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Abstract: Hybrid nanostructures incorporating anisotropic structural 
components present promising opportunities for developing advanced 
photothermal agents. Here, we report the controlled synthesis of solid–
hollow hybrid nanostructures based on gold–copper (Au–Cu) and 
demonstrate their photothermal antibacterial properties. Starting from 
Au nanoplate seeds, we achieve anisotropic deposition to synthesize 
AuCu and AuAgCu Janus nanostructures. The newly-deposited regions 
are subsequently transformed into porous architectures via a galvanic 
replacement reaction mediated by KCl and acetic acid. The introduced 
nanopores enhance near-infrared (NIR) absorption, thereby improving 
photothermal conversion efficiency under both 808 nm and 1064 nm 
laser irradiation and enabling the efficient eradication of multidrug-
resistant bacteria. Finite-difference time-domain (FDTD) simulations confirm their optimized plasmonic properties. 
The current study underscores the potential of morphologically complex hybrid nanostructures for advanced 
photothermal applications. 
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1. Introduction 

Hybrid nanostructures have attracted considerable research interest owing to their unique asymmetric 
architectures and broad applicability in fields such as catalysis, biomedicine, energy storage, and environmental 
remediation [1–3]. These structures are defined by their integration of distinct material domains or morphological 
features within a single entity, enabling multifunctionality through compartmentalized or spatially varied 
properties [4]. In plasmonics, which exploits localized surface plasmon resonance (LSPR) to confine and enhance 
electromagnetic (EM) fields, hybrid nanostructures provide a versatile platform for tailoring optical responses 
beyond the limits of symmetric counterparts [5,6]. Their inherent structural or compositional asymmetry facilitates 
a non-uniform distribution of plasmonic fields, generating localized hotspots at designated regions [7,8]. This 
capability becomes especially valuable when structural features of varied morphologies—such as two-dimensional 
(2D) plates and zero-dimensional (0D) spheres—are integrated into one hybrid entity, enhancing their utility in 
applications like photothermal therapy and high-sensitivity optical sensing [9–12]. 
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Previous research on hybrid nanostructures has largely emphasized compositional heterogeneity, combining 
materials such as metals, semiconductors, and polymers [13–15]. Recent advances have expanded the scope, 
shifting from compositional heterogeneity toward the integration of components with distinct morphological 
features. This focus on structural hybridity opens new avenues to modulate plasmonic behavior, enhance light–
matter interaction, and introduce directional functionality [10,16–20]. 

However, integrating diverse morphological features into a single nanoentity remains synthetically 
challenging, primarily due to the competing growth kinetics and thermodynamic preferences involved in forming 
distinct architectures within one structure [21,22]. While conventional one-pot syntheses often lack the precision 
to simultaneously regulate these multiple structural parameters, the seeded growth approach offers a more 
controlled pathway [23,24]. This method enables site-specific deposition on preformed seeds, typically through 
symmetry breaking of face-centered cubic (fcc) metals combined with region-specific capping or kinetic 
modulation [25–28]. Furthermore, the synthetic strategy can be extended by post-synthetic modifications such as 
oxidative etching [29,30], which allows the solid domains readily converted into hollow ones, thereby introducing 
porosity, increasing surface area, and creating complex hybrid nanoentities [31]. 

Herein, we report the synthesis of gold-copper (AuCu)-based solid-hollow hybrid nanostructures that were 
achieved through controlled seeded growth followed by galvanic replacement. These nanostructures are 
subsequently applied to the photothermal eradication of multidrug-resistant bacteria. Our synthesis begins with 
the formation of plate-like Au nanoparticles as seeds, followed by the anisotropic deposition of Cu or CuAg to 
anchor quasi-spherical particles onto the plate seeds, yielding AuCu or AuAgCu Janus nanostructures, 
respectively. Subsequent treatment with an Au precursor (HAuCl4) in a KCl/acetic acid (HAc) solution tempers 
and spatially confines the galvanic replacement reaction. This process preferentially oxidizes the newly deposited 
domains into porous, hollow architectures, while concurrently reducing Au3+ ions for deposition. 

Compared to previous reports on AuCu-based systems, our methodology advances the field in several key 
aspects: (i) it achieves the hybrid integration of divergent morphological features, combining solid 2D plates with 
solid/hollow 0D quasi-spheres into single architectures; (ii) the use of KCl/HAc mildens the galvanic replacement 
process, allowing it to proceed in a controlled manner that is confined to the newly-deposited quasi-spherical 
domain while largely preserving the solid plate; and (iii) The introduction of Ag to the galvanic replacement 
reaction acts as a modulator, reducing the dimensions of the resulting nanopores within the hollow domain. These 
solid–hollow hybrid nanostructures exhibit satisfactory photothermal conversion efficiency and antibacterial 
properties due to their engineered asymmetry and porous morphology. 

