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Multifunctional metallic nanomushrooms
on nanowires for detecting and killing
tumor cells
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The fabrication and advancement ofmultifunctional nanomaterials have long been a focus of attention
in applied research. This is primarily attributed to their ability to integrate multiple desirable properties
into a single material system, which not only enhances operational efficiency but also reduces the
reliance on complex multi-component systems. Using a facile physical approach, we synthesized
multifunctional metallic alloy nanomushrooms on nanowire featuring high-targeting precision and
intense photoluminescence. The alloy core of the nanomushrooms, with superior electrical
conductivity, significantly improves photothermal conversion efficiency. Meanwhile, their unique
mushroom-like morphology enables dense loading of targeting molecules. This design allows
simultaneous tumor cell visualization via enhanced fluorescence and their elimination via
photothermal ablation. Experimental validation confirms its potential as a theranostic agent,
overcoming limitations of current photoluminescent nanomaterials in biomedicine.

In the field of nanotechnology research, there are many nanomaterials
and metal nanostructures have gained significant attention due to unique
properties. Therein, advanced abilities to engineer their surface
chemistry1–3, methods to create sophisticated multi-dimensional
shapes4–6, own to provide biocompatibility as well as their highly useful
optical characteristics7–10. Meanwhile, strong localized surface plasmon
resonance (LSPR) excited in metal nanostructure, high wideband spec-
trum absorption coefficients, abundant ligands and surfactants in spatial
structure, which increasingly make them applicable in various fields of
biomedicine. Thus, hundreds of different types of complex metal
nanostructures (e.g., nanostars, nanocages, and branched nanowires)
have been explored and utilized as contrast agents for energy utilization
and development, high sensitivity of sensing, and nanomedicine, with
different sizes, shapes, and compositions. Recently, complex metal
nanostructures, which consists of specific numbers of metal atoms and
organic ligands, bridge the gap between single metal atom/complex and
conventional nanostructures due to the ultrasmall size of less than
3 nm11–13. This is based on the principle of the discrete energy level rather
than the continuous energy band in the ultrasmall size of nanoparticle,
and leads to molecular-like physicochemical properties due to quantum
size effect, for example, optical absorption/emission14–16. Therein, pho-
toluminescence (PL) of complex metal nanostructure has gained
increasing attention in the field of bioimaging17,18, sensing19 and

optoelectronic devices20,21. Notably, PL of complex metal nanostructures
requires intricate designs and compositions enabled by sophisticated
chemical synthesis techniques. The central fluorescent wavelength of
complex metal nanostructures is determined by the proportion of dif-
ferent metal atoms. However, most complex metal nanostructures
exhibit much weaker emissions and lower quantum yield (QYs) com-
pared to other types of luminescent materials, such as carbon quantum
dots and organic dyes, which substantially hinders the advancement of
luminescent complex metal nanostructures towards practical applica-
tions. Moreover, these alloy nanostructures have relatively uniform
shapes and sizes, which is not conducive to necessary modifications on
the surface of the structures, for example, targeted loading and drug
loading applied in the biomedical field.

Here, we present a method that growing targeted photoluminescent
metallic alloy nanomushrooms on nanowire with simple physical tech-
nology. Under electron beam irradiation, mushroom-shaped Au–Ag
nanoalloy structures gradually grow on the defect sites of Au–Ag
nanowires owing to the activation of Ag atoms migrate, accumulate and
undergo compressive stacking. The size of Au–Ag alloy nanomushrooms
can be synchronously controlled by adjusting the electron beam irra-
diation time. These nanostructures possess intrinsic photoluminescent
properties, while the molecular-like physicochemical features and LSPR
derived from their alloy nature jointly confer favorable plasmonic and
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electronic characteristics on the system. Moreover, the large umbrella-
shaped cap of the nanometallic mushrooms offer significantly increased
specific surface area compared with bare Au–Ag nanostructures to high-
capacity binding sites for ligands, facilitating their robust and receptor-
mediated accumulation in target tissues, such as tumor cells. In addition,
the dense growth of PL nanomushrooms on the nanowires significantly
expands the fluorescent area and enhances emission intensity, thereby
improving fluorescence tracking efficiency. Experimental measurements
reveal that the metallic nanomushrooms exhibit significantly superior
electrical conductivity and photothermal conversion efficiency compared
to Au–Ag nanowires due to the enhancement of LSPR. Consequently, the
targeted photoluminescent metallic nanomushrooms on the nanowire
can simultaneously achieve precise tracking and efficient killing of
tumor cells.

Results and discussion
Real-time manipulation of growing metallic nanomushrooms on
nanowire
The preparation of Au–Ag nanowire is based on a chemical method
(Supporting Information). The metallic nanomushrooms are composed

of Au atoms and Ag atoms, as illustrated in Fig. 1. In the TEM images
(Fig. 1c–h), the metallic nanomushrooms gradually growing older as the
duration of electron beam irradiation increases (Fig. 1c), therein the
acceleration voltage of the electron beam is 200 kV, and the current
density is generally between 0.6 and 1 nA and the radiation dose is
approximately 1200 e/A²s. The metallic nanomushroom grow from a
spore-like state into an umbrella-shaped structure, with their volume
increasing nearly tenfold (Fig. 1c, d). Meanwhile, the root portion of the
metallic nanowires on which the nanomushrooms grow becomes
increasingly transparent (Fig. 1d). It is reveal that the metallic nano-
mushrooms grow by absorbing metal atoms from the nanowire (Fig. 1e,
f). According to the element mapping of metallic nanomushroom
(Fig. 1g, h), gold atom (yellow) distribution remains unchanged on the
nanowire, while silver atoms (red) migrate almost entirely from the
nanowires to fuel nanomushroom growth. This results demonstration
that electron beam irradiation induces the activation of Ag atoms
migrate, accumulate and undergo compressive stacking at the defect sites
of Au–Ag nanowires, thereby forming nanoalloy structures, triggering
Au nanoparticle expansion via atomic incorporation, facilitated by Au
high ductility.

