for bacterial
membrane, it is widely accepted and has been proved significant in
analyzing molecular mechanism of bacteria-nanomaterial
interactions31,33,34. The simulation of cell membranes with realistic
components, including lipid, protein, and peptidoglycan, is the future
direction, which is essential to unravel the behavior of a real cell
membrane. However, due to the requirements of enhanced sampling
algorithms and substantial data processing, there will be a continuing
demand for simplified models containing few components35.

Our theoretical simulations based on the POPE lipid bilayermodel
show an important finding that ε >0.256 kJmol−1 is essential for strong
attraction between the surface and the cell membrane. Based on these
results, there may be a large number of materials with this property.
For example, sp2-carbon, which widely exists in nature and is chemi-
cally stable, has large numbers of delocalized electrons to produce a
strong dispersion interaction with a bacterial membrane with ε of
0.293 kJmol−1, and is an excellent candidate.

A model nanostructured surface
We chose copper foam as the substrate for the production of the
nanotip contact surface. This is an easily accessible material with a
porous three-dimensional structure (Supplementary Fig. 1a) to allow
water flow and cell collision. A high density of Cu(OH)2 nanowires
(Cu(OH)2 NWs) with the diameter ~200 nm and length up to 5 μmwas
grown on the foam (Supplementary Fig. 1b, c), which provides
numerous contact points on their sharp tips. Thermal treatment was
used to coat these nanowires with a carbon layer to change the mag-
nitude of the London dispersion force of the nanostructured surface.
No obvious morphological change was observed after carbon coating
and the sharp tips of the original Cu(OH)2 NWs were well preserved
(Supplementary Fig. 1d). X-ray diffraction (XRD) measurement was
performed to investigate the crystalline structure of themodifiedNWs,
which indicates that the Cu(OH)2 phase was maintained after carbon
coating (Supplementary Fig. 2). A slight change in surface hydro-
philicity was observed (Supplementary Fig. 3), which confirms the
coating of carbon on the modified NWs.

A transmission electron microscopy (TEM) image shows the
morphology of an individual modified NW (Fig. 2a). Using an
aberration-corrected TEM (ACTEM), a layer of amorphous carbon is
seen evenly covering the surface of the nanowire with a thickness of
about 15 nm (Fig. 2b). The surface carbon can be discriminated from
the Cu substrate by their different image contrast in a bright-field
scanning TEM (BF-STEM) and a high-angle annular dark-field scanning
TEM (HAADF-STEM), as by elemental mapping (Fig. 2c). The chemical
composition of the carbon layer was studied by Raman and X-ray
photoelectron spectroscopy (XPS). TheRaman spectra of themodified
NWs shows a graphitic D-band at about 1580 cm−1 (Fig. 2d), which is
consistent with the main peak at 284.7 eV in XPS C 1s spectra (Sup-
plementary Fig. 4), demonstrating that the surface carbon is domi-
nated by sp2 C–C bonds.

We used atomic forcemicroscopy (AFM) to confirm the attractive
force between the amorphous carbon layer and the bacterial cell
membrane (seeMethods). An AFM tip was treated by the same coating
method to modify the Cu(OH)2 NWs (Supplementary Fig. 5). From
Fig. 2e, we see that the cantilever’s retraction was hindered as a result
of adhesion between the carbon layer and the cell surface, while the
original AFM tip exhibited no hysteresis in cell surface detachment. In
this testing condition, the adhesion force between the carbon-coated
AFM tip and the bacterium was measured to be 0.9 ± 0.5 nN (Supple-
mentary Fig. 6), while there was a negligible adhesion force for the
uncoated AFM tip (Supplementary Fig. 7). This measurement confirms
that the amorphous carbon surface has a strong attraction to the
bacterial cell due to the enhanced London dispersion force, which was
verified in the above MD simulation.

Bactericidal performance of modified NWs
In our tests, the copper foam has a filter-like porous geometry with an
average pore size of 200 μm, which causes over 99.9999% of the
bacteria to collide with a 3-mm thickmembrane (Supplementary Fig. 8
and SupplementaryMovie 7). To evaluate the bactericidal efficiency of
the modified NWs in water flow, the Gram-negative bacterium
Escherichia coli (E. coli) was used as the indicating microorganism and
was suspended in sterilized water with a concentration of 106–107

colony-forming units per milliliter (CFU mL−1). We first compared the
bactericidal performance of modified NWs with two control materials,
Cu(OH)2 NWs andmodified Cu foam (Supplementary Fig. 9), in a flow-
through cell at a flux of 2 m3 h−1 m−2 (Supplementary Fig. 10). These
control materials were used to exclude the contribution of the Cu
substrate, the amorphous carbon itself or other related factors. The
logarithmic removal efficiency was defined by –log(C/C0), whereC and
C0 represent the live bacterial concentrations in the treated and
untreated water samples respectively. As shown in Fig. 2f and Sup-
plementary Table 1, themodifiedNWs achieved a superior disinfection
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of E. coli by more than 99.9999% (>6 log removal). By contrast, the
disinfection efficiencyof the Cu(OH)2 NWs andmodifiedCu foamwere
relatively low (~1 log), with large quantities of live bacteria remaining
(Fig. 2g). E. coli viability was also assessed through a live/dead

fluorescence assay. Bacteria with intact cell membranes were stained
with SYTO 9 (green), whereas nonviable bacteria with damaged
membranes were stained with propidium iodide (red). It is clear from
Fig. 2h that the bacteria treated by themodified NWswere stained red,
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Fig. 2 | Bactericidal performance analysis. TEM (a) and ACTEM (b) images of the
modified NWs. c AC-BF-STEM and AC-HAADF-STEM images of the modified NWs
and corresponding elemental map. d Raman spectra of the Cu(OH)2 NWs and the
modified NWs. e Cell-tip adhesion analysis by AFM. The amorphous carbon coated
AFM tip showedadistinctive hysteresis during retraction from the cell surface (blue
line). f Bactericidal performance of themodified NWs, Cu(OH)2 NWs, andmodified
Cu foam. Data in f are presented as mean ± SD with n = 3 independent experi-
ments. g Cell-culture plates showing E. coli concentrations in the initial and treated
water samples. h Fluorescence microscope images for E. coli in the initial and

treated water samples (live cells are stained in green and dead cells are stained in
red). SEM images showingmorphologies of the initial E. coli (i) and E. coli treated by
the modified NWs (j). Inset shows a single E. coli at a higher magnification. TEM
images showing the ultrastructure of the initial E. coli (k) and E. coli treated by
modified NWs (l). Morphologies of modified NWs before (m) and after disinfection
(n). o Comparison of bactericidal efficiency between the modified NWs and com-
parable mechano-bactericidal activities. Observations using SEM or TEM (a–c, i–n)
were repeated three times independently with similar results. Source data are
provided as a Source Data file.
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indicating severe membrane damage, while bacteria treated by the
Cu(OH)2NWsand themodifiedCu foamremained viable. These results
indicate that the removal of bacteria in the flow was related to a
combined effect between the nanotip structure and the surface
carbon layer.

To obtain insight into the physiological structure changes of the
bacteria after contact with the modified NWs, we examined the mor-
phology of E. coli by scanning electronmicroscopy (SEM). The initial E.
coliwere rod-shapedwith an intact cellmembrane (Fig. 2i); however, in
the effluent, they were severely damaged and hadmany pores (Fig. 2j).
The rupture sizes of the treated bacteria were measured to be
100–200nm from the SEM image, with an average value of 122 ± 32nm
(Supplementary Fig. 11). The TEM analysis (Fig. 2k, l) also indicates that
the cell envelope was ruptured, leading to partial leakage of the
cytoplasmic contents. To confirm this cell damage, the E. coli cells
treated by the modified NWs were immediately imaged in water by
structured-illumination microscopy with the presence of lipophilic
cyanine dye DiO (green) and propidium iodide (red). After flowing
through the modified NWs, the E. coli cells had a compromised
membrane that allowed the entrance of red propidium iodide (Sup-
plementary Fig. 12). Furthermore, a number of fragments (red dashed
circles) were attached to the modified NWs after a continuous disin-
fection test (Fig. 2m, n). As can be seen from a higher-magnification
SEM image (Supplementary Fig. 13a, b), the dimension of the frag-
ments was in the range of 100–200 nm, which agrees with the rupture
sizes of the cell envelope. Considering that the bactericidal test was
conducted in deionized (DI) water, these fragments are likely to be
bacterial debris that were torn from the cell bodies while the damaged
cells were flushed away in the flow. In contrast, the unmodified
Cu(OH)2 NWs did not show any debris on the surface after continuous
disinfection (Supplementary Fig. 13c, d), which suggests that the car-
bon layer induced a different interaction mode between the bacteria
and the nanowires due to a higher London dispersion force, causing
the tearing of the bacteria during flow.