2. Experimental Details 

2.1. Materials 

Gold(III) chloride trihydrate (HAuCl4·3H2O, 99.9%), copper(II) nitrate trihydrate (Cu(NO3)2·3H2O, 99%), 
ascorbic acid (AA, 99.0%), and hexadecyltrimethylammonium bromide (CTAB, 99%) were sourced from Aladdin 
Chemical (Shanghai, China) and utilized without further purification. Silver nitrate (AgNO3, analytical grade), 
potassium chloride (KCl, analytical grade), and hexamethylenetetramine (HMTA, ≥98.0%) were all purchased from 
Sinopharm Group in Shanghai, China. Acetic acid (HAc, 99.8%) was obtained from Tianjin Fuyu Fine Chemical 
Co., Ltd. (Tianjin, China). Octadecyltrimethylammonium chloride (OTAC, 90%) was acquired from Lvsen Chemical 
(Linyi, China). For all experiments, deionized water with a resistivity of 18.2 MΩ·cm was employed, which was 
generated by an ultrapure water system from Ulupure (Beijing, China). 

2.2. Synthesis of Au Nanoplates (Au NPs) 

An aqueous solution of Au NPs was prepared according to the method described in our previous study [32]. 
It began with the combination of 5 mL of OTAC (10 mM) and 6 mL of HAuCl4 (0.5 mM) at room temperature. 
The mixture was cooled in an ice-water bath for 10 min. Following this, 1 mL of ascorbic acid (AA, 10 mM) was 
added, inducing an immediate color change to light green. The solution was then allowed to age at ice-water bath 
for 30 min before use. 

2.3. Synthesis of AuCu and AuAgCu Janus Nanostructures (JNSs)  

For the synthesis of AuCu JNSs, 1.4 mL of CTAB (200 mM) was added to the aqueous Au NP suspension. 
Subsequently, 100 mg of solid AA was introduced, followed by the sequential addition of 1 mL of HMTA 
(100 mg mL−1) and 0.1 mL of Cu(NO3)2 (50 mg mL−1) solution. The mixture was homogenized by ultrasonication 
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and then aged in an oil bath at 80 °C for 3 h. the protocol remained identical except for the introduction of an AgNO3 
solution (2 mM, 0.625 mL) alongside the Cu precursor. 

2.4. Synthesis of AuCu and AuAgCu Porous Hybrid Nanostructures (PHNSs)  

The synthesis of AuCu PHNSs was initiated by adding 0.1 mL of KCl (30 mg mL−1) to the aqueous 
suspension of as-prepared AuCu JNSs. Subsequently, 0.2 mL of acetic acid and 0.1 mL of HAuCl4 (20 mM) were 
introduced. The mixture was dispersed uniformly via ultrasonication and then reacted under stirring at room 
temperature for 2 h. The procedure for AuAgCu PHNSs was identical, with the sole modification being the use of 
AuAgCu JNSs as the starting material. 

2.5. Instruments 

Transmission electron microscopy (TEM) images were captured using a HT7820 microscope (Hitachi, 
Tokyo, Japan) operated at 120 kV accelerating voltage. High-resolution TEM (HRTEM), selected-area electron 
diffraction (SAED), high angle annular dark field-scanning transmission electron microscopy (HAADF-STEM) 
and energy-dispersive X-ray STEM (EDX-STEM) mapping were performed using a Talos F200X (FEI, Hillsboro, 
OR, USA) microscope operated at 200 kV accelerating voltage. The crystalline structures were analyzed with a 
MiniFlex600 X-ray diffractometer (XRD, Rigaku Corporation, Tokyo, Japan). X-ray photoelectron spectroscopy 
(XPS) measurements were performed using a Thermo Fisher Scientific KALPHA XPS (Thermo Fisher Scientific 
Inc., Waltham, MA, USA) with monochromatic Al Kα radiation (hν = 1486.6 eV). Extinction spectra were recorded 
using a UV2310Ⅱ dual-beam UV-vis-NIR spectrometer (Techcomp Ltd., Shanghai, China). The thermal image 
was taken by FOTRIC 220s infrared thermal imager (JIUHENG, Shanghai, China). The 808 nm and 1064 nm 
lasers used in the experiments were models DS3-51512-K808DAHRN-10.00W and DS3-51512-K1064HAMRA-
10.00W, respectively, supplied by BWT (Beijing, China). 