Fig. 1 | Real-time manipulation of growing metallic nanomushrooms on nano-
wire. a Schematic illustration of growing metallic nanomushrooms on a nanowire
under the electron beam irradiating. b Explains the growth process of metallic
nanomushrooms on a nanowire. c The scanning transmission electron microscope
(TEM) images show the growth process of the metallic nanomushrooms from the
initial spore bud (indicated by the blue arrow point A) to the umbrella-like mature

mushrooms stage. d The initial spore bud (left) and the umbrella-like mature
mushrooms stage (right), the size of the spore is 8.21 nm, and the size of the mature
mushrooms is 52.26 nm, respectively. e The initial spore bud and surrounding
environment TEM image (indicated by the bule arrowpoint B). f–hTEM images and
element mapping of metallic nanomushroom (aspect ratio n = 3 and 6, respectively)
(scale bars: 100 nm).
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Fig. 2 |Analysis of growing targeted photoluminescentmetallic nanomushrooms
on nanowire. a The principle analysis diagram of the generation of metallic
nanomushroom. The TEM image of Au–Ag nanoparticels wire (b), the Au–Ag
nanoparticels TEM image (c), SAED image of Au–Ag nanoparticels (d). The TEM
image of Au–Ag alloy nanomushroom wire (e), the Au–Ag alloy nanomushroom
TEM image (f), SAED image of Au–Ag alloy nanomushroom (g). h TEM image and
element mapping of the Au–Ag alloy nanomushroom. i The morphological state of
Au and Ag nanoparticles over time under electron beam irradiation. The white
dotted lines indicate the crack position of nanoparticles, and red arrows mark the
position of atomic transfer in the nanoparticle. The magnified images of the regions
marked with atomic transfer by the red dotted circles are shown in (j, k) when
electron beam irradiation. The white dotted lines are Au nanoparticles; The red
dotted lines are Ag nanoparticles. The structural changes inside the nanoparticles
after the atoms are transferred to another nanoparticle are shown in thefigures (l–o).

l The lattice of the interface region where gold and silver atoms are squeezed was
captured by TEM and SAED. Red dotted frame indicates TEM image and FFT of the
lattice evolution area (l), inverse FFT image of the lattice evolution area (m), FFT and
inverse FFT images of lattice 1 area (n) and lattice 2 area (o), respectively. p–r The
concentration change of metal atoms on the nanowire of Au–Ag nanoparticles with
the irradiation of the electron beam (p); the distribution of metal atoms within the
blue dashed box nanowires; the red arrows mark the metallic nanomushrooms.
q TEM images and element mapping of nanowire of metallic nanomushroom.
r Statistically analyze the regional changes ofmetal atoms and the growth conditions
of nano-mushrooms (at points D and E). All experiments were independently
repeated three times for eachAu–Agnanomushroom sample, anddata are presented
as mean ± standard deviation (SD). For morphological characterization,10 distinct
visual fields were randomly selected from each sample for statistical analysis of
nanostructure dimensions.
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Analysis of growing targeted photoluminescent metallic nano-
mushrooms on nanowire
In order to confirm that the formation of metallic nanomushrooms is
related to electron beam irradiation and Ag atom activation, the details of
the growth process were observed in real time using TEM. As shown in
Fig. 2, based on the analysis, we have created an overview diagram of the
formation process (Fig. 2a). It present that the Ag and Au nanoparticles on
nanowire has been split by electron beam, and the Ag atoms, with a smaller
atomic number than Au, are more susceptible to ionization by losing outer
electrons,whileAuatoms remain stable in their atomic state.Under electron
beam irradiation, Au nanoparticles develop numerous fissures. Activated
Ag ions are thenattracted to these defects andmigrate directionally tofill the
gaps, causing the gold nanoparticles to expand at the apex as the silver
content increases, as shown in Fig. 2a. Compared with STEM images of
Au–Agnanowires before andafter electron beam irradiation (Fig. 2b–g), the
post-irradiation nanowires exhibit significantly enhanced transparency,
with a reducednumberbut increased volumeof remainingnanoparticles on
the nanowires (Fig. 2e). Concurrently, as shown in Fig. 2h, the element
mapping of the Au–Ag alloy nanomushroom presents that Ag element
(green) are abundantly observe on the nanomushrooms and almost dis-
appear on the nanowire, while Au element (red) are evenly distributed on
the nanowire that have nanomushrooms. Meanwhile, atomic composition
analysis reveals a transition from the original ordered, single-phase
nanostructure to disordered alloy structure, as evidenced by selected area
electron diffraction (SAED) patterns, as shown in Fig. 2d, g. In the detailed
images showing nanoparticles on nanowire at different time point during
electronbeamirradiation (Fig. 2i), cracks (dark streakson thenanoparticles)
appear in thenanoparticles at 15 s. By the20 s, the cracks increase innumber
and size (marked with white dashed lines). By the 140 s, almost all of the
cracks disappear, and the left nanoparticle vanishes (marked with a red
dashedcircle). Zooming inon the area circledby the reddashed line (Fig. 2j),
flowing cloud-like features can be observed migrating from the left nano-
particle to the right (within the red dashed region). As the irradiation time
increases, the area of these flowing features decreases, coinciding with the
gradual disappearance of the left nanoparticle (Fig. 2k). (Detailed descrip-
tion in SM and Videos 1–6).