We further confirmed the negligible contributions of other
potential mechanisms to the removal of bacteria, including adsorp-
tion, oxidative stress, and toxicity of the released copper ion (Cu2+).
The optical density of the effluent water was comparable to the influ-
ent water (Supplementary Fig. 14), meaning that the density of the
bacterial cells was unchanged in the effluent and the bacteria were not
removed by adsorption. In addition, the elevation of intracellular
reactive oxygen species (ROS)was not observed in the bacteria treated
by themodified NWs (Supplementary Fig. 15). Therefore, the influence
of oxidative stress is negligible. Note that the effluent Cu2+ con-
centration (0.3–0.5mgL−1) was farbelow theguideline ofWorldHealth
Organization for safe drinking water (2mg L−1)36, and the contribution
of released Cu2+ ions to bacterial removal was limited (Supplementary
Fig. 16). From these observations, we conclude that mechanical
destruction was the major cause of bacterial inactivation by the
modified NWs.

This bactericidal process is different from the reportedmechano-
bactericidal activities in previous studies (Fig. 2o and Supplementary
Table 2). As is shown in Fig. 2o, there are large variations in the contact
time and the bactericidal efficiencies among different types of nano-
materials. Typically, previously reported mechano-bactericidal activ-
ities are basedon a surface-contactmechanism, inwhichbacterial cells
are deformed during static contact with the sharp nanostructures37,38.
This mostly requires a long contact time (up to hours) to deliver suf-
ficient stress beyond the elastic limit of the cell envelope14,39–41. Metal
nanoparticles show higher bactericidal activities due to their toxicity
and induction of oxidative stress after translocating into the cell42,43,
apart from their mechano-bactericidal behaviors. Here, we report a
fluidic energy triggered tearing mechanism, in which bacteria are torn
apart by an instantaneous contact with nanotips during flow. The
coupling of the hydrodynamic force and London dispersion

interaction between the nanotip surface and the cell envelope
achieved >99.9999% inactivation of the bacteria within a short contact
time (e.g. 7 s), which is, to the best of our knowledge, the first obser-
vation of effective mechanical disinfection in bulk water.

From puncturing to tearing: discussions of the cell rupture
mechanism
The design of a filter-like porous flow-through unit allows effective cell
collision with the surface (>99.9999%) (Supplementary Fig. 8 and
Supplementary Movie 7) and the formation of nanotips reduces the
contact area with bacteria, leading to an enlarged stress on the cell
envelope. During an instantaneous collision with a nanotip, the colli-
sion energy deforms the bacteria (Fig. 1a, b). While the high London
dispersion force at the surface of themodified NWs creates a transient
attachment of the bacteria to the nanotips. Subsequent flow produces
tearing stress on the cell envelope (Fig. 1c, d). To determine whether
the bacteria were ruptured by puncturing or tearing, we developed a
biophysical model to analyze the forces exerted on the bacterial cell
during flow.

Before this we measured the mechanical properties of the E. coli
cell. Measurements of mechanical properties of the bacterial cell are
sensitive to the experimental conditions, and probing live cells under
physiological conditions is therefore an ideal way to investigate the
biophysical mechanism of bacteria17,44. Here we used AFM to directly
probe live E. coli in a liquid environment.We followed the protocol of a
puncture experiment18 and obtained force versus displacement curves
of bacterial cells (see Methods). A typical puncture curve is shown in
Fig. 3a, and more information is provided in Supplementary Fig. 17.
TheYoung’smodulus of the bacterial cell is determined from the initial
part of the loading force versus cell indentation (see inset in Fig. 3a). By
fitting the data with the classic Sneddon and Hertz Model (Supple-
mentaryTable 3),weobtained anaverageYoung’smodulusof0.5MPa,
which is comparable to the reported results measured in liquid
environment (Supplementary Table 4). The critical point at which the
AFM tip broke into the cell wall appeared at a maximum cell indenta-
tion of 85 nm (Fig. 3a). We calculated the stress distribution profile of
the bacterial cell envelope at this critical point using the obtained
Young’s modulus (Fig. 3b). The maximum pressure appeared at the
edge of the contact area, with a value of 0.05MPa, which is considered
the critical stress required to rupture the cell.

To investigate the detailed process during the contact between
the bacteria and the surface during flow, we further analyzed the
bacterial movement near the surface nanostructure by a Brownian
dynamics and computational fluid dynamics method using a set of
cylindrical tips perpendicular to the horizontal surface to present the
nanotips on the copper foam. The flow rate in the main flowwas set to
5.5 × 10−4 m s−1 corresponding to a flow rate of 2.7mLmin−1 in the
experimental conditions. The velocity of the flow near the contact
surface was calculated and is shown in Fig. 3c, where the flow rate was
much lower than that in the main flow, with a value of 5 × 10−5 m s−1.
Then, movement of the E. coli cell in the flow field was simulated by
importing the calculated flow information into a Brownian dynamics
equation45. We simulated 100 cells in the defined flow field and
obtained eight different types of contact between a bacterium and
nanotips (Fig. 3d and Supplementary Fig. 18). Because E. coli is rod-
shaped, the contact with the nanotips can be either at the end (six
types) or the middle (two types), and the possibility of end-contact
(57%) is higher than that of middle-contact (43%).

Finally, we modeled the stress distribution profile of a cell mem-
brane based on its interaction with the nanotips. We first considered
puncturing during the collision process (Supplementary Movies 8 and
9). During collision, we assumed the work done by the tip to a bac-
terium equaled the loss of kinetic energy. The maximum stresses for
the end-contact and middle-contact types were calculated to be 2.61 ×
10−4 and 4.54 × 10−4 MPa, respectively (Fig. 3e, f), which are two orders
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of magnitude lower than the critical value (0.05MPa). Such data sug-
gests that the collision process cannot mechanically rupture a bac-
terium, and explains the poor bactericidal performance of the surface
of the Cu(OH)2 NWs (Fig. 2f), where only the puncturing effect exists.
When bacteria collided with the surface of modified NWs, the water
flow combined with the higher London dispersion interaction to exert
a tearing effect (Supplementary Movies 10 and 11). The maximum
outward stresses in the end-contact and middle-contact form were
calculated to be 6.99 × 10−2 and 5.28 × 10−2 MPa, respectively (Fig. 3g,
h), which exceed the rupture stress of the bacteria. In our simulation,
the drag force of the flowwas estimated by theminimum flow rate and
the random torque of the flow was ignored, which theoretically indu-
ces rotation of the cell body and exerts extra tension for membrane
deformation22,46. Hence, the stress in the tearing process was sufficient
to rupture the bacterial cell. The numeric simulation results are in
good agreement with the experimental results of Cu(OH)2 NWs and

modified NWs, which allow us to demonstrate that the tearing gener-
ated by the hydrodynamic and dispersion forces is the true reason for
the cell rupture rather than hydrodynamic/Brownian collisions.

Practical disinfection applications
Based on the hydrodynamic-bactericidal mechanism, we have pro-
duced a model disinfection system (Fig. 4a). The modified NWs were
placed in a chamber, and the contaminated water flowed into the
chamber for disinfection. During a short time in the chamber, the
bacteria suffereddestructivemechanical damage and lost cell integrity
by contact with the modified NWs. This prototyped continuous water
disinfection system can be integrated into municipal water pipelines
and be easily scaled up by stacking the chamber units with the mod-
ified nanotips in series.

Wefirst evaluated the influence offlow rate on theperformanceof
this novel disinfection system (Supplementary Fig. 19). Limited
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Fig. 3 | Cell rupture by the hydrodynamic-bactericidal effect. a A typical punc-
turing curve of E. coli obtained with AFM. The inset shows the fit of the data in the
early part of indentation using the Sneddon model. b Finite element method
simulation of the cell penetration process of the AFM tip. c The calculated velocity
fieldof the simulated area. A right triangle domainwas selected for computation, in
which the hypotenuse was defined as the inlet boundary, while the other two sides
were defined as the outlet boundaries. d Possibilities of the four types of contact

between the bacteria and the nanotips. Stress distribution profiles of the cell
membrane during collision process by end-contact (e) and middle-contact (f).
Stress distribution profiles of the cell membrane during tearing process by end-
contact (g) andmiddle-contact (h). Themaximum stresses exerted at each contact
form are denoted in red, and are compared with the critical stress (0.05MPa).
Source data are provided as a Source Data file.
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bactericidal activity (~1.4 log) was achieved in the static condition,
indicating that the significance of water flow to the rupture of the
bacteria. In the flow condition, the modified NWs showed remarkable
inactivation of E. coli over a range of flux (0.5–6 m3 h−1 m−2). Complete
disinfection (>6 log removal) was observed at fluxes of 0.5 and 2m3 h−1

m−2, which are the commonly-adopted fluxes in filtration modules47,48.
Yet there is a decrease in the inactivation efficiency at a higher flux of 6
m3 h−1 m−2. This is because at such a high flux, the contact time of the
bacteria within the materials was decreased, leading to a substantial
decrease in the contact possibility between the bacteria and
nanotips49.