2.6. Photothermal Measurement  

The photothermal effect of the as-prepared products was measured using a laser (wavelength: 808 nm or 
1064 nm) and an infrared thermal imager. Typically, the as-prepared products were purified, resuspended in water, 
and 1.7 mL of the resulting suspension was added to each well of a 48-well plate. The aqueous suspensions were 
completely covered by adjusting the size of the laser spot, followed by the irradiation under the laser (1 W·cm−2) 
for 10 min. Throughout the measurement, the solution temperature was monitored using an infrared thermal 
imager, data was recorded at the set interval of 10 s, and the T-t curve was simultaneously mapped. 

2.7. Calculation of the Photothermal Conversion Efficiency 

The photothermal conversion efficiency (η) was calculated according to the following formula proposed by 
Roper [33], 

𝜂𝜂 =
ℎ𝐴𝐴(∆𝑇𝑇max − ∆𝑇𝑇H2O)

𝐼𝐼(1 − 10−𝐴𝐴λ)
  

where h is the heat transfer coefficient, A is the surface area for radiative heat transfer, ∆𝑇𝑇max represents the 
maximum steady-state temperature in the presence of products relative to room temperature, ∆𝑇𝑇H2O represents 
the maximum steady state temperature of water relative to room temperature, I is the power density of used laser, 
and 𝐴𝐴λ is the absorbance of products at 808 or 1064 nm. 

2.8. FDTD Simulation 

Based on the Finite Element Method (FEM), the photothermal conversion characteristics were calculated. 
The refractive index of the material determines the optical properties of the nanoparticles, and the complex 
refractive indices of Au, Ag, and Cu used in the calculation were taken from previous studies [34]. Here, the real 
part, n, determines the propagation speed of light waves in the medium, while the imaginary part, k, represents the 
absorption performance of the medium for electromagnetic waves. The medium surrounding the nanoparticles is 
water, with a refractive index of 1.33. The incident light intensity was set to 109 W m−2 [35]. The spherical region 
outside the nanoparticles was set as a perfect matching layer (PML) to reduce the influence of boundary reflections. 
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3. Results and Discussion 

3.1. Synthesis and Characterizations of AuCu-Based Hybrid Nanostructures 

The synthesis proceeded in three steps, as outlined in Scheme 1. First, plate-like Au seeds were prepared 
according to our previous study (Figure S1) [36]. Next, Cu or CuAg atoms were deposited by reducing their 
precursors in the presence of CTAB, AA, and HMTA [37]. As shown in Figure S2, quasi-spherical particles formed 
asymmetrically on one side of the Au plates in both cases, with the underlying plate remaining visible—consistent 
with the formation of Janus nanostructures (JNSs). EDX-STEM mapping of the products revealed distinct 
compositional profiles. For Cu-only deposition, Cu localized predominantly on the quasi-spherical particles, 
leaving the plate region Au-rich (Figure S3). In contrast, co-deposition of Cu and Ag resulted in Cu-enriched 
quasi-spherical particles, whereas the plate region contained both Au and Ag (Figure S4). This suggests that Ag 
readily alloys with Au, likely due to their close lattice matching, whereas the significant Au/Cu lattice mismatch 
promotes heterogeneous Cu deposition. Based on their composition, these two types of products are designated as 
AuCu JNSs and AuAgCu JNSs, respectively. 

 
Scheme 1. Schematic illustration showing the formation process of AuCu-based hybrid nanostructures. 

The third step involved a galvanic replacement reaction, where AuCu JNSs and AuAgCu JNSs were reacted 
with HAuCl4 in the presence of KCl and acetic acid. For both cases, the quasi-spherical component transformed 
into a porous structure while the plate-like seeds were retained, as confirmed by TEM (Figures 1a–c and 2a–c) and 
HAADF-STEM images (Figures 1f and 2f). For the product derived from AuCu JNSs, lattice fringes of the solid 
and hollow regions measured 0.23 nm (Figure 1d) and 0.20 nm (Figure 1e), corresponding to the (111) planes of 
Au and a Cu/Au alloy, respectively. For the products from AuAgCu JNSs, the hollow and solid regions exhibited 
lattice fringes of 0.21 nm (Figure 2d) and 0.22 nm (Figure 2e), corresponding to the (111) planes of a Cu/Ag/Au alloy 
and Au, respectively. For both types of products, EDX-STEM elemental mapping images (Figures 1g–i and 2g–j, 
Figure S5a,b) demonstrated a roughly homogeneous distribution of the constituent metals. The distinct lattice 
spacings, however, indicate the formation of local compositional gradients, resulting in regions with Au-rich and 
alloy-dominated crystalline phases. This redistribution and phase evolution are attributed to the etching and in situ 
regrowth occurring during the galvanic replacement reaction. Given their distinct structural features and 
compositions, the final products shown in Figures 1 and 2 are designated as AuCu porous hybrid nanostructures 
(PHNSs) and AuAgCu PHNSs, respectively. 