Moreover, the lattice of the interface region where gold and silver
atoms are squeezed was captured by TEM and SAED. (as shown in
Fig. 2l–o), the nanostructures of the two lattice states (two yellow arrows
in red dotted frame) gradually approach each other, and lattice recon-
struction occurs, forming distinct lattice structures (Fig. 2m). It reveals
that the grown metallic nanomushrooms form an alloy structure through
the mutual extrusion of Au and Ag (Fig. 2n, o). Therefore, from the TEM
images showing the continuous changes of the nanowires as shown in
Fig. 2p, r, with the increase of reaction time, the transparent length (blued
dashed box in Fig. 2p) of the nanowire increases, while the nanos-
tructures grown at both ends of the nanowire also keep increasing (The
points D and E indicated by the red arrow in Fig. 2r). We can conclude
that the nanostructures grown on the nanowire grow by absorbing metal
atoms from the nanowire. In other words, the nanomushrooms on the
nanowire grow by absorbing metal atoms from the nanowire, which is
similar to the growth of natural mushrooms—where fungal spores
absorb nutrients from wood to grow into umbrella-shaped mushrooms.
As shown in Fig. 2q, the TEM images and element mapping of the
nanowire of metallic nanomushroom further shown that there is almost
no Ag (red) in the transparent segment of the nanowire, while a large
number of silver atoms accumulate in the grown nanostructures. In
contrast, Au (yellow) is uniformly distributed without aggregation at any
specific location. Statistical measurements (Fig. 2r) demonstrate that
subsequent to the 10th second, upon stabilization of the length of the
transparent segment within the nanowire (as denoted by the blue dashed
box in Fig. 2o), the nanostructures at both terminals (The points D and E
indicated by the red arrow in Fig. 2o) cease to grow. This further cor-
roborates that the growth of nanomushrooms is sustained by silver atoms
originating from the nanowire.

The characterization of Au–Ag nanomushroom nanowire
Above, having established the growth mechanism of metallic nanomush-
rooms on nanowires, the optoelectronic properties of these alloy nanos-
tructures (Au–Ag alloy nanomushroom nanowire, Au–Ag NMW) emerge
as a critical focus in applied research. Accordingly, a comprehensive char-
acterization of their properties was performed via atomic force microscopy
(AFM), absorption/emission spectroscopy, and scanning transmission elec-
tron microscopy (TEM), as shown in Fig. 3. The TEM observations reveal
that numerous metallic nanomushrooms emerge on the nanowire under
electron beam irradiation (Fig. 3a–c). During this process, some spore-like
sites (blued crow in Fig. 3a) are detected to disappear as they are absorbed by
neighboring larger structures (red crow in Fig. 3a). Ultimately, the nanowire
segments beneath the grown nanostructures become more transparent, and
smaller nanostructures are also assimilated (Fig. 3c).

Meanwhile, conductivitymeasurements of nanowire densely populated
with metallic nanomushrooms were performed using a high-resolution
multi-mode atomic force microscope (the conductivity measurements were
carried out using PeakForce TUNA contact mode, and the cantilever cali-
bration was performed using the thermal noise method. The AFM-based
conductivity measurements were performed using a bio-type high-speed
atomic force microscope (FastScan Bio, Bruker)) as shown in Fig. 3d.
Comparative analysis with pristine Ag nanowires reveals that the point
potential of thenanowire denselypopulatedwithmetallic nanomushrooms is
nearly double that of their counterparts (Fig. 3e, f), while the peak current
exhibits an enhancement of approach three orders of magnitude (Fig. 3g, h).
Moreover, the results from statistical analysis of potentials and peak currents
at different sites (points A, B, andC in Fig. 3e, g) comfier that nanowires with
numerous metallic nanomushrooms exhibit greater advantages in con-
ductivity. To verify the higher conductivity increase using an independent
technique by conductive AFM with controlled tip pressure. As shown in
Fig. 3i, theC–V curves at the positions of theAu–Agnanomushroomand the
Au–Ag nanowire were measured by controlling and varying the voltage
(−0.2 to 0.2 V, step size: 0.05 V) applied to the AFM tip. The results indicate
that the electrical conductivity of the nanomushroom is approach three
orders of magnitude higher than that of the nanowire. It is means that such
nanowires should also possess excellent performance in photothermal con-
version, owing to the more unimpeded transport of electrons.