To confirm the robustness of the disinfection effect, we evaluated
the persistence of bacterial inactivation caused by this hydrodynamic-
bactericidal mechanism. We disinfected three representative Gram-
negative andGram-positive bacteria and assessed their viability using a
24-h storage experiment, including E. coli, Pseudomonas aeruginosa (P.
aeruginosa), and Staphylococcus aureus (S. aureus). As shown in Fig. 4b,
the three types of bacteria completely lost their viability after disin-
fection (>6 log inactivation), and no regrowth or reactivation was
observed during storage. A significant inactivation was also observed
for Gram-positive S. aureus. Similar to E. coli, the cell envelope of the S.
aureus cell was damaged with holes on the surface after flowing

Nanotips Tearing

Live Damaged Hydrodynamic-bactericidal effect

0.1 m

Influent

water
Feed

Effluent

Disinfection apparatus

Unit (Φ90 mm × δ10 mm)

a

b c

d e

Fig. 4 | Practical disinfection applications. a Schematic of the hydrodynamic-
bactericidal mechanism for practical water disinfection (produced by Photoshop
CC 2022). b Bacterial storage experiments under visible light for 24h using three
representative bacteria including Gram-negative E. coli, P. aeruginosa, and Gram-
positive S. aureus. The lines with hollow circles represent bacteria without treat-
ment and the lines with solid circles represent bacteria after treatment.
c Disinfection in real water samples including tap water and reclaimed water.
d Influent and effluent bacterial concentrations during a 30-day field test. Inset

shows optical images of the model flow-through disinfection apparatus. Each unit
has an outer diameter of 90mm and a thickness of 10mm. The treating capacity is
defined as the ratio of actual treated volume (Vwater) to the effective volume of the
chambers (V0). e Bactericidal performance of the unmodified and modified ZnO
nanorods, Co, Mn-LDH nanoneedles and titanate nanowires. Data are presented as
mean ± SD with n = 3 independent experiments for (b, c, e), and n = 3 independent
measurements for (d). # indicates belowdetection limit 1 CFUmL−1. Source data are
provided as a Source Data file.
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through themodifiedNWs (Supplementary Fig. 20). Yet therewas only
a slight leakage of cytoplasm, suggesting that S. aureus is more resis-
tant to mechanical damage compared with Gram-negative E. coli, due
to a thicker peptidoglycan cell wall50.

We tested the disinfection performance in real water samples
using E. coli as the indicating microorganism (Fig. 4c). The character-
istics of the tap water and reclaimed water are shown in Supplemen-
tary Table 5. After flowing through the modified NWs, we observed a
rapid decrease of the live bacterial concentration in both water sam-
ples. The treated bacteria did not reactivate during the 24-h storage
under visible light illumination. Becauseofmechanical destruction, the
treated cells could not recover with the extension of membrane
damage and loss of cytoplasm51, which avoids the risks of bacterial
regrowth in conventional disinfection processes such as the ultraviolet
radiation52.

A flow-through disinfection apparatus was constructed to test the
long-term performance of this model system (Fig. 4d inset). A series of
stainless-steel chamber units was connected for evaluation during a
30-day continuous disinfection. A bacterial solution containing
103–104 CFU mL−1 E. coli was used as the feed water, simulating the
typical bacterial concentrations found in water purification system53.
During a 30-day continuous operation, no live bacteria were detected
in the effluent (Fig. 4d), which corresponds to a treating capacity of
over 10,000 times the effective volume of the chambers. The mor-
phology of modified NWs after 30-day operation was evaluated by
SEM. The bacterial debris only accumulated in the first unit (Supple-
mentary Fig. 21a, b), while in the following units, sparse debris was
found and the morphology of the modified NWs was well preserved
after 30-day flushing (Supplementary Fig. 21c–f). It was estimated that
this flow-through disinfection apparatus with a chamber volume of 1 L
can support the daily water consumption of an adult for over ten years
(see Methods), showing its prospects for broad applications.

The hydrodynamic-bactericidal mechanism is solely a physical
process in which the surface London dispersion interaction is the cri-
tical factor regardless of the type of surface with nanotip character-
istics. This was shown by using three different nanomaterials,
including ZnO nanorods, Co, Mn-layered double hydroxides (LDH)
nanoneedles and titanate nanowires, inwhich the same carbon coating
was used for all three materials (see Methods). Disinfection results
show that only a weak bactericidal activity was observed in their ori-
ginal forms (Fig. 4e). After surface modification, the three nanos-
tructured surfaces showed significant bacterial inactivation of >99.9%.
The difference in the bacterial killing efficiency of these nanomaterials
is associated with the differences in surface geometry (Supplementary
Figs. 22–24). The diameter, height, and density of these surface pat-
terns affect the contact between the bacteria and the nanotips54,
leading to changes in the local force distribution. For instance, the
carbon-coated ZnO nanorods showed lower bactericidal efficiency
than the carbon-coated Co, Mn-LDH nanoneedles and carbon-coated
titanate nanowires. This is because ZnO nanorods have larger dia-
meters and a lower tip density (Supplementary Table 6). Typically,
nanostructures with a blunt feature are supposed to deliver less
mechanical stress41, due to an enlarged contact area. Besides, a lower
tip density of ZnO nanorods also reduces the possibility of bacterial
contact with the nanotips during flow, which negatively impacts their
bactericidal performance. Nonetheless, these results indicate that the
carbon coating treatment can increase the bactericidal performance of
different nanomaterials by at least three orders of magnitude, con-
firming that the London dispersion interaction is the critical factor to
determine the bactericidal efficiency of the nanotips in water.

Discussion
In this study,wedemonstrate a hydrodynamic-bactericidalmechanism
which couples the mild fluidic energy and the London dispersion
interaction between the nanotip surface and the cell envelope, leading

to superior mechanical inactivation of bacteria in water. Although the
applicability of this method was verified on different nanotip surfaces,
we have yet to fully identify the influence of nanostructure geometry
on the rupture of the bacteria, as the formed nanotip structures
obtained by chemical methods cannot be ensured all geometrically
identical. A thorough study of the effects of geometrical parameters
requires precisely-controlled nanofabrication. We believe the
advancement in nanofabrication techniques such as reactive ion
etching or deep UV lithography may help to provide more precise
analysis on the role of nanostructure geometry in the future55.

Our method is effective against Gram-positive S. aureus, yet we
observed the ruptureof E. coli ismorevigorous thanS.aureusbasedon
the morphology of the bacteria after disinfection. The influence of
bacterial species is a complex issue. For instance, the difference in
bacterial shape (e.g. rod shape or coccus) can affect the stress dis-
tribution profile when interacting with the nanotips56. In addition, the
cell envelope composition not only governs the cell stiffness but also
influences the level of London dispersion interaction between the
bacteria and the nanotips. A thorough study incorporating the above
issues should be carried out to give guidance for the design of a more
reliable disinfection device. Besides, the effectiveness of this method
towards other types ofwaterborne pathogens need to be studied, such
as viruses, fungi and protozoa. As viruses possess a noncellular struc-
ture with a much smaller size, there is potential limitation of the cur-
rent system for the inactivation of viruses. The fine adjustment of
nanotip geometry is thus important to produce nanotips comparable
to the size of viruses.

Furthermore, studies under real-world conditions are required.
Colloids, particles, dissolved organic matter, and ions coexist with
pathogens in realistic water treatment conditions57. These substances
may absorb to the modified NWs, shield the effective sites on the
nanotip surface, and possibly change the level of dispersion interac-
tion with the bacteria. Exploring the effects of these substances on the
killing efficiency of the pathogens is therefore of great importance for
its broad applications. For practical water treatment, the modified
NWs can be combined with other conventional water treatment pro-
cesses. For example, the influent water can be pretreated by an ultra-
filtration module to remove most of the impurities58.

Nevertheless, this study reports a methodology on exploiting
fluidic energy to destroy pathogenic bacteria for the first time, which
provides implications for the development of chemical-free disinfec-
tion technology to address global challenges in environment and
healthcare. A superior inactivation of >99.9999% bacteria was
achieved by simply flowing the water through the device. That is,
besides the nanotip surface, flow of contaminated water is the only
requirement to attain disinfection, which avoids toxic chemical
byproducts and additional energy input. As a result, drinking water,
municipal water andwastewater facilities as well as communities living
in rural areasmay benefit from thismethod of obtaining safe and clean
water. It may also shed light on the development of future pathogenic
control in other fields.