Pore size analysis (Figure S6) revealed average diameters of 7.5 ± 3.9 nm for AuAgCu PHNSs and 58.8 ± 20.7 nm 
for AuCu PHNSs. This variation in pore size is attributed to the dual galvanic replacement reactions enabled by the 
participation of Ag. When Cu and Ag are both present, their differing standard reduction potentials and reaction 
kinetics with AuCl4− result in a competitive yet synergistic process of etching and redeposition. This complex in situ 
regrowth, involving two sacrificial metals, governs the final scale of the porous architecture. 
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Figure 1. Morphology and structural characterizations of AuCu PHNSs: (a–c) TEM; (d,e) HRTEM; (f) HAADF-
STEM; (g–i) EDX-STEM mapping; (g) HAADF + Cu + Au; (h) Au; and (i) Cu. 

 
Figure 2. Morphology and structural characterizations of AuAgCu PHNSs: (a–c) TEM; (d,e) HRTEM; (f) 
HAADF-STEM; (g–j) EDX-STEM mapping; (g) HAADF + Cu + Ag + Au; (h) Ag; (i) Au; (j) Cu. The scale bar 
in (f) is 50 nm and applies to (g–j). 
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3.2. XRD and XPS Characterizations 

To gain further insights into the structural properties, an array of characterizations was conducted. EDS 
measurements of four types of products were conducted. As shown in Figure S7, the Au/Cu atomic ratio of AuCu 
JNSs and AuCu PHNSs was 89.0:11.0 and 74.2:25.8, respectively. The atomic ratio of Au/Ag/Cu atomic ratio of 
AuAgCu JNSs and AuAgCu PHNSs was 82.4:14.2:3.3 and 66.8:23.4:9.8, respectively. 

XRD measurements were conducted and the diffraction peaks observed for all products were compared with 
standard references for Au, Ag, and Cu, as shown in Figure 3. The results indicate good consistency with the face-
centered cubic (fcc) structure of these metals. For the patterns of AuCu-based NSs, two distinct sets of diffraction 
peaks were observed, corresponding to fcc-Cu and fcc-Au/Ag, respectively (Table S1). X-ray photoelectron 
spectroscopy (XPS) measurements were performed to investigate the valence electronic states of elements in the 
four products. The Cu 2p spectra (Figure 4a–d) were deconvoluted into two components: the lower binding energy 
component at 931–932 eV was assigned to two possible valence states, Cu(I) or Cu(0), while the peaks at higher 
binding energies of 933–934 eV were attributed to Cu(OH)2. The presence of weak satellite peaks in the binding 
energy range of 940 to 948 eV, corresponding to shake-up structures, further confirms the minimal presence of 
Cu(II) species. In the corresponding Cu LMM spectra (Figure 4e–h), the kinetic energy peaks centered at 915 eV 
were assigned to Cu(I) species. Since no Cu(I) species were detected in the XRD patterns, their presence is likely 
due to the oxidation of metallic nano-Cu under ambient conditions. The deconvolution of the doublets in the Au 
4f spectra (Figure 4i–l) and Ag 3d spectrum (Figure S8) were performed. Specifically, the major presence of a 
doublet with the binding energy peaks located at around 88 eV (Au 4f5/2), 84 eV (Au 4f7/2), 374 eV (Ag 3d3/2), and 
368 eV (Ag 3d5/2) confirmed the predominance of Au and Ag atoms in their zerovalent states. The slight shift in 
B.E. peak positions should be attributed to the electronic interactions among these metals. All the obtained data 
are summarized in Table S2. 

 

Figure 3. XRD patterns of AuCu JNSs, AuAgCu JNSs, AuCu PHNSs, and AuAgCu PHNSs. Reference peak 
positions for metallic Cu, Ag, and Au are indicated for comparison. 
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Figure 4. XPS spectra for (a–d) Cu 2p; (e–h) Cu LMM; and (i–l) Au 4f regions. From left to right, the columns 
correspond to (a,e,i) AuCu PHNSs; (b,f,j) AuAgCu PHNSs; (c,g,k) AuCu JNSs; and (d,h,l) AuAgCu JNSs. 