Among the characteristics above, the metallic nanomushrooms on
nanowire consist of Au and Ag atoms, resulting in a structure analogous to
molecular state, which constitutes a three-level system in terms of energy
levels (Fig. 3k). Based on the transition process of excited-state electrons, the
PL of metallic nanomushrooms is generally categorized into (1) fluores-
cence, originating from the S1→ S0 transition with the same spin multi-
plicity; (2)phosphorescence, involving an intersystemcrossingprocess from
S1 to T1 and the subsequent transition of T1→ S0 with changed spin
multiplicity22.We characterized the emission spectra, fluorescence lifetimes,
absorption spectra, and QYs of Au–Ag NWM and mushroom cap-free
Au–Ag nanowires using a steady-state/transient fluorescence spectrometer.
Analysis of the emission spectra revealed that Au–Ag NWM exhibits a
distinctfluorescencepeakat 550–600 nm,with a fullwidthathalfmaximum
of approximately 50 nm (Fig. 3l). Furthermore, the fluorescence intensity
was found to be positively correlated with the nanomushroom density: the
denser nanostructure (Au–Ag NWM2) displayed a higher fluorescence
peak intensity than the less dense counterpart (Au–Ag NWM1). Notably,
no fluorescence signal was detected for the mushroom cap-free Au–Ag
nanowires. The fluorescence decay time of Au–Ag NWMwas measured to
characterize its excited-state dynamics. As shown in Fig. 3m, the decay
curves of Au–Ag NWM and Au–Ag nanowires were well fitted with a bi-
exponential decay model, yielding average decay times of τ₁ = 7.6 ns
(Au–Ag NWM) and τ₂ = 1.7 ns (the mushroom cap-free Au–Ag nano-
wires), respectively. Complementary absorption spectra measurements
further characterized the optical absorption properties of the two nanos-
tructures. Across the excitation wavelength range of 250–550 nm, Au–Ag
NWM exhibited a higher overall absorption efficiency than the mushroom
cap-free Au–Ag nanowires (Fig. 3n). Specifically, in the ultraviolet region
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(<300 nm), the imaginary part of silver’s dielectric constant assumes a
positive value, which diminishes its metallic characteristics and conse-
quently gives rise to a prominent absorption peak in this range.

We also determined the QYs of both nanostructures under 350 nm
excitation. In Fig. 3o, experimental results demonstrated that Au–Ag NWM
achieved a QY of 0.37%, whereas the mushroom cap-free Au–Ag nanowires
exhibited a negligibleQY of only 0.07%, which is close to zero. This finding is
consistent with our emission spectroscopy data, as the mushroom cap-free
Au–Ag nanowires showed almost no fluorescence emission. The results
reveal that the absorption spectra remain invariant across different con-
centrations of nanomushrooms (Fig. 3l), with only the absorbance values
increasing proportionally. Under 405-nm laser excitation, fluorescence
emissionwas detected at a centralwavelength of 560 nm(Fig. 3p, q). Analysis
of the absorption and emission spectra confirms that these nanowires exhibit
fluorescence capabilities, with the intensity increasing as the density of
metallic nanomushrooms rises. Nevertheless, to clarify the Au/Ag atomic
ratio during this process as well as the content of Au/Ag alloy within the
nanomushrooms, we employed synchronous micro-Raman spectroscopy
(WITec confocal Raman spectroscopy microscope RISE-MAGNA). Further
scrutiny of the Raman spectra uncovered two closely overlapping peaks at

405.74 and 456.14 cm−1, located to the left of the peak at 520.09 cm−1. Based
on reference data, these two peaks were identified as the characteristic peaks
arising from the correlated compressive interactions between Au and Ag
atoms within the lattice. Additionally, the peak at 1072.12 cm−1 was assigned
to the characteristic Raman signal corresponding to the interactions between
the formed Au/Ag alloy and polyvinylpyrrolidone (PVP).

Presentation of the process and characteristics of FA-Au–Ag
NMW synthesis
To obtain the targeted tumor cells, the precise fabrication of FA-Au–Ag
nanomushrooms nanowire (FA-Au–Ag NMW) is shown in Fig. 4a. The
Au–Ag NMW were initially prepared and the detailed description of the
processing on section II of the Supplementary materials. They were mod-
ifiedwith SH-PEG2000-FA to synthesize FA-Au–AgNMW.The sulfhydryl
group reacted with Au in the FA-Au–Ag NMW through Au–S bonds.
Scanning TEM images and elemental mapping revealed the formation of
high density of FAmolecules onAu nanoparticles the surface of FA-Au–Ag
NMW (Fig. 4b). Therein, carbon (blue) and oxygen (green) elements cover
the surface of theAu–Agnanomushrooms on the nanowire. It ismeans that
the FA molecules has been linked to Au–Ag nanomushrooms. This thus

Fig. 3 | The characterization of Au–Ag nanomushroom nanowire. a TEM image
of Au–Ag nanomushroom nanowire at different times when electron beam irra-
diation. The position of the red arrow is gradually growing; the position of the blue
arrow is gradually shrinking. b, c TEM images and element mapping of metallic
nanomushroom on the nanowire. d AFM image of Au–Ag nanomushroom on the
nanowire. The potential of Au–Ag nanomushroom on the nanowire has been
detected byAFM (e). Meanwhile, the peak current of Au–Ag nanomushroom on the
nanowire has been detected by AFM (g). Therein, the A, B, and C are different
positions Au–Ag nanomushroom on the nanowire. f, h The value of potential and
peak current Au–Ag nanomushroom compared with Ag nanowire, and resulting

statistics of potential and peak current in different positions. i TheC–V curves at the
positions of theAu–Ag nanomushroom and theAu–Ag nanowire weremeasured by
controlling and varying the voltage 0.20–0.20 V. j TEM images and element map-
ping of nanowire of metallic nanomushroom. k The schematic diagram of electron
arrangement in the alloy of Au and Ag, meanwhile the resulting energy band dia-
gram. Emission spectra (l), decay time (m), absorption spectra (n) and quantum
yield (o) of Au–Ag alloy nanomushroom nanowire and Au–Ag nanowire, respec-
tively. p The fluorescence spectra and q photo emitted under the excitation of
405 nm lasing. Synchronous micro-Raman spectroscopy. r SEM image. s The
Raman spectrum of nanomushroom (marked by a yellow arrow).
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indicates that nanowires bearing Au–Ag nanomushrooms, upon conjuga-
tion with folic acid molecules, gain the capacity to target tumor cells with
overexpressed folate receptors.

