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ABSTRACT  12 

Combining chiral shape engineering with the plasmonic sensor features significantly enhances 13 

sensor performance and effectively avoids potential background interference. These advantages 14 

suggest that chiral nanoparticles could provide valuable insights into addressing defects or 15 

shortcomings in traditional plasmonic sensors. Herein, to address the common drawback of 16 

performance degradation due to linewidth broadening in plasmonic sulfide sensors during 17 

sulfidation, we designed a distinctive intrinsically chiral bimetallic core-shell plasmonic 18 

nanoparticle. The chiral gold core provided strong chiroptical activities, enriching the spectral 19 

features, including bipolar peaks and zero-crossing points, while the silver shell was used for 20 

sulfide sensing. Remarkably, this chiral plasmonic sulfide sensor demonstrated exceptional 21 

sensitivity and clarity. Specifically, the zero-crossing point in the circular dichroism spectrum 22 

serves as an easily recognizable tracking feature, leveraging the trend of linewidth broadening to 23 

enhance sensor responsiveness. Particularly, at a sulfide concentration of only 5 µM, the zero-24 

crossing point shift reached up to 170 nm, with a maximum shift limit of 208 nm, surpassing all 25 

previously reported plasmonic sulfide sensors. Finally, the well-defined structure of this chiral-26 

core sensing-shell design offers an alternative fabrication approach for expanding the chiral 27 

plasmonic sensing platform, allowing for flexible replacement of the shell material to meet specific 28 

sensing requirements.  29 



 3 

INTRODUCTION  30 

Sensitive and selective detection of sulfides (particularly sulfide ions and hydrogen sulfide) is 31 

of significant importance for environmental protection, public health maintenance, and the 32 

prevention and treatment of diseases.1–3 Plasmonic metal nanoparticles have emerged as strong 33 

candidates for the development of next-generation sulfide sensors due to their ability to achieve 34 

specific binding to sulfides, real-time response, and visual diagnosis.4–6 Additionally, these 35 

particles offer potential solutions for endogenous sulfides, including bioimaging, drug delivery, 36 

and targeted therapy.7–9 These advantages are primarily attributed to the localized surface plasmon 37 

resonance (LSPR) effect of plasmonic nanoparticles, the optical properties of which are highly 38 

dependent on particle shape, composition, and the surrounding dielectric environment.10–14 39 

Therefore, the rational design of plasmonic nanoparticles will directly enhance the performance of 40 

the sensors.15–17 41 

Gold-silver (Au-Ag) core-shell nanoparticles are a classic structure in the construction of 42 

plasmonic sulfide sensors.18 In the presence of oxygen, the Ag shell is selectively etched by 43 

sulfides to form Ag2S, causing significant changes in the dielectric environment around the Au 44 

core and leading to LSPR peak shifts. Based on this sensing mechanism, the responsiveness of the 45 

LSPR peak position has been regarded as a primary indicator of plasmonic sensor sensitivity.19 46 

Notably, this responsiveness is reflected not only in the sensor's acute reaction to subtle 47 

environmental changes but also in the broad range of the peak shift (∆𝜆). Typically, a narrower 48 

plasmonic linewidth (as indicated by the full width at half maximum, FWHM) favors improved 49 

sensitivity, as a wider FWHM can mask peak position changes due to peak broadening.20 In pursuit 50 

of this, various Au core shapes, including spheres, dimers, rods, cubes, triangular plates, rhombic 51 

dodecahedra, and bipyramids, have been widely explored.18,21–26 However, due to the inherent 52 
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limitation of high ohmic losses in metallic materials, the FWHM of Au nanostructures is difficult 53 

to reduce below 80 nm.27 Furthermore, the FWHM of traditional Au@Ag core-shell structures 54 

significantly broadens with increasing sulfuration, primarily due to the plasmon damping effect 55 

intensified by silver sulfide (Ag2S) as a semiconductor material, which further weakens sensor 56 

sensitivity and detection accuracy.28,29 Consequently, developing a more robust and efficient 57 

structural design to overcome these inherent limitations remains a critical task for advancing high-58 

performance plasmonic sulfide sensors. 59 

Incorporating chiral shape factors into the design of plasmonic nanoparticles holds great promise 60 

for significantly enhancing sensor sensitivity, as circular dichroism (CD) spectra offer additional, 61 

more distinct features for tracking, such as dipolar peaks and zero-crossing points.30 The zero-62 