Methods
Materials and reagents
Sodium hydroxide (NaOH), ammonium persulphate ((NH4)2S2O8),
glucose (C6H12O6), and copper sulfate pentahydrate (CuSO4⋅5H2O)
were purchased from Shanghai Macklin Biochemical Co., Ltd., China.
Hydrochloric acid, nitric acid, ethanol, and tert-butyl alcohol were
purchased from Sinopharm Chemical Reagent Co., Ltd., China. Zinc
nitrate hexahydrate (Zn(NO3)2·6H2O), hexamethylenetetramine
(C6H12N4), cobalt nitrate hexahydrate (Co(NO3)2·6H2O), manganese
chloride tetrahydrate (MnCl2·4H2O), urea (CO(NH2)2) and ammonium
fluoride (NH4F) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd., China. Ammonia was purchased from Shanghai
TitanScientificCo., Ltd., China.Copper foam,nickel foamand titanium
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foam were obtained from Kunshan Guangjiayuan New Materials Co.,
Ltd., China. Nutrient broth and nutrient agar media were supplied by
QingdaoHopeBio-TechnologyCo., Ltd., China. E. coli (CGMCC 1.3373),
P. aeruginosa (CGMCC 1.12483), and S. aureus (CGMCC 1.12409) were
obtained from China General Microbiological Culture Collection
Center (CGMCC). AFM probe (MLCT-bio) was purchased from Bruker.
Poly-L-lysine (0.01 wt%) was purchased from Sigma-Aldrich. LIVE/
DEAD BacLight Bacterial Viability Kit (L7007) and Vybrant DiO cell-
labeling solution (V22886) were obtained from Invitrogen, USA.
Reactive Oxygen Species Assay Kit (NO. S0033) was purchased from
Beyotime Biotechnology Co. Ltd., China. Deionized (DI) water was
produced by Milli-Q Water System (Millipore, USA) and all the solu-
tions were prepared by DI water unless otherwise mentioned.

Fabrication of Cu(OH)2 NWs, modified NWs and modified
Cu foam
Cu(OH)2 NWs were synthesized on copper foam using chemical
oxidation59. The copper foamwith a thickness of 2mm and an average
pore size of 200 μm was cut into 3 × 4 cm2 pieces and sequentially
washed with ethanol, hydrochloric acid, and DI water to remove sur-
face impurities. The cleaned copper foam was then immersed in
150mL of an aqueous solution containing 2.5M NaOH and 0.1M
(NH4)2S2O8 for 20min at 4 °C to produce the Cu(OH)2 NWs. It was
removed from the solution, rinsed with DI water and dried in a
vacuum oven.

The modified NWs were prepared by a simple thermal treatment.
The Cu(OH)2 NWs were placed downwind of a tube furnace with glu-
cose in the heating zone, which was used as the carbon precursor and
pyrolyzed at 550 °C in an Ar atmosphere for 2 h. The evaporated car-
bon settled on the surface of the Cu(OH)2 NWs to form the modified
NWs. To prepare the modified Cu foam, the cleaned copper foam was
subjected to the same treatment.

Material characterization
The morphologies of the fabricated materials were analyzed by scan-
ning electron microscopy (SEM, HITACHI SU8010) and transmission
electron microscopy (TEM, FEI Tecnai G2 spirit). The ultrastructure of
the modified NWs was examined by aberration-corrected TEM
(ACTEM, JEM-ARM300) using the bright-field scanning TEM (BF-STEM)
and high-angle annular dark-field scanning TEM (HAADF-STEM)
modes. The crystal structures of the samples were studied by X-ray
diffraction (XRD, D8 Advance). The wettability of the samples was
investigated by a contact anglemeasuring instrument (KRUSSDSA30).
The chemical compositions of the samples were analyzed by X-ray
photoelectron spectroscopy (XPS, PHI 5000VersaProbe II) andRaman
spectroscopy (Horiba LabRAM HR800).

Bactericidal test
E. coli was used as a model pathogen to evaluate the bactericidal
performance of the sample materials. Pure E. coli was cultured in
nutrient broth at 37 °C with shaking at 150 rpm for 12 h to achieve a
concentration of 109–1010 CFU mL-1. The composition of the culture
media is listed in Supplementary Table 7. The cultured bacteria were
harvested by centrifugation and washed twice with sterile DI water.
The prepared E. coli suspension was diluted to sterile DI water to
obtain a concentration of 106–107 CFU mL−1.

Bactericidal tests were conducted in a flow-through Plexiglas cell
with two pieces of prepared cupper foam placed inside (Supplemen-
tary Fig. 10). The copper foam was 2-mm thick with an effective fil-
tration area of 78.5mm2. The flow rate of the water sample was fixed at
2.7mLmin−1 by a peristaltic pump, which corresponds to a contact
time of 7 s and a flux of about 2 m3 h−1 m−2. Before the bactericidal test,
the copper foamwaswashed by purewater in the flow-through cell for
two hours to remove surface impurities. The fresh bacterial solution
(106–107 CFU mL−1) was used as the influent water and flowed into the

cell. During the test, the influentwaterwasmixed by amagnetic stirrer.
Normally, the bactericidal tests were completed within one hour, and
thus about 160-mL water was treated for each test. For each type of
material, three sets of flow-through cells were set up and operated
independently. The bactericidal efficiency for each type of material
was counted based on the three replicates.

The live bacterial concentrations in the influent and effluent water
were measured using a standard plate count method. The time to
spread the bacterial solution on the plate for each sample was nor-
malized to one hour after sampling. Each water sample was diluted
serially (1:10, 1:100, 1:1000 and 1:10,000), and spread onto a sterile
Petri plate (in triplicate for each dilution), in which cooled andmolten
nutrient agarmediumhadbeen added. Following 24-h incubation at 37
°C, the number of the bacterial colonies formed on the plates was
counted, and the concentration of bacteria in the original water sam-
ple was obtained by multiplying the number of colonies obtained per
plate by the dilution factor.

The inactivation performance was evaluated by logarithmic
removal efficiency, which was defined by –log(C/C0), where C and C0

represent bacterial concentrations in the influent and effluent water
obtained by plate count. When no colonies were formed on the plates,
including original and diluted water samples, the bacteria in the water
sample were considered as completely inactivated and the logarithmic
removal efficiency was calculated by log(C0).

Live/dead viability assay
A LIVE/DEAD BacLight Bacterial Viability Kit was used to test the via-
bility of the bacteria. The two dye components provided with the kit
were mixed to achieve a concentration of 1.67mM for SYTO 9 and
10mM for propidium iodide, which provides good live/dead dis-
crimination. 3μL of dyemixture was immediately added to 1mL of the
bacterial sample, mixed thoroughly and incubated at room tempera-
ture in the dark for 15min. The bacterial sample was then filtered
through a black polycarbonatemembrane (diameter 25mm, pore size,
0.22 μm, Millipore, USA) and observed under a fluorescence micro-
scope (Nikon, ECLIPSE Ni-U).

Bacterial sample preparation for SEM
Themorphology of the bacteria was investigated by SEM. The bacteria
samples before and after treatment were harvested by centrifugation
at 9700× g for 5min andfixedwith 2.5%glutaraldehyde at 4 °C for 12 h.
Next, the bacterial samples were rinsed with water and dehydrated for
15min with a series of ethanol/water solutions with increasing ethanol
content (30%, 50%, 70%,90%, 100%). The ethanolwas thendisplaced in
a series of tert-butyl alcohol content (40%, 60%, 80%, 100%) solutions.
Finally, the turt-butyl alcohol in the sample was removed by freeze-
drying.

Bacterial sample preparation for TEM
The ultrastructure of the bacteria was assessed by TEM. The bacterial
sampleswerefirst harvestedby centrifugation andwerefixedwith 2.5%
glutaraldehyde at 4 °C for 12 h. After being washed with water three
times and postfixed with 1% osmium tetroxide at 4 °C for 1 h, the
samples were rinsed again and dehydrated for 15min with a series of
ethanol/water solutions with increasing ethanol content (30%, 50%,
70%, 90%, 100%). The samples were then infiltrated with resin and
cured overnight at 60 °C to form resin blocks. The resin blocks were
sectioned andpickeduponaTEMgrid. Finally, the samples on the grid
were stained by a 3% aqueous solution of uranyl acetate and 4% lead
citrate solution for 10min.

Bacterial sample preparation for AFM
E. coli stock solution with a concentration of 109–1010 CFU mL−1 was
prepared as discussed earlier. A glass slide coated with poly-L-lysine
(Sigma, 0.01wt%) was incubated in a 100μL bacterial solution for
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20min andwas then incubated in sterile DIwater at least three times to
remove the unattached cells. The immobilized bacteria were used
immediately for AFM experiments and placed in water during the test
to prevent cell dehydration.