To demonstrate that FA-Au–AgNMWhas the property of targeting
tumor cells, the FA-Au–Ag NMW were taken culture with normal
ovarian cells (SK-OV-3 (RRID: CVCL_0C84)) and the human ovarian

cancer cell (A2780 (RRID: CVCL_0134)) 2 h, the position relationship
between cells and FA-Au–Ag NMW was observed by Cryo-electron
microscopy images of in vivo, respectively (The detailed description of
processing on section IV of Supplementary materials). In Fig. 4c–f, the
FA-Au–Ag NMWwere scattered around the normal cells and the surface
of cells is not attached nanowires (Fig. 4c). On the contrary, a large

Fig. 4 | Presentation of the process and characteristics of FA-Au–Ag nano-
mushroom nanowire synthesis. a FA-Au–Ag nanomushroom wire synthesis
process. b TEM images and element mapping of FA-Au–Ag nanomushroom
nanowire. Yellow, red, green and blue are Au, Ag, O, and C, respectively. c, d The
cryo-electron microscopy images of FA-Au–Ag nanomushroom wire were taken
after culturewith normal cells or cancer cells, respectively (the detailed description of
cryo-electron microscopy images in section II of the Supplementary material).
e, f the cancer cell and FA Au–Ag nanomushrooms nanowire. g For the folate
receptor competition assay, A2780 cells were allocated into four groups as follows:
Au–Ag NWs; FA-Au–Ag NMWs; and pre-incubation with excess free folate
(30 min) prior to treatment with FA-Au–Ag NMWs. h The fluorescent images of
nanomushroom wire by confocal laser scanning microscope. i, j COMSOL Multi-
physics simulations show the electromagnetic field distribution and photothermal
conversion efficiency (PTE) of pristine Ag nanowires and Au–Ag nanowires

decorated with low-, medium-, and high-density nanomushrooms. The presence of
Au–Ag nanomushrooms markedly enhances light absorption and photothermal
conversion over a broad wavelength range, with increasing nanomushroom density
leading to progressively higher PTE compared to bare Ag nanowires (j). k The
macroscopic temperature rises of the entire solution volume containing Au–Ag
NMWs under light irradiation, temperature elevation curves l, the temperature map
generated under the 100 mW LED irradiation 10 min is tested by micro-heat dis-
tribution test system (the detailed description of test processing in section III of
Supplementary material).m The surface plasma of Au–Ag NPs-NW with different
Au particles density by the AFM-IR. The relative intensity of the SPR of gold
nanoparticles on the surface of the scanning nanowire by neaSNOM, therein, the red
represents the relative intensity of the SPR on the surface of a nanomushroom and
the relative intensity distributions of surface plasmon. (scale bar: 50 nm).
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number of FA-Au–Ag NMW were accumulated and attached on the
surface of ovarian cancer cells (Fig. 4d–f). According to these results of
TEM and cryo-electron microscopy, it is significantly reveals that FA-
Au–Ag NMW have the property of actively targeting tumor cells.
Meanwhile, for the folate receptor competition assay to distinguish
surface binding, A2780 cells were allocated into three groups as follows:
(1) Au–Ag NMWs; (3) folate-conjugated Au–Ag NMW (FA-Au–Ag
NMWs); and (3) pre-incubation with excess free folate (30 min) prior to
treatment with FA-Au–Ag NMWs. As illustrated in Fig. 4g, comparative
analysis revealed distinct differences between group 1, group 2, and
group 3: in group 2, extensive nanowire accumulation (green fluores-
cence) was observed on and within cells post-treatment, whereas nano-
wire signals (green fluorescence) were markedly diminished in group 3.
Compared with the second group of experiments, no green fluorescence
of FA-Au–Ag NMW was observed around the cells in the first group.
Therefore, it can be concluded that FA-Au–Ag NMW is linked to the
tumor cells through folic acid and the folic acid receptors on the cells.
Furthermore, this finding indicates that excess free folate competitively
occupied folate receptors on the cell surface, preventing folate-conjugated
nanowires from binding to the cell membrane. Consequently, cells were
not subjected to heat-induced apoptotic damage mediated by nanowires.