3.3. Formation Mechanism 

The selective etching of the quasi-spherical regions, while preserving the plate-like part, is fundamentally 
driven by electrochemical potential differences. Thermodynamically, the higher reduction potential of Au3+/Au 
(+1.50 V vs. SHE) compared to Cu2+/Cu (+0.34 V vs. SHE) and Ag+/Ag (+0.80 V vs. SHE) drives the galvanic 
replacement, rendering the less noble Cu/CuAg regions sacrificial anodes. Control experiments established the 
essential roles of KCl and acetic acid in the formation of solid-hollow hybrid nanostructures (Figure S9). The 
quasi-spherical domains in both AuCu and AuAgCu JNSs underwent significant dissolution and structural collapse 
in the absence of either KCl or HAc. This confirms that both components are essential for achieving controlled 
synthesis and well-reserved porous architectures. Chloride ions stabilize the oxidized Cu/CuAg species as soluble 
chloro-complexes, facilitating their removal and modulating local reactivity, while oxygen acts as a co-oxidant to 
enhance and regulate the overall etching kinetics. Acetic acid fine-tunes this environment through its dual role as 
a pH buffer and a coordination modulator (via Ac− anions), thereby preventing uncontrolled dissolution and 
promoting the development of spatially confined porosity. In addition, consistent with this mechanism, XRD analysis 
shows no detectable alloy phases, confirming that the resulting porosity arises from the controlled etching pathway 
mediated by HAuCl4 and its synergistic auxiliaries, not from bulk alloy formation or interfacial intermixing. 

3.4. LSPR Properties and Photothermal Conversion 

The aqueous solution of Au NPs and AuCu-based hybrid nanostructures were investigated using UV-vis-
NIR, revealing strong LSPR absorption in the NIR region for each product, indicating that they are all ideal 
photothermal conversion materials (Figure 5a). We further explored the NIR photothermal conversion performance 
of the five products using a laser and an infrared thermal imager, detecting their temperature changes under 808 nm 
laser irradiation. From the temperature rise and cooling curves of the five products, it was evident that all five products 
showed a significant temperature increase compared to the solvent water, with AuAgCu PHNSs showing the highest 
temperature increase, indicating that the products can effectively convert light energy into heat (Figure 5b). The 
thermographs also showed that the blank group did not change much in color after 20 min of 808 nm laser irradiation. 
In contrast, the thermographs of Au NPs, AuCu JNSs, AuCu PHNSs, AuAgCu JNSs, and AuAgCu PHNSs showed 
color changes from deep blue to orange-yellow to varying degrees (Figure 5c). The calculated ΔT values for Au 
NPs, AuCu JNSs, AuCu PHNSs, AuAgCu JNSs, and AuAgCu PHNSs were 27, 23.3, 27.8, 27.1, and 29.6 °C, 
respectively (Figure 5d). Additionally, the corresponding photothermal conversion efficiencies were calculated as 
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69.49%, 77.86%, 65.19%, 69.17%, and 67.15% (Figure S10, Table S3). Compared to the other four materials, 
AuAgCu PHNSs had stronger LSPR absorption at 808 nm, thus able to absorb more incident light, and its −ln(q) 
also showed a good linear relationship with time (Figure 5e). Since the photothermal conversion efficiency is 
influenced by multiple variables including ΔTmax and Aλ, its photothermal conversion efficiency is not necessarily 
the highest. Further, after performing five temperature rise-cooling cycles on AuAgCu PHNSs, the ΔT value did 
not decrease, indicating its excellent photothermal stability (Figure 5f). 

 
Figure 5. (a) UV-vis-NIR absorption spectra; (b) Temperature change (ΔT) over time during 20 min of 808 nm 
laser irradiation (1 W·cm−2) followed by 25 min of cooling; (c) Infrared thermographic image under 808 nm laser 
irradiation; (d) Maximum temperature change (ΔT) after 20 min of irradiation; (e) Linear fitting of the cooling 
curve plotted as −ln(θ) versus time for AuAgCu PHNSs; (f) Photothermal stability of AuAgCu PHNSs assessed 
over five consecutive laser on/off cycles. 