crossing point indicates that the chiral nanoparticles exhibit equal absorption intensities for left- 63 

and right-handed circularly polarized light at this wavelength.31,32 An impressive example of this 64 

is the femtomolar-level protein sensing achieved using chiral nanospiral metamaterials, 65 

highlighting the potential of chiral plasmonic sensors to overcome the limitations of traditional 66 

plasmonic sulfide sensors.33 In particular, compared to detecting higher concentrations of sulfides 67 

in the environment, such as the wastewater from mining, petroleum refining, and paper industry, 68 

sensitively and accurately detecting lower concentrations of sulfides poses a formidable and urgent 69 

challenge. For instance, hydrogen sulfide within biological systems has been shown to be 70 

associated with various pathological and physiological processes,34 and accurate detection of its 71 

concentration is beneficial for medical research and clinical diagnosis.35 Additionally, detecting 72 

sulfides in groundwater can aid in environmental quality assessment and ecosystem protection.36 73 

However, plasmonic metamaterials with high chiral shape factors or strong chiroptical activities 74 

were typically fabricated through top-down strategies.37–40 The high cost, limited yield, and 75 
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restricted variety of such structures pose significant challenges to the broader adoption of chiral 76 

plasmonic sensors as next-generation sensing platforms. 77 

 In recent years, significant progress has been made in the synthesis of intrinsic chiral plasmonic 78 

nanoparticles via wet chemical methods.41–44 However, research remains predominantly focused 79 

on pure Au materials, with limited reports on chiral nanoparticles of Ag, other metals, or even 80 

alloys.45 This scarcity may stem from differences in the reduction kinetics between metals and the 81 

binding affinities of involved ligands. As a promising alternative, the use of chiral gold 82 

nanoparticles as cores to create bimetallic core-shell structures offers great potential for advancing 83 

chiral plasmonic sensors. Herein, we present a high-performance sulfide sensor based on intrinsic 84 

chiral Au core-sensing Ag shell plasmonic nanoparticles (c-Au@Ag NPs, Scheme 1A). Traditional 85 

plasmonic sensing, which interprets signals through LSPR peak shifts (∆𝜆𝐿𝑆𝑃𝑅 ), often faces 86 

limitations in sensitivity and resolution due to line broadening (Scheme 1B). In contrast, CD-based 87 

sensing strategies offer more distinct and recognizable response features. Specifically, shifts in the 88 

zero-crossing point (∆𝜆0) of the CD spectra can provide a broader range of response shifts than 89 

CD peak shifts (∆𝜆𝑚) due to changes in line broadening trends (Scheme 1C). Additionally, in the 90 

lower sulfide concentration range (0.1-5 µM), this chiral plasmonic sensor demonstrated a robust 91 

linear response relationship, with ∆𝜆0 consistently maintaining the highest sensitivity (Scheme 92 

1D). Finally, this sensor demonstrated exceptional selectivity for sulfide ions when challenged 93 

with numerous common interfering ions.   94 
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 95 

Scheme 1. A sulfide-sensing platform based on chiral Au core-Ag shell plasmonic nanoparticles 96 

(c-Au@Ag NPs). (A) Schematic illustration of the preparation and sensing mechanism of c-97 

Au@Ag NPs. During the sulfide sensing process, changes were observed in (B) the extinction and 98 

(C) CD spectra. (D) The relationship of peak shifts in the zero-crossing point (∆𝜆0) with sulfide 99 

concentration.   100 
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RESULTS and DISCUSSION 101 

Morphology, Composition and Optical Response of the c-Au@Ag NPs 102 

First, c-Au NPs were synthesized by using Au octahedral particles (Au ONPs) as seeds through 103 

a regrowth method (Figure S1, S2),41 exhibiting significant chiroptical activities around 615 nm 104 

(g-factor = −0.028). Subsequently, the c-Au@Ag NPs core-shell structures were prepared via Ag 105 

layer coating on the surface of the c-Au NPs by epitaxial growth method (Figure 1A).46 Despite 106 

the surface chiral characteristics of the c-Au NPs were revealed to consist of a windmill-like 107 

structure formed by twisted arms and internal gaps connected by fourfold rotational symmetry, 108 

energy-dispersive X-ray spectroscopy (EDS) images of c-Au@Ag NPs (Figure 1B and Figure S3) 109 

showed that Ag atoms almost completely covered the Au surface, and clear Ag lattice fringes were 110 

observed in high-resolution transmission electron microscopy (HRTEM) images (Figure S4). This 111 

was attributed to the minimal lattice constant difference of only 0.2% between Ag and Au, causing 112 