Moreover, the presence of numerous PL Au–Ag NMW enabled
visualization of tumor cells via emitted fluorescence in the laser beam by
laser confocal microscopy, as shown in Fig. 4h. Under the ×100 mag-
nification, one can observe that green fluorescence is emitted from the
fibrous nanowires that are close to the cell membrane. As we know that
the LSPR of metal nanoparticles is closely related to the free electrons and
frequency of excited light23. Therefore, the Au–Ag alloy nanomushrooms
provide nature condition to generate the LSPR used the light irradiation.
In principle, the improvement of the photothermal conversion can be
achieved by suppressing the light scattering and/or increasing the light
absorption of plasmonic nanostructured particles (PNPs) at LSPR.
Therein, the photothermal conversion effect of PNPs is inversely pro-
portional to their conductivity24. As shown in Fig. 4i, j, we compared with
heat power density, absorption cross section, and photothermal effi-
ciency on the surface of Ag nanowire and Au–Ag NMW under the wide
band light spectrum LED (400–1400 nm) by COMSOL numerical sti-
mulation (section III of Supplementary material). The results show that
heat power density, absorption cross section and photothermal efficiency
of Au–Ag NMW (Fig. 4i, j) are much higher than Ag nanowire without
Au nanoparticles under the light irradiation. Therein, the photothermal
efficiency of Au–AgNPs-NW absorption of LED light reaches more than
32% on average (400–1100 nm), which is much higher than that of
nanowire efficiency of about less than 2% (Fig. 4j). Regarding Fig. 4k, l,
we would like to clarify that the reported temperature increase to 40.2 °C
represents the macroscopic temperature rise of the entire solution
volume containing Au–Ag NMW under light irradiation. This mea-
surement was intentionally included to demonstrate the overall bulk
heating behavior under biologically relevant and mild irradiation con-
ditions. Due to heat dissipation into the surrounding medium and the
relatively large solution volume, the macroscopic temperature increase is
inherently limited and does not directly reflect the local photothermal
intensity at the nanoparticle-cell interface. Therefore, to verify the LSPR
of the fabricated Au–Ag NMW, the AFM-IR (neaSNOM, Germany, its
performance: mid-infrared QCL laser, operating range 920–1815 cm−1,
compatible with continuous wavelength mode, spectral resolution:
1 cm−1; Visible light laser 633 nm; The spatial resolution of nano-infrared
is ≤10 nm. Scanning range: 100 μm× 100 μm× 2.8 μm) was employed to
map the spatial distribution of surface plasmon polaritons in Au NPs of
Au–Ag NMW with a spatial resolution of ~10 nm. As depicted in
Fig. 4m, the AFM-IR was used to characterize the LSPR enhancement
and nanoscale energy confinement of the Au–Ag NMW hybrid platform
under white light excitation. The AFM-IR amplitude images (Fig. 4m)
show that the near-field electric field intensity at the Au–Ag nano-
mushroom deposition sites is enhanced to the bare Ag NWs, with the

enhancement factor increasing with Au NPs density. The phase images
further confirm that the localized plasmonic field is confined within a
spatial range of ~10 nm from the nanomaterial surface, consistent with
the formation of high-density LSPR. These AFM-IR results, together with
theory and simulation, directly verified the nanoscale plasmonic
mechanism of the hybrid platform, supporting its superior photothermal
conversion efficiency and tumor therapy potential. Consequently, the
abundant growth of metallic nanomushrooms on the nanowire directly
elevates fluorescence intensity, meanwhile, the LSPR induced by these
nanomushrooms enables resonant amplification of fluorescence and
conductivity.

In vitro experiments and analysis
Inorder toverify the inhibitory effect of as-synthesizedFA-Au–AgNMWas
photothermal agents against tumor cells under the light irradiation, we
compared with flow cytometry and laser confocal microscopy results of the
normal cells and the ovarian cancer cells has taken culture through FA-
Au–AgNMWand light irradiation (the power density of LED is 0.21mW/
mm² = 210mW/cm² (In fact, our actual effective area is on the order of
millimeters.), respectively. As shown in Fig. 5, from the fluorescence images
of ovarian cancer cells, it could be observed that the FA-Au–Ag NMW
combined with light irradiation caused large amounts of red fluorescence
within the cells, and the green fluorescence was noticeably reduced, which
was a sign of cell death (Fig. 5a, b).

In contrast, in the other groups with low concentration of FA-Au–Ag
NMWorwithout light irradiation, extensive live cells were detected, as well as
noobviousdeath (Fig. 5c–e).These results fromthe live/deadobservationwere
in accordance with those from the flow cytometry experiment, where both
typesof results showed thatFA-Au–AgNMWcould selectivelykill cancer cells
while having negligible effect on normal cells when triggered by light, which is
conducive for subsequent in vivo tests. As shown the above results, the pho-
tothermal conversion temperature of FA-Au–Ag NMW under the light
irradiationwas 40.2 °C (Fig. 4k),whichwasnot ability to induce cells apoptosis
comparedwith themild-temperature PTT45 °C25. It was also confirmed from
theexpressionofheat shockresponse70 (HSP70a1β) andHSP90aa1byqPCR,
inFig. 5f, g. That’s because cellularHSP causes a rapid overexpressionofHSPs,
such asHSP70a1β andHSP90aa1, during PTT treatment to thermoresistance
of the cancer cells against heat stress.