We further explored the photothermal performance of the five products in the NIR-II region. Under 20 min 
of 1064 nm laser irradiation, both the solvent water and the five products showed obvious temperature increase, 
with AuAgCu PHNSs showing the highest temperature increase (Figure 6a). The thermograph of the blank group 
changed from deep blue to red, while the thermographs of Au NPs, AuCu JNSs, AuCu PHNSs, AuAgCu JNSs, and 
AuAgCu PHNSs showed color changes from deep blue to orange-yellow (Figure 6b). The calculated ΔT values for 
Au NPs, AuCu JNSs, AuCu PHNSs, AuAgCu JNSs, and AuAgCu PHNSs were 25.9, 20.1, 24.6, 24.6, and 26.7 °C, 
respectively (Figure 6c), with corresponding photothermal conversion efficiencies of 32.11%, 30.40%, 31.72%, 
31.64%, and 31.35% (Figure S11, Table S3). From Figure 6d, it can be seen that the −ln(q) of AuAgCu PHNSs 
still has a good linear relationship with time. However, unlike under 808 nm laser irradiation, AuAgCu JNSs has 
an absorption peak closer to the NIR-II region and has a higher absorbance. In addition, under 1064 nm laser 
irradiation, the photothermal stability of AuAgCu PHNSs was tested, and after five temperature rise-cooling cycles, 
it was found that the ΔT value of AuAgCu PHNSs did not change significantly in each cycle, indicating its excellent 
photothermal stability (Figure 6e). By comparing the results of recent studies on Au-based photothermal materials, 
the photothermal conversion efficiency of AuAgCu PHNSs is quite competitive (Table S4). 
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Figure 6. (a) Temperature change (ΔT) over time during 20 min of 1064 nm laser irradiation (1 W·cm−2) followed 
by 25 min of cooling; (b) Infrared thermographic image under 1064 nm laser irradiation; (c) Maximum temperature 
change (ΔT) after 20 min of irradiation; (d) Linear fitting of the cooling curve plotted as –ln(θ) versus time for 
AuAgCu PHNSs; (e) Photothermal stability of AuAgCu PHNSs assessed over five consecutive laser on/off cycles. 

3.5. FDTD Simulation 

Figure S12 schematically illustrates the five numerical simulation models constructed to systematically 
investigate their near-infrared (NIR) photothermal properties. The models include Au nanoplate (Model Au NPs); 
a Cu nanosphere anchored with a Au nanoplate (Model AuCu JNSs); a Cu nanosphere anchored with a AuAg 
nanoplate (Model AuAgCu JNSs); and two porous hybrid nanostructures (Model AuCu PHNSs-Ⅰ and AuCu 
PHNSs-Ⅱ) composed of a Au nanosheet and a Cu nanosphere with pores of varying sizes. This series was designed 
to isolate the effects of material composition, heterojunction interfaces, and nanoscale porosity on plasmonic 
excitation and heat generation under NIR irradiation. 

Due to the asymmetric structure, the absorption and scattering characteristics for multiple incident 
polarization directions were calculated and averaged, as shown in Figure 7. Figure 7a,c show that within the range 
of 300 to 1200 nm, Model Au NPs exhibit two absorption peaks under continuous illumination, but the absorption 
intensity is relatively low within the visible light range. For Model AuCu JNSs and Model AuAgCu JNSs, two 
small peaks can be observed within the range of 700 to 1050 nm, and a strong peak at 1100–1200 nm. The 
absorption peak of Model AuAgCu JNSs shifts slightly towards the blue compared to Model AuCu JNSs, which 
is attributed to the addition of Ag. Model AuCu PHNSs has three or more absorption peaks within the range of 
300 to 1200 nm, and the absorption cross-section shows a significant increase. Particularly, the absorbance of 
Model AuCu PHNSs-Ⅱ is relatively high in the range of 300–1200 nm. In Figure 7b,d, it can be observed that 
within the range of 600–900 nm, the scattering cross-section of Model AuCu PHNSs-Ⅱ is significantly higher than 
that of other structures, which is unfavorable for its absorption performance. Considering the absorption and 
scattering effects throughout the entire range, Model AuCu PHNSs-Ⅰ exhibits the strongest light harvesting capacity. 
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Figure 7. (a) absorption cross section; (b) scattering cross section; (c) absorption coefficient and (d) scattering coefficient 
of Model Au NPs, Model AuCu JNSs, Model AuAgCu JNSs, Model AuCu PHNSs-Ⅰ, and Model AuCu PHNSs-Ⅱ. 