Cell-tip adhesion measured by AFM
To prepare the carbon-coated AFM probe, an AFM tip (MLCT-bio,
Bruker) was treated by the same method used for the modification of
the Cu(OH)2 NWs. It was washed with ethanol and DI water to remove
surface impurities, and dried in air before use. The morphologies of
the original and the carbon-coated MLCT-bio tips are shown in Sup-
plementary Fig. 5.

The adhesion force between the AFM tip and bacterial membrane
was analyzed in the force-volume mode by an Asylum AFM (MFP-3D-
SA) according to the literature18. The cantilever deflection sensitivity
was first calibrated in DI water on the surface of a clean glass slide (not
coveredwith bacteria). The tipwas then aligned at the center of anarea
where E. coli cells were evenly distributed under inverted optical
microscope. Force versus deflection curves were acquired from a 7 × 7
μm2 area which was divided into 32 × 32 grids. The cantilever force
constant was about 0.065Nm−1, and the maximum loading force was
set at 1 nN. The experiments were performed at a frequency of 0.5Hz,
with the cantilever velocity around 1.98 μm s−1. The tip with or without
carbon coating was brought into contact with E. coli and the adhesion
force was displayed on the retract curve.

Cell mechanics measured by AFM
Mechanicalmeasurements of E. coli cell were carried out by a puncture
test, which were performed in the force-volume mode as mentioned
above. An MLCT-bio tip was used, and the tip radius was measured to
be 40 nm using SEM. The cantilever force constant was about
0.046Nm−1, and the maximum loading force was set at 10 nN to allow
cell penetration. The experiments were performed at a frequency of
1 Hz, with the cantilever velocity around 1.98 μm s−1. The Young’s
modulus (E) of the E. coli sample was obtained by fitting the indenta-
tion curve obtained from the approach curve using a Sneddon or
Hertzian model60.

Structured-illumination microscopy (SIM)
The E. coli samples were stained with propidium iodide (Invitrogen,
USA) for 10min, and then mixed with a commercial lipophilic cyanine
dye DiO (Vybrant cell labeling solution, Invitrogen, USA) for another
5min. The DiO stains bacterial cell membrane while propidium iodide
binds only to the DNA of cells with a compromised membrane. The
bacterial solution was transferred to a glass bottom dish and imme-
diately imaged using the Nikon N-SIM apparatus with a 100× oil
objective and laser excitation for DiO (488 nm), propidium iodide
(561 nm). High-resolution images were acquired by 3D-SIM and
reconstructed by slice 3D-SIM.

Optical density measurement of the influent and effluent water
E. coli suspensionwith a concentrationof 4× 106 CFUmL−1 (determined
by plate count) was used as the influent water. Before the test, the
modified NWs were washed by pure water in the flow-through cell for
twohours to remove surface impurities. Effluentwaterwas collected at
different flow rates (0.5, 2 and 6m3 h−1 m−2). Optical density data of the
influent and effluent water were measured at a wavelength of 600nm
and an optical pathlength of 5 cm using a HACH spectrophotometer
(DR3900). DI water was used as the blank. The effluent samples of DI
water were collected at the same flow rates to exclude the potential
influence of released particles on optical density.

Measurement of reactive oxygen species (ROS)
The intracellular levels of ROS in bacteria were determined by a
Reactive Oxygen Species Assay Kit (Beyotime, No. S0033) containing a

fluorescent probe DCFH-DA and a Rosup reagent. Fresh bacterial
suspension (106–107) was first treated with 100μM DCFH-DA in the
dark for 1 h at 37 °C, which was then washed three times with sterile DI
water to remove the residual DCFH-DA61. The bacterial suspension
loaded with the probe without further treatment was used as the
negative control. To be treated by the modified NWs, the bacterial
suspension was flowed into the flow-through cell at a flux of 2 m3 h−1

m−2. The bacterial suspension was also treated with 100mg L−1 Rosup
reagent for 20min to induce ROS generation as a positive control62.
Aliquots of 100μLwere taken fromeach sample andwere added into a
96-well black plate to determine the relative fluorescence intensity on
a microplate reader (Molecular Devices, SpectraMax i3) with the
excitation/emission wavelengths of 488/525 nm.

Measurement of Cu concentration in the effluent
The concentration of Cu released in the effluent was measured by
inductively coupled plasma mass spectrometry (ICP-MS, Thermo
Fisher X Series). Briefly, a set of 15-mL aliquots were collected from the
effluent at different sampling times. Beforemeasurement, each aliquot
was dosed with nitric acid to a concentration of about 1 wt% and fil-
tered through a 0.45 μm membrane (Millipore, USA).

Bactericidal performance of Cu2+

A series of solutions containing 0.2, 0.4, 0.6, 0.8, 1.0mg/L Cu2+ were
prepared using CuSO4⋅5H2O. Then the E. coli suspension (109–1010 CFU
mL−1) was dosed into the Cu2+ solutions to obtain a concentration of
106–107 CFUmL−1. These solutionswere incubated for one hour and the
live bacterial concentrations were measured using the plate count
method. The bactericidal tests of different Cu2+ concentrations were
repeated for three times.

Bactericidal test of the modified NWs at different flow rates
For the bactericidal test at the static condition (i.e., flow rate of zero),
two pieces of copper foam with the modified NWs were first washed
with pure water in the flow-through cell for two hours to remove
surface impurities. Then the modified NWs were taken out and
immersed in a 160-mL E. coli suspension with a concentration of
106–107 CFU mL−1, which corresponds to the treated volume in the
flow-through cell at a flux of 2 m3 h−1 m−2 for an hour. The live bacterial
concentration was measured using the standard plate count method
after being incubated for one hour. The bactericidal test at the static
condition was repeated for three times. The bactericidal test in flow
condition was conducted as introduced above. Specifically, the flow
rate was controlled at 0.65, 2.7, and 7.8mLmin−1, corresponding to a
flux of 0.5, 2 and 6 m3 h−1 m−2 respectively.

Bacterial storage experiment
E. coli (CGMCC 1.3373), P. aeruginosa (CGMCC 1.12483), and S. aureus
(CGMCC 1.12409) were cultured at 37 °C with shaking at 150 rpm for
12 h, washed to remove the nutrientmedium and diluted with DI water
to obtain a bacterial suspension of 106–107 CFU mL−1. The bacterial
solution was flowed through the disinfection cell with the modified
NWs at a flux of 2 m3 h−1 m−2. The influent and effluent solutions were
collected and stored at 25 °C under visible light illumination, which
represented a typical natural aquatic environment. The bacterial con-
centrations of each samplesweremeasured at a series of storage times
from 0h to 24 h.

Disinfection in real water samples
The reclaimedwater samplewas collected from secondary effluent in a
wastewater treatment plant (Shenzhen, China). The tap water was
collected from the tapwater faucet in the lab. The characteristics of the
water samples are shown in Supplementary Table 5. Both were filtered
through a 0.22 μmmembrane to remove the indigenous bacteria. The
E. coli stock solution was diluted in the two water samples to obtain a
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concentration of 106–107 CFU mL−1. The prepared solutions were flo-
wed through the disinfection cell with the modified NWs at a flux of 2
m3 h−1 m-2. Storage experiments were conducted to evaluate the dis-
infection performance in real water samples.

Long-term disinfection
To perform the long-term disinfection test, twelve chamber units were
stacked in series (Fig. 4d inset), and each unit has an outer diameter of
90mm and a thickness of 10mm. Each chamber unit contained two
pieces of copper foam with a size of 2 × 2 cm and a thickness of 2mm.
The effective filtration area for each chamber was 2.3 cm2 and the
effective filtration volume for twelve chambers was calculated to be
10.9mL (V0). E. coli stock solution was diluted with sterilized water to
prepare the feed water with a concentration of 103–104 CFU mL−1.
During the test, the feed water continuously flowed into the system
and the flow rate was fixed at 2.7mLmin−1. The feed water was
replenished with a newly-prepared E. coli stock solution every two
days, and the concentrations of live bacteria in the influent andeffluent
were measured by the standard plate count method. The time to
spread the bacterial solutions on the plate was normalized to one hour
after sampling. The treating capacity is defined as the ratio of actual
treated volume (Vwater) to the effective volume of the chambers (V0).
During the 30-day test, 116.64 L of the feed water was treated, which is
over 10000 times thatofV0. Therefore, for a chamber volumeof 1 L, an
estimated 10,000 L feed water can be purified, which can provide the
drinking water consumption of an adult (2 L per day) for more than
ten years.

Disinfection experiments with three different nanotip surfaces
ZnO nanorods were grown on the copper foam by a chemical pre-
cipitation method63. The cleaned copper foam (2 × 5 cm2) was trans-
ferred into a Teflon-lined autoclave with 40mL of an aqueous solution
containing 4.5 g zinc nitrate hexahydrate, 2.1 g hexamethylenete-
tramine, and2mLammonia, andheated at90 °C for 15 h. Theprepared
sample was washed with DI water and dried in a vacuum oven.