In conventional photothermal therapy (PTT), the upregulated
expression of heat shock proteins (HSPs) is a well-documented indicator
of augmented cellular tolerance to thermal damage and enhanced self-
repair potential, with HSP expression levels exhibiting a direct positive
correlation with the magnitude of thermal injury sustained by cells.
Accordingly, suppressing HSP expression has long been regarded as a
viable strategy to improve the antitumor efficacy of traditional PTT.
Indeed, the HSP-mediated repair of heat-induced cellular damage is a
time-dependent process that requires sufficient time for accumulation.
Only when thermal damage is induced at a slow rate can tumor cells
initiate effective repair mechanisms to counteract heat-triggered apop-
tosis. In stark contrast, we hypothesize that ultrafast thermal damage
induction can decouple the cytoprotective function of HSPs from their
stress-induced upregulation: although high HSP expression still serves as
a biomarker of severe thermal injury, the extremely rapid onset of
damage deprives cells of the time required to execute HSP-mediated
repair programs, thereby shifting the cellular response toward apoptosis.
Thus, A2780 cells were treated with HSP agonist (tamoxifen) or HSP
inhibitor (17-AAG), and subsequent phenotypic alterations were mon-
itored to dissect the mechanistic role of HSPs in modulating the ther-
apeutic outcome of our ultrafast PTT approach. Using confocal laser
scanning microscopy, we imaged the intracellular morphology of cells
under three treatment conditions—pure FA-Au–AgNMW, HSP agonist,
and HSP inhibitor alone—following 20min of LED irradiation. The
results showed that the FA-Au–AgNMW (green) would target the tumor
cells, and at the same time, severe damage occurred to the cell membrane,
leading to cell apoptosis and lysis.
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Fig. 5 | Testing the ability of FA-Au–Ag NMW to kill tumor cells under the LED
irradiation. a The experimental flowchart for killing cancer cells. b Live/dead
staining images of ovarian cancer cells with various treatments (scale bar: 250 μm).
Cell viability of (b) ovarian cancer cells after incubation 48 h with the same con-
centrations of FA Au–Ag nanomushroom wire in the presence under the 30 and
60 min light irradiation or the absence of light and FA-Au–Ag nanomushroomwire.
c Analyze the viability rate of cancer cells under the different experimental

conditions by Flow cytometry. d, e The cell survival rate of cells under the different
conditions, such as kinds of FA-Au–Ag nanomushroom wire concentrations and
light irradiations. f, g The relative protein expression levels of HSP90 and HSP70
under the FA-Au–Ag nanomushrooms wire and Light irradiation. ns. *p < 0.1,
**p < 0.01 and ***p < 0.001 analyzed by Student’s t test. h Laser confocal micro-
scope fluorescence image: pure FA-Au–Ag NMW, HSP agonist, and HSP inhibitor
alone—following 20 min of LED irradiation. The p-value has been provided.
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Thus, we studied cell morphology and cell gene expression by flow
cytometry and laser confocal microscopy techniques to find out the causes
of apoptosis under FA-Au–Ag NMW combined with light irradiation.

Conclusions
In summary, we have developed FA-Au–Ag NMW with robust targeting
capabilities and strong PL through a straightforward and high effective
physical approach. This nanostructure inherently exhibits molecular-like
fluorescence emission, while its alloy composition with high conductivity
significantly enhancesphotothermal conversion efficiency.Themushroom-
shapednanostructure further provides a platform for high-density targeting
molecule loading. Leveraging this nanomaterial, we can achieve exceptional
targeting functionality, visualize targeted cells via enhanced fluorescence
emission, and utilize photothermal effects to destroy and eliminate tissues,
such as receptor-overexpressing cells. Based on experimental testing and
result analysis, this nanostructure offers a dual-modal approach for both
tracing and therapy in biomedicine, addressing the current bottlenecks in
the application of photoluminescent nanostructures.

Materials and methods
Materials
The human ovarian cancer cell lines SK-OV-3 (RRID: CVCL_0C84) and
A2780 (RRID: CVCL_0134) were purchased from Shanghai Zhongqiao
Xinzhou Biotechnology Co., Ltd. (Shanghai, China). Cells were maintained
in RPMI 1640 medium (ATCCmodification, Gibco, Thermo Fisher, USA)
supplementedwith 10% fetal bovine serum(FBS) (Hyclone, ThermoFisher,
USA), 2mM glutamine (Corning, USA) and 1% penicillin/streptomycin
(Corning, USA) at 37 °C under 5% CO₂ in a humidified incubator. Culture
medium:DMEMhigh glucosew/L-glutaminew/sodiumpyruvate, 500mL/
bottle. PBS: phosphate-buffered saline w/o calcium w/o magnesium,
500mL/bottle. FBS: Australia, USDA-approved/extra FBS, 500mL/bottle.
Antibiotic: antibiotic-antimycotic 100×, 100mL/bottle. Complete culture
medium was prepared by supplementing DMEM with 10% FBS and 1%
antibiotics (v/v). Cell viability was evaluated using the Live/Dead Viability/
Cytotoxicity Assay Kit (KGI; Calcein AM/PI method, 1000 tests), with
excitation/emission wavelengths of 495/520 nm for Calcein AM and 530/
620 nm for PI. Gold Mesh (Quantifoil, R 1.2/1.3, 300 mesh Au) was
employed for electron microscopy.

Cell cultures were maintained in a CO₂incubator (HCP-168E, Haier
Biomedical, Qingdao, China). LED light: bull, 30W; yee LED light, 10.8W.
Cryo-electron microscopy was performed at an operating temperature of
−165 °C using a Zeiss instrument. Ultra-high resolutionmulti-photon laser
confocal microscope for live cells TCS SP8 STED 3X) located in Laboratory
W251, Translational Medicine Building, Minhang Campus, Shanghai Jiao
Tong University. High-resolution laser confocal microscope (Leica STEL-
LARIS 5) in Laboratory W250, Translational Medicine Building, Minhang
Campus, Shanghai JiaoTongUniversity. Both systems followedcomparable
operating procedures and yielded consistent imaging results.