As shown in the electric and magnetic field energy distributions in Figure 8, a distinct electrical response 
appears at the edge of the Au NPs due to the concentration of electrons, resulting in local surface plasmon 
resonance (LSPR) [38]. In Model AuCu JNSs, the coupling effect between Au nanoplate and Cu nanosphere 
enhances the electromagnetic field. In contrast, for Model AuAgCu JNSs, when the Au nanoplate transforms into 
the AuAg nanoplate, the EM field distribution does not show any significant change. It is worth noting that in 
Model AuCu PHNSs-Ⅰ and Model AuCu PHNSs-Ⅱ, the cavity in the caged structure guides more electric fields 
into its interior, further enhancing the LSPR effect [39]. At the same time, the interaction between light and surface 
electrons increases, thereby improving light absorption capacity. Due to the smaller pores of Model AuCu PHNSs-
Ⅱ, the shortened path of light action, compared with Model AuCu PHNSs-Ⅰ, the electric field is weaker. 

 

Figure 8. Electric field (top) and magnetic field (bottom) at the absorption peak in the x incident −z polarization 
direction for (a) Model Au NPs; (b) Model AuCu JNSs; (c) Model AuAgCu JNSs; (d) Model AuCu PHNSs-Ⅰ and 
(e) Model AuCu PHNSs-Ⅱ. 
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To visualize the photothermal response more clearly, we analyzed the two-dimensional temperature 
distributions (in x–y and z–y sections) of these models and the surrounding medium (Figure 9). Model AuCu 
PHNSs-Ⅰ exhibited the greatest temperature rise of 44.1 K. In comparison, Models AuCu JNSs and AuAgCu JNSs 
showed increases of 32.8 K and 32.5 K, respectively. The temperature increase for Model AuCu PHNSs-Ⅱ was 
more moderate at 8.5 K, due to its higher scattering efficiency. Model Au NPs showed only a minimal temperature 
rise of 5.4 K. 

 

Figure 9. Temperature profiles of (a) Model Au NPs; (b) Model AuCu JNSs; (c) Model AuAgCu JNSs; (d) Model 
AuCu PHNSs-Ⅰ and (e) Model AuCu PHNSs-Ⅱ. 

3.6. Photothermal Antibaceterial Test 

The synthesized AuCu PHNSs and AuAgCu PHNSs represent promising NIR photothermal conversion 
agents capable of combating multidrug-resistant bacteria via photothermal therapy (PTT). The photothermal 
antimicrobial capability of these nanostructures was evaluated using the representative multidrug-resistant Gram-
positive strain MRSA. Figure 10a demonstrates that even without NIR irradiation, both AuCu PHNSs and 
AuAgCu PHNSs exhibited significant antibacterial effects compared to the PBS control group. Notably, AuCu 
PHNSs showed superior intrinsic antibacterial activity, comparable to its performance under NIR irradiation. In 
contrast, AuAgCu PHNSs displayed markedly enhanced antibacterial efficacy only upon NIR irradiation for 10 min. 
Complete eradication of colonies (no growth) was observed for AuCu PHNSs diluted to 0.17 × 109 particles/mL, 
identifying this concentration as its MBC. These results indicate that the antimicrobial mechanism involves not 
only hyperthermia generated by the photothermal effect under NIR light but also significant growth inhibition 
mediated by the released Cu2+ ions at high concentrations. This synergistic effect is further corroborated by the 
data presented in Figure 10b,c. Given its optimal performance, AuCu PHNSs was selected for evaluating broad-
spectrum antimicrobial efficacy. Testing againstrevealed that AuCu PHNSs, under NIR irradiation, effectively 
inhibited the growth of both Gram-positive and Gram-negative bacteria, achieving inhibition rates exceeding 
99.9% in all cases (Figure 10d,e). Even in the absence of NIR irradiation, the AuCu PHNSs group exhibited 
substantially fewer bacterial colonies compared to the PBS group, with inhibition rates consistently above 60%. 
These findings further demonstrate that the potent antibacterial action of our material stems from the synergistic 
interplay between photothermal ablation and Cu2+ ion-mediated inhibition. 