Co, Mn-layered double hydroxides (LDH) nanoneedles were fab-
ricated on nickel foam using a hydrothermal approach64. 0.72 g urea,
0.37 g NH4F, 0.40 g MnCl2·4H2O and 1.2 g Co(NO3)2·6H2O were dis-
solved in 80mL DI water and transferred into a 100mL Teflon-lined
autoclave. A piece of nickel foam (2 × 5 cm2) was cleaned and soaked in
this solution. The autoclave was then sealed and placed in an oven at
120 °C for 6 h. Finally, the nickel foam was washed and dried in a
vacuum oven.

Titanate nanowires were synthesized on a titanium (Ti) substrate
by a one-step hydrothermal method65. A piece of Ti foam was first
cleaned and transferred into a Teflon-lined autoclavewith 40mLof 1M
NaOHsolution. Afterwards, the vesselwas sealed andplaced in anoven
at 220 °C for 4 h. Finally, the prepared samplewaswashed and dried in
a vacuum oven.

To prepare the modified ZnO nanorods, Co, Mn-LDH nano-
needles, and titanate nanowires, the same carbon-coatingmethodwas
used as for treatment of the Cu(OH)2 NWs. In the disinfection experi-
ment, a bacterial suspension with 106–107 CFU mL−1 E. coli was flowed
through the disinfection cell with the modified or unmodified nanos-
tructured surfaces at a flux of 2 m3 h−1 m−2. The live bacterial con-
centration in the effluent was measured at a normalized storage
time of 5 h.

All-atom molecular dynamics (MD) simulation
The amorphous carbon materials were constructed as follows. First,
carbon atoms were randomly and approximately uniformly placed in
a box of 6 nm × 6 nm × 6 nm to give a density of 3 g cm−3. An amor-
phous carbon cube of 5 nm side was extracted from this structure.
Then, parameters of sp2 carbon atoms based on the INTERFACE force
field were assigned to the amorphous carbon atoms66, with a van der

Waals (vdW) diameter σ0 = 0.355 nm and a well depth
ε0 = 0.293 kJmol−1. Finally, elastic network restraints were added to
the bonds between adjacent carbon atoms to achieve a relatively
rigid amorphous carbon material. CHARMM36m all-atom force field
parameters67 for 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethano-
lamine (POPE) lipids, water model of transferable intermolecular
potential 3 P and ions (Na+, Cl−) were used. CHARMM-GUIwebserver68

and GROMACS tools were used to set up all simulation systems69,
which were performed using GROMACS software (version 2019.4).
For the interactions of materials with different vdW forces, we arti-
ficially adjusted the well depth (ε) of the carbon cubematerial (1/4ε0,
1/2ε0, 7/8ε0, 15/16ε0, 2ε0). The dimensions of the initial box were
10.0 nm× 10.0 nm× 14.3 nm, which consisted of 1 amorphous carbon
cubic, 338 POPE lipids, 30667watermolecules and 150mMNaCl. The
carbon cube was initially placed close to the POPE lipid bilayer and
then went through a 100-ns free MD simulation. A time step of 2 fs,
temperature of 310K and periodic boundary conditions were used to
all MD simulations. System snapshots and movies were generated by
visual molecular dynamics70.

Simulation of bacterial motion inside a copper foam
Bacterial motion inside a porous copper foam was simulated by the
softwarepackageANSYS Fluent (2020R2). First, we built a 3Dmodel of
the copper foam, and imported it into the ANSYS Fluent to solve the
continuity. The domain of the computingmodel was set to be a cuboid
with a size of 520 × 420 × 420 μm3. The laminar flow inside the model
was calculated by the Fluent computational fluid dynamics (CFD) code
following the conservation of momentum and mass71 given by:

ρ
∂u
∂t

+ ρðu � ∇Þu =∇ � ½�pI+K�+F ð1Þ

ρ∇ � u=0 ð2Þ

where ρ is the density of the fluid, u is the velocity vector of the fluid, t
is the time, p is the pressure of the fluid, I is the identity tensor, and F is
the volume force vector. The viscous stress tensor Κ is defined by:

K=μð∇u+ ð∇uÞT Þ ð3Þ

where μ is the dynamic viscosity, T is the absolute temperature. The
bacterial motion in the defied flow field was obtained by the discrete
element method solver. For simplicity, the bacterium was approxi-
mated as a spherical particle, with a diameter of 1 μm. Themotion of a
bacterium in fluid flow is described by Newton’s Second Law:

d
dt

ðmpvÞ=FD +FG +Fb ð4Þ

where mp is the mass of the bacterium, v is the velocity of the bac-
terium, and FD, FG, Fb are the drag, gravity, and Brownian force,
respectively. For small particles dispersed in a liquid, gravitational
effect is negligible. The drag force is defined as:

FD =
1
τp

 !
mpðu� vÞ ð5Þ

where τp is the bacterial velocity response time. The Brownian force
that causes bacterial diffusion is given by:

Fb = ζ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πkBμTrp

Δt

s
ð6Þ

where Δt is the time interval taken by the solver, rp is the particle
radium, kB = 1.380649 × 10−23 J K−1 is the Boltzmann constant, and ζ
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(dimensionless) is a normally distributed random number with amean
of zero and unit standard derivation.

The left side of themodel was defined as the velocity inlet and the
particle generation surface, while the right side was defined as the
outlet boundary. Symmetrical boundary conditions were assumed for
the lateral sides of the domain. Bacteria were stuck to the wall of the
foammodel once they struck it. The influent velocity was 1mms−1 and
the flowwas allowed to evolve until it was fully developed in the entire
domain. 1681 bacteria were then released and allowed to move. The
number of bacteria that collidedwith the walls of the copper foamand
the number of bacteria that escaped from the outlet boundary were
calculated.

Types of contact between bacteria and nanotips during flow
Themovement of the E. coli cells near the nanowires was simulated by
a Brownian dynamics and computational fluid dynamics method45, in
which the information of the flow field near the nanotips was calcu-
lated by the CFD method and imported into the Brownian dynamics
equation by which the movement of a bacterium was simulated.

The velocity of the flow field near the nanowires (V) was obtained
by solving the Navier-Stokes equation:

ρ
dV
dt

= � ∇p+ ρF+μΔV ð7Þ

where ρ is the density, p is the pressure, and μ is the viscosity of the
fluid. A 5 × 5 tip arraywas used to present the nanowires on the copper
foam. The cylindrical tips were perpendicular to the surface and the
gap between two tips was set as 1 μm. The diameter of a tip was set as
200nm and the length as 5 μm. We assumed the fluid impacted the
nanotips at an angle of 45° to simplify the real conditions, and the
velocity of the main flow was set as 5.5 × 10−4 m s−1 corresponding to a
flow rate of 2.7mLmin−1 in the experimental conditions. No-slip
boundary condition was set at the walls of the tips. The calculated
velocity field is shown in Fig. 3c.

The E. coli cell was simplified using a bead-stick model with two
balls to reflect both the translation and rotation (Supplementary
Fig. 25). The velocity and location of the ith bead of the bead-stick
model at a certain time was calculated by the Langevin equation:

dri
dt

=V ðriÞ+
1
ξ

FB
i ðtÞ+ FS

i ðtÞ+ FEV ,Wall
i ðtÞ

h i
ð8Þ

where ri is the position of the ith beadof bacterium,V(ri) is the velocity
of the flow field at ri, and ξ is the drag coefficient of a bead. FB

i ðtÞ, FS
i ðtÞ,

FEV ,Wall
i ðtÞ are Brownian force, spring force of the stick between two

beads, and the repulsive force between the bead and walls, respec-
tively. The simulation was terminated when the bacterium moved out
the areaof theflowfieldor collidedwith the tips.Themovementof 100
bacteria was simulated. The number of bacteria that collided with the
tip array was counted and the types of contact were determined.

Stress distribution profile of bacterial cell envelope
The finite element method was used to explore the bacterial defor-
mation, which was conducted using the software ABAQUS 6.11. The E.
coli cell envelope was modeled as a spherocylindrical shell with a
diameter of 500 nm and a length of 1 μm. The Young’s modulus (E)
encompasses the entire envelope with a value of 0.5MPa obtained
from AFM measurements (Supplementary Table 3).

The critical stress of the bacterial cell envelope was simulated
according to the puncture test (Fig. 3a and Supplementary Fig. 17). The
half opening angleof theMLCT-bio tipwas set as 30° and the tip radius
was 40nm. The displacement of the tip was set as zero and the dis-
placement of the cell was set as 100 nm. The stress profile of the cell

envelopewas then calculated and themaximumstresswas found to be
the critical stress required for rupturing the cell.