Methods
Photochemical tumor treatment of ovarian cancer tumor cells
(a2780). 1. Silver folic acid-functionalized nanowires decoratedwith gold
nanomushrooms (FA-Au–AgNMWs)were prepared. 2. The diluted FA-
Au–Ag NMWs solution was added to petri dishes containing adherent
A2780 cells in complete culture medium to reach a final concentration of
2% (20 μL/mL) or 5%, depending on the experimental gradient. Typi-
cally, 10 mL ofmediumwas used per 10 cmdish, and 2 mLper well in six-
well plates. 3. The culture dishes were then incubated under standard
conditions for 2 h to allow sufficient interaction and binding between the
Au–Ag NMWs and the cells. 4. After incubation, the dishes were
removed and examined using an inverted microscope, revealing sub-
stantial nanowire deposition at the bottom of the culture dishes. 5. The
culturemediumwas aspirated, and the cells were gentlywashedwith PBS.
This washing step was repeated twice, after which fresh complete culture
mediumwas added. 6. Finally, the cell culture disheswere exposed to LED

light irradiation, with the exposure duration adjusted according to the
experimental gradient design.

Live and dead staining by confocal microscopy. 1. Prior to use, the
stock solutions of Calcein AM and PI were equilibrated at room temperature
for30min. 2.Toprepare an8 μMPIworking solution, 5 μLof16mMPIstock
solution was added to 10mL of PBS and mixed thoroughly by vortexing. 3.
Subsequently, 5 μL of 4mM Calcein AM stock solution was introduced into
10mL of the prepared PI solution, followed by vigorous mixing to ensure
homogeneity. 4. As Calcein AM is susceptible to hydrolysis in aqueous solu-
tions, the staining solution was freshly prepared and used on the same day. 5.
Before staining, adherent cellsweregentlywashedwithPBS to removeresidual
culturemedium. 6.Anadequate amount of theworking solutionwas added to
the cells, ensuring complete coverage of the cell monolayer. 7. The cells were
incubated at room temperature for 30–45min. 8. After incubation, the
staining solution was removed, the cells were washed with PBS, and the
samples were prepared for confocal microscopy imaging. 9. Turn on the
confocal microscope in advance. Select the appropriate excitation and emis-
sion bands based on the Ex/Em wavelengths of the live and dead dyes. 10.
Confocal images were recorded and saved for subsequent analysis.

Flow fluorescence staining. 1. Collect and then centrifuge the cells,
followed by two washes with PBS to remove residual culture medium. 2.
Prepare the live-dead reagent working solution according to the confocal
live-dead staining protocol. 3. Dilute the live-dead reagent with PBS at a
ratio of 1:1000, and 200 μL of this working solution was added to the cell
pellet. Cells were gently resuspended by pipetting and incubated at room
temperature for 15–30 min for staining. 4. Select the suitable channel for
the live-dead reagent. 5. Double-negative and single-stained controls
were prepared to define the quadrant gates, and voltage and compensa-
tion settings were adjusted to achieve optimal signal detection. 6. The
established cross-gate settings were applied to all samples to ensure
consistent analysis. 7. Following these adjustments, perform on-line
testing, ensuring the flow rate is set so that the number of events is
controlled at 1000 cells/s. 8. Observe the proportions of living and dead
cells, according to their distribution within the quadrant gate.

The cell counting kit-8 (CCK8). The cell counting kit-8 assay was per-
formed to evaluate the cytotoxicity of FA-Au–Ag NMWs without light
irradiation, as well as the proliferative activity of A2780 cells under dif-
ferent treatment conditions. Briefly, A2780 cells were seeded into 96-well
plates at a density of 5 × 10³ cells per well and incubated at 37 °C with 5%
CO₂ for 24 h to allow cell adhesion. Afterward, cells were treated with
various formulations (e.g., 2, 5, 10, 20, and 40% FA-Au–Ag NMWs
solutions) and cultured for an additional 24 h. At the end of incubation,
10 μL of CCK8 reagent was added to each well, followed by incubation at
37 °C for 2 h. The absorbance at 450 nmwasmeasured using amicroplate
reader (Bio-Rad, USA). Cell viability was calculated as the percentage
relative to the control group (untreated cells), using the formula: cell
viability (%) = (OD₄₅₀ of treated group/OD₄₅₀ of control group) × 100.
All experiments were performed in triplicate, and data were expressed as
mean ± standard deviation (SD).

Cryo-electron microscopy experiment. 1. Place the sterile gold mesh
required for cryo-electron microscopy at the bottom of the culture dish
before seeding the cells. After which, seed the cells onto the plate, so that the
cells grow on the goldmesh. 2. The photochemical treatment of A2780 cells
and corresponding controls was conducted according to the previously
described cell culture protocol. 3. To preserve their structure, perform high-
pressure freezing of the cells. 4. Cryo-scattering electron imaging (CSEI) was
employed for the localization and analysis of cellular ultrastructure. 5.
Capture the CryoEM images, and cryo-electron tomography (CryoET) data
were collected to achieve high-resolution visualization. 6. Process the col-
lected images. 7. Motion analysis was performed, with detailed procedures
provided in the Supplementary materials.
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AFM-based conductivity experiments. The current–voltage (C–V)
characteristics at the positions of Au–Ag nanomushrooms and Au–Ag
nanowires were measured by controlling and sweeping the bias voltage
applied to the AFM probe from −0.20 V to 0.20 V with a step size of
0.05 V. Conductivity measurements were performed using PeakForce
TUNA contact mode, and the cantilever was calibrated via the thermal
noisemethod. All AFM-based conductivity experiments were carried out
on a bio-type high-speed atomic forcemicroscope (FastScan Bio, Bruker)
at the Analytical and Testing Center of Shanghai Jiao Tong University
(Room W230–W230).

Data availability
The data that support the findings of this study are available within the
article and its Supplementary Information files.
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