While the measured photothermal conversion efficiency of the AuCu-based hybrid nanostructures was 
comparable to that of pure Au nanoplates, the principal rationale for developing these complex architectures lies 
in their multimodal antibacterial action. In contrast to Au nanoplates, which function primarily as photothermal 
agents, the AuCu-based systems integrate photothermal therapy (PTT) with additional therapeutic mechanisms. 
Specifically, the porous, Cu-containing domains enable the sustained release of biocidal metal ions (e.g., Cu2+, 
Ag+), introducing a potent chemodynamic therapy (CDT) component. This synergistic PTT/CDT approach targets 
bacteria through concurrent physical and chemical pathways, which is anticipated to mitigate heat-shock resistance 
and lower the required laser irradiation dose for effective bacterial eradication. 
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Figure 10. In vitro photothermal antibacterial performance of different materials. (a–c) Growth inhibition of 
MRSA on LB agar and antibacterial efficiency mediated by AuCu PHNSs and AuAgCu PHNSs treated with 
different concentrations, without or with NIR irradiation; (d,e) Broad-spectrum antimicrobial performance of AuCu 
PHNSs (0.17 × 109 particles/mL) without or with NIR irradiation. 

4. Conclusions 

In summary, we have developed a combined seeded growth and galvanic replacement strategy to synthesize 
AuCu-based solid–hollow hybrid nanostructures. The synthetic process—featuring unconformal deposition of 
quasi-spherical domains onto plate-like seeds, followed by spatially confined galvanic replacement moderated by 
KCl/acetic acid—yields porous hollow architectures integrated with solid Au plates. FDTD simulations confirm 
that the introduced porosity and structural asymmetry significantly enhance near-field plasmonic coupling and 
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broadband absorption, particularly in the NIR region. These characteristics correlate with the observed high 
photothermal conversion efficiencies of 77.86% at 808 nm and 32.11% at 1064 nm, enabling effective eradication 
of multidrug-resistant bacteria under NIR irradiation. This work not only provides a versatile route to structurally 
tunable hybrid nanomaterials but also demonstrates, through both simulation and experiment, their promising 
potential as efficient photothermal agents for biomedical applications. 

Supplementary Materials: The following supporting information can be downloaded at: https://media.sciltp.com/articles/oth 
ers/2512301119183915/MI-25120148-Supplementary-Materials.pdf. Figure S1: TEM image of Au nanoplates (NPs). Figure 
S2: (a,c) SEM and (b,d) TEM images of (a,b) AuCu JNSs and (c,d) AuAgCu JNSs. Figure S3: EDX-STEM elemental maps 
of the AuCu JNS: (a) Overlay of Au (green) and Cu (red); (b) Cu map; (c) Au map. Figure S4: EDX-STEM elemental maps 
of the AuAgCu JNS: (a) Overlay of Au (green), Ag (blue), and Cu (red); (b) Cu map; (c) Ag map; (d) Au map. Figure S5: 
EDX-STEM line-scan profile: (a) AuAgCu PHNSs and (b) AuCu PHNSs. Figure S6: Histograms showing the pore size 
distribution of (a) AuAgCu PHNSs; (b) AuCu PHNSs. Figure S7: Histogram illustrating the atomic percentage of AuCu-based 
nanostructures as determined via EDS. Figure S8: Ag 3d XPS spectrum of AuAgCu PHNSs. Figure S9: TEM images of 
nanoparticles obtained using the same synthetic protocol as (a–c) AuCu PHNSs and (d–f) AuAgCu PHNSs, but with varied 
etching treatments: (a,d) HAuCl4, (b,e) HAuCl4 + KCl, and (c,f) HAuCl4 + acetic acid. Figure S10: Determining the thermal 
transfer time constant (τ) of the system by plotting linear data from cooling times: (a) Au NPs; (b) AuCu JNSs; (c) AuCu 
PHNSs; (d) AuAgCu JNSs. Laser wavelength: 808 nm. Figure S11: Determining the thermal transfer time constant (τ) of the 
system by plotting linear data from cooling times: (a) Au NPs; (b) AuCu JNSs; (c) AuCu PHNSs; (d) AuAgCu JNSs. Laser 
wavelength: 1064 nm. Figure S12: The model schematics of (a) Model Au NPs; (b) Model AuCu JNSs; (c) Model AuAgCu 
JNSs; (d) Model AuCu PHNSs-Ⅰ and (e) Model AuCu PHNSs-Ⅱ. Table S1: XRD results of AuCu-based products in the current 
study. Table S2: Summary of the relative peak areas (%) for each split B.E. peak and the parameters used to fit the Cu 2p, Cu 
LMM, and Au 4f high-resolution XPS spectra. Table S3: Photothermal conversion efficiency of Au NPs, Au-Cu JNSs, Au-
macro Cu JNSs, Au-Ag-Cu JNSs, and Au-Ag-meso Cu JNSs. Table S4: Comparative photothermal conversion performance 
of Au-based photothermal materials. References [40–47] are cited in supplementary materials. 
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