The stress distribution profiles of a bacterium under collision and
tearing process were calculated. The nanowire was simplified as a
cylindrical tipwith adiameter of 200 nm.A single shellmodelwasused
for the E. coli cell as in the computation of the critical stress. Two types
of contact (end-contact andmiddle-contact) between a bacterium and
a tip were simulated and the displacement of the tip was set as zero. In
the case of collision, when the work done by the tip equaled the
complete kinetic energy loss of a bacterium, the cell encountered the
maximum indentation from the collision process. The kinetic energy
of a bacterium (Ek) is originated from the flow, which is determined by
Ek = 1=2mv2, where m is the mass of a bacterium, and v is its velocity.
The maximum kinetic energy loss was calculated to be 2 × 10−25 J and
the maximum work done by the tip to a bacterium was obtained. The
stressdistributionprofile under this casewas calculated and compared
with the critical stress for failure. In the case of tearing, the drag force
of the flow was calculated, which equaled the adhesive force of the tip
in the attached state. In a laminar flow, the drag force (FD) can be
determined by the classic Stokes law FD = 3πμdΔu, where μ is the
dynamic viscosity of the fluid, d is the diameter of the particle andΔu is
the relative velocity of the fluid with respect to the particle72. Here, the
diameter of the bacterium was assumed to be 0.5–1 μm, and FD was
calculated to be 2.3–4.7 × 10−13 N. The stress distribution profiles were
simulated under this reaction force in the two types of contact and
compared with the critical stress for failure.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are available in the main text and the supplementary infor-
mation. Source data are provided with this paper.

References
1. Costerton, J. W., Stewart, P. S. & Greenberg, E. P. Bacterial biofilms:

a common cause of persistent infections. Science 284,
1318–1322 (1999).

2. Shannon, M. A. et al. Science and technology for water purification
in the coming decades. Nature 452, 301–310 (2008).

3. Mauter, M. S. et al. The role of nanotechnology in tackling global
water challenges. Nat. Sustain. 1, 166–175 (2018).

4. Lazarova, V. et al. Advanced wastewater disinfection technologies:
state of the art and perspectives. Water Sci. Technol 40,
203–213 (1999).

5. Richards, T. et al. A residue-free approach to water disinfection
using catalytic in situ generation of reactive oxygen species. Nat.
Catal. 4, 575–585 (2021).

6. Richardson, S. D. et al. Occurrence, genotoxicity, and carcino-
genicity of regulated and emerging disinfection by-products in
drinkingwater: a review and roadmap for research.Mutat. Res. Rev.
Mut. Res. 636, 178–242 (2007).

7. Du, Y. et al. Formation and control of disinfection byproducts and
toxicity during reclaimed water chlorination: a review. J. Environ.
Sci. 58, 51–63 (2017).

8. McDonnell, G. & Russell, A. D. Antiseptics and disinfectants: activ-
ity, action, and resistance. Clin. Microbiol. Rev. 12, 147–179 (1999).

9. Wang, H. B. et al. Risks, characteristics, and control strategies of
disinfection-residual-bacteria (DRB) from the perspective of
microbial community structure. Water Res. 204, 117606 (2021).

10. Das, R. et al. Recent advances in nanomaterials for water protection
and monitoring. Chem. Soc. Rev. 46, 6946–7020 (2017).

11. Huo, Z. Y. et al. Microbial disinfection with supercoiling capacitive
triboelectric nanogenerator.Adv. EnergyMater. 12, 2103680 (2022).

Article https://doi.org/10.1038/s41467-023-41490-5

Nature Communications |         (2023) 14:5734 12



12. UN-Water. Summary Progress Update 2021 – SDG 6 – Water and
Sanitation for All (UN-Water, Geneva, 2021).

13. Ivanova, E. P. et al. Natural bactericidal surfaces: mechanical rup-
ture of Pseudomonas aeruginosa cells by cicada wings. Small 8,
2489–2494 (2012).

14. Ivanova, E. P. et al. Bactericidal activity of black silicon. Nat. Com-
mun. 4, 2838 (2013).

15. Linklater, D. P. et al. Mechano-bactericidal actions of nanos-
tructured surfaces. Nat. Rev. Microbiol. 19, 8–22 (2021).

16. Liu, L. et al. Mechanical penetration of β-lactam–resistant Gram-
negative bacteria by programmable nanowires. Sci. Adv. 6,
eabb9593 (2020).

17. Auer, G. K. & Weibel, D. B. Bacterial cell mechanics. Biochemistry
56, 3710–3724 (2017).

18. Suo, Z. et al. Bacteria survive multiple puncturings of their cell
walls. Langmuir 25, 4588–4594 (2009).

19. Roy, A. & Chatterjee, K. Theoretical and computational investiga-
tions into mechanobactericidal activity of nanostructures at the
bacteria-biomaterial interface: a critical review. Nanoscale 13,
647–658 (2021).

20. Valiei, A. et al. Hydrophilic mechano-bactericidal nanopillars
require external forces to rapidly kill bacteria. Nano Lett. 20,
5720–5727 (2020).

21. Li, G. & Tang, J. X. Accumulation of microswimmers near a surface
mediated by collision and rotational Brownian motion. Phys. Rev.
Lett. 103, 078101 (2009).

22. Li, G., Tam, L. K. & Tang, J. X. Amplified effect of Brownianmotion in
bacterial near-surface swimming. Proc. Natl Acad. Sci. USA 105,
18355 (2008).

23. Del Valle, A. et al. Mechanically induced bacterial death imaged in
real time: a simultaneous nanoindentation and fluorescence micro-
scopy study. ACS Appl. Mater. Interfaces 12, 31235–31241 (2020).

24. Wang, X. et al. A bactericidal microfluidic device constructed using
nano-textured black silicon. RSC Adv 6, 26300–26306 (2016).

25. DiStasio, R. A. Jr, von Lilienfeld, O. A. & Tkatchenko, A. Collective
many-body van der Waals interactions in molecular systems. Proc.
Natl Acad. Sci. USA 109, 14791–14795 (2012).

26. Wagner, J. P. & Schreiner, P. R. London dispersion in molecular
chemistry—reconsidering steric effects. Angew. Chem. Int. Ed. 54,
12274–12296 (2015).

27. Parsegian, V. A. & Ninham, B.W. Application of the Lifshitz theory to
the calculation of van der Waals forces across thin lipid films. Nat-
ure 224, 1197–1198 (1969).

28. Boström, M. & Ninham, B. W. Energy of an ion crossing a low
dielectric membrane: the role of dispersion self-free energy. Bio-
phys. Chem. 114, 95–101 (2005).

29. Pethica, B. A. The physical chemistry of cell adhesion. Exp. Cell Res.
8, 123–140 (1961).

30. Halgren, T. A. The representation of van der Waals (vdW) interac-
tions in molecular mechanics force fields: Potential form, combi-
nation rules, and vdW parameters. J. Am. Chem. Soc. 114,
7827–7843 (1992).

31. Chen, Y. et al. Synergetic lipid extraction with oxidative damage
amplifies cell-membrane-destructive stresses and enables rapid
sterilization. Angew. Chem. Int. Ed. 60, 7744–7751 (2021).

32. Tu, Y. et al. Destructive extraction of phospholipids from Escher-
ichia coli membranes by graphene nanosheets. Nat. Nanotechnol.
8, 594–601 (2013).

33. Fang, G. et al. Differential Pd-nanocrystal facets demonstrate dis-
tinct antibacterial activity againstGram-positive andGram-negative
bacteria. Nat. Commun. 9, 129 (2018).

34. Li, Y. et al. Graphene microsheets enter cells through spontaneous
membrane penetration at edge asperities and corner sites. Proc.
Natl. Acad. Sci. USA. 110, 12295 (2013).

35. Marrink, S. J. et al. Computational modeling of realistic cell mem-
branes. Chem. Rev. 119, 6184–6226 (2019).

36. WHO. Guidelines for Drinking-Water Quality: Fourth Edition Incor-
porating the First and Second Addenda. Report No. CC BY-NC-SA
3.0 IGO (World Health Organization, Geneva, 2022).

37. Ivanova, E. P. et al. The multi-faceted mechano-bactericidal
mechanism of nanostructured surfaces. Proc. Natl Acad. Sci. USA
117, 12598–12605 (2020).

38. Linklater, D. P. et al. Antibacterial action of nanoparticles by lethal
stretching of bacterial cell membranes. Adv. Mater. 32,
2005679 (2020).

39. Lu, X. et al. Enhanced antibacterial activity through the controlled
alignment of graphene oxide nanosheets. Proc. Natl Acad. Sci. USA
114, E9793–E9801 (2017).

40. Linklater, D. P. et al. Influenceof nanoscale topologyonbactericidal
efficiency of black silicon surfaces. Nanotechnology 28,
245301 (2017).

41. Michalska, M. et al. Tuning antimicrobial properties of biomimetic
nanopatterned surfaces. Nanoscale 10, 6639–6650 (2018).

42. Hajipour, M. J. et al. Antibacterial properties of nanoparticles.
Trends Biotechnol. 30, 499–511 (2012).

43. Miller, K. P., Wang, L., Benicewicz, B. C. & Decho, A. W. Inorganic
nanoparticles engineered to attack bacteria. Chem. Soc. Rev. 44,
7787–7807 (2015).

44. Elbourne, A. et al. Bacterial-nanostructure interactions: the role of
cell elasticity and adhesion forces. J. Colloid Interface Sci. 546,
192–210 (2019).

45. Wu, S., Li, C., Zheng, Q. & Xu, L. Modelling DNA extension and
fragmentation in contractive microfluidic devices: A Brownian
dynamics and computational fluid dynamics approach. Soft Matter
14, 8780–8791 (2018).

46. Perez Ipiña, E. et al. Bacteria display optimal transport near surfaces.
Nat. Phys. 15, 610–615 (2019).

47. Shimizu, Y. et al. Filtration characteristics of hollow fiber
microfiltration membranes used in membrane bioreactor for
domestic wastewater treatment. Water Res. 30, 2385–2392
(1996).

48. Kiso, Y. et al. Wastewater treatment performance of a filtration bio-
reactor equipped with a mesh as a filter material. Water Res. 34,
4143–4150 (2000).

49. Huo, Z. Y. et al. Synergistic nanowire-enhanced electroporation and
electrochlorination for highly efficient water disinfection. Environ.
Sci. Technol. 56, 10925–10934 (2022).

50. Jenkins, J. et al. Antibacterial effects of nanopillar surfaces are
mediatedbycell impedance, penetration and inductionof oxidative
stress. Nat. Commun. 11, 1626 (2020).

51. Zhao, S. et al. Programmed death of injured Pseudomonas aerugi-
nosa on mechano-bactericidal surfaces. Nano Lett. 22,
1129–1137 (2022).

52. Li, G. Q. et al. Comparison of UV-LED and low pressure UV for water
disinfection: Photoreactivation and dark repair of Escherichia coli.
Water Res. 126, 134–143 (2017).

53. Lin,W., Yu, Z., Zhang,H. & Thompson, I. P. Diversity anddynamics of
microbial communities at each step of treatment plant for potable
water generation. Water Res. 52, 218–230 (2014).

54. Li, X. Bactericidal mechanism of nanopatterned surfaces. Phys.
Chem. Chem. Phys. 18, 1311–1316 (2016).

55. Dirdal, C. A. et al. UV-nanoimprint and deep reactive ion etching of
high efficiency siliconmetalenses:High throughput at lowcostwith
excellent resolution and repeatability. Nanomaterials 13,
436 (2023).

56. Hasan, J. et al. Selective bactericidal activity of nanopatterned
superhydrophobic cicada Psaltoda claripennis wing surfaces.Appl.
Microbiol. Biotechnol. 97, 9257–9262 (2013).

Article https://doi.org/10.1038/s41467-023-41490-5

Nature Communications |         (2023) 14:5734 13



57. Haberkamp, J. et al. Complexity of ultrafiltrationmembrane fouling
caused by macromolecular dissolved organic compounds in sec-
ondary effluents. Water Res. 42, 3153–3161 (2008).

58. Schäfer, A. I., Fane, A.G. &Waite, T. D. Fouling effectson rejection in
the membrane filtration of natural waters. Desalination 131,
215–224 (2000).

59. Yu, L. et al. Cu nanowires shelled with NiFe layered double hydro-
xide nanosheets as bifunctional electrocatalysts for overall water
splitting. Energy Environ. Sci. 10, 1820–1827 (2017).

60. Liang, W. et al. Recent advances in AFM-based biological char-
acterization and applications at multiple levels. Soft Matter 16,
8962–8984 (2020).

61. Ninganagouda, S. et al. Growth kinetics and mechanistic action of
reactive oxygen species released by silver nanoparticles from
Aspergillus niger on Escherichia coli. BioMed Res. Int. 2014,
753419 (2014).

62. Zhu, Y. et al. Excessive sodium ions delivered into cells by nano-
diamonds: implications for tumor therapy. Small 8,
1771–1779 (2012).

63. Yang, W. et al. Hierarchical ZnO nanorod arrays grown on copper
foam as an advanced three-dimensional skeleton for dendrite-free
sodium metal anodes. Nano Energy 80, 105563 (2021).

64. Su, D. et al. Co, Mn-LDH nanoneedle arrays grown on Ni foam for
high performance supercapacitors. Appl. Surf. Sci. 469,
487–494 (2019).

65. Dong, W. et al. Multifunctional nanowire bioscaffolds on titanium.
Chem. Mater. 19, 4454–4459 (2007).

66. Heinz, H., Lin, T. J., Kishore Mishra, R. & Emami, F. S. Thermo-
dynamically consistent force fields for the assembly of inorganic,
organic, and biological nanostructures: The INTERFACE force field.
Langmuir 29, 1754–1765 (2013).

67. Huang, J. et al. CHARMM36m: an improved force field for folded
and intrinsically disordered proteins. Nat. Methods 14, 71–73 (2017).

68. Jo, S., Kim, T., Iyer, V. G. & Im, W. CHARMM-GUI: a web-based
graphical user interface for CHARMM. J. Comput. Chem. 29,
1859–1865 (2008).

69. Abraham, M. J. et al. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to super-
computers. SoftwareX 1-2, 19–25 (2015).

70. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular
dynamics. J. Mol. Graphics 14, 33–38 (1996).

71. Uma, B. et al. Nanoparticle Brownian motion and hydrodynamic
interactions in the presence of flow fields. Phys. Fluids 23,
073602 (2011).

72. Loudet, J. C., Hanusse, P. & Poulin, P. Stokes drag on a sphere in a
nematic liquid crystal. Science 306, 1525–1525 (2004).

Acknowledgements
This study was supported by National Natural Science Foundation of
China (No. 52022049, Q.Y.W. and No. 52221004, H.Y.H.), the Shenzhen
Science, Technology and Innovation Commission (No.
RCJC20221008092758099, Q.Y.W.) and Tsinghua Shenzhen Interna-

tional Graduate School (JC2022014, Q.Y.W. and C.Y.). We thank H.M.
Cheng at Institute of Metal Research, Chinese Academy of Sciences for
valuable discussion and P. A. Thrower for reviewing the manuscript. We
also acknowledge W.Q. Wang at the State Key Laboratory of Tribology,
Tsinghua University, for technical support in the atomic force micro-
scopy tests, and S.Y. Wu at Fujian Agriculture and Forestry University for
suggestions on finite element method simulations.

Author contributions
Conceptualization: C.Y., L.P., H.Z.; Methodology: L.P., H.Z. H.H., C.Y.,
Q.W.; Experiment: L.P., H.Z., H.W., Z.G.; Visualization: H.Z., H.W., Z.G.;
Funding acquisition: Q.W., C.Y.; Supervision: H.H., C.Y., Q.W.; Writing –

original draft: L.P., H.Z., C.Y.; Writing – review & editing: L.P., H.Z., H.H.,
C.Y., Q.W.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41490-5.

Correspondence and requests for materials should be addressed to
Qianyuan Wu, Cheng Yang or Hong-Ying Hu.

Peer review information Nature Communications thanks Chao Liu,
Khashayar Modaresifar and the other, anonymous, reviewers for their
contribution to the peer review of this work. A peer review file is avail-
able.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-41490-5

Nature Communications |         (2023) 14:5734 14

https://doi.org/10.1038/s41467-023-41490-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Hydrodynamic tearing of bacteria on nanotips for sustainable water disinfection
	Results
	Illustration of hydrodynamic-bactericidal mechanism
	A model nanostructured surface
	Bactericidal performance of modified NWs
	From puncturing to tearing: discussions of the cell rupture mechanism
	Practical disinfection applications

	Discussion
	Methods
	Materials and reagents
	Fabrication of Cu(OH)2 NWs, modified NWs and modified Cu foam
	Material characterization
	Bactericidal test
	Live/dead viability assay
	Bacterial sample preparation for SEM
	Bacterial sample preparation for TEM
	Bacterial sample preparation for AFM
	Cell-tip adhesion measured by AFM
	Cell mechanics measured by AFM
	Structured-illumination microscopy (SIM)
	Optical density measurement of the influent and effluent water
	Measurement of reactive oxygen species (ROS)
	Measurement of Cu concentration in the effluent
	Bactericidal performance of Cu2+
	Bactericidal test of the modified NWs at different flow rates
	Bacterial storage experiment
	Disinfection in real water samples
	Long-term disinfection
	Disinfection experiments with three different nanotip surfaces
	All-atom molecular dynamics (MD) simulation
	Simulation of bacterial motion inside a copper foam
	Types of contact between bacteria and nanotips during flow
	Stress distribution profile of bacterial cell envelope
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