Ag atom deposition to mainly follow a layer-by-layer growth mode (Frank–van der Merwe 113 

mode).46 The presence of diffraction spots in the diffraction image (Figure S5) further supports 114 

this perspective, as opposed to the diffraction rings that would be expected in a non-epitaxial 115 

growth mode. However, compared to the protruding arms, the recessed gaps were more likely to 116 

form preferred deposition sites for Ag atoms (Figure 1C). Particularly, as the Ag concentration in 117 

the growth environment increased (from i to iv), this preferential deposition became more 118 

pronounced, resulting in the filling of internal gaps. This preferential deposition could be a 119 

beneficial way to reduce the overall surface energy of the particles, a similar phenomenon observed 120 

in the coating of Au nanostars (possessing both concave and convex surfaces) with Ag layers.47,48 121 

From an optical response perspective, as the Ag content in the bimetallic composition increased, 122 

the color of the colloidal solution transitioned from purple to red and even to orange (Figure S6). 123 
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Correspondingly, the LSPR peak (𝜆𝐿𝑆𝑃𝑅) located near 570 nm gradually blue shifted (Figure 1D). 124 

This change caused the nearby CD bands to which this resonance mode contributes, including the 125 

peak position (𝜆𝑚) and zero-crossing point (𝜆0), to also blue shift, accompanied by a decrease in 126 

peak intensity (Figure 1E, F). The reduction in peak intensity was likely due to the introduction of 127 

Ag as an achiral component or changes in particle morphology, which reduced their inherent chiral 128 

characteristics. This phenomenon was also corroborated by the corresponding g-factor spectra 129 

(Figure S7). In our previous reports, we also observed a phenomenon by which the chiroptical 130 

activities of the chiral nanoparticles were diminished due to modification with an achiral coating.49   131 
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 132 

Figure 1. Characterization of c-Au@Ag NPs. (A) Schematic illustration of c-Au@Ag NPs 133 

prepared via the epitaxial growth method. (B) HAADF-STEM image and corresponding EDS 134 

mapping images of c-Au@Ag NPs (ii). (C) SEM images and EDS mapping images (the insets) of 135 

c-Au@Ag NPs with varying Ag content (from i to iv, the final concentrations of Ag were 30, 60, 136 

120, and 180 µM, respectively). (D) Normalized extinction spectra and (E) CD spectra of c-Au 137 

NPs and c-Au@Ag NPs with different Ag content. (F) Shift variations of 𝜆𝐿𝑆𝑃𝑅 , 𝜆𝑚, and 𝜆0 138 

after the addition of different amounts of silver nitrate (AgNO3). The scale bars are 100 nm.  139 
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Optimization of the Ag Content in c-Au@Ag NPs 140 

As the common evaluation criteria for sensors, sensitivity is one of the crucial metrics that 141 

must be considered.50 It is typically quantified as the ratio of the peak shift (∆𝜆) in the plasmonic 142 

nanoparticle resonance wavelength to the corresponding change in the refractive index (∆𝑛) of the 143 

surrounding environment, as shown in equation (1): 144 

Sn =  
∆𝜆

∆𝑛
      (1) 145 

In other words, sensitivity can be indirectly evaluated by measuring the peak shift that occurs 146 

before and after complete sulfidation of the particle, as the corresponding change in refractive 147 

index remains largely similar.51 Moreover, the value of ∆𝜆 can be maximized by adjusting the 148 

Ag content in the bimetallic structure. To achieve this, the experiment was conducted in a relatively 149 

high concentration (25 µM) of sulfide ions to ensure the complete sulfidation of the nanoparticles 150 

with varying Ag content (Figure 2A). The EDS results also supported the occurrence of the 151 

sulfidation reaction, though it is important to note the potential for misleading information in the 152 

mapping images due to false sulfur signals. This phenomenon arose from the close proximity of 153 

the characteristic X-ray peaks of Au and sulfur (Figure S8), which may have caused portions of 154 

the Au signal to be incorrectly attributed to sulfur. Consequently, even unsulfidized particles could 155 

exhibit sulfur-like distributions on their surfaces (Figure S9). To avoid this potential interference, 156 

we verified the sulfidation reaction by focusing exclusively on characteristic protrusions at the 157 

particle edges, confirming that these protrusions were composed of Ag₂S (Figure 2B). Notably, as 158 

the silver content in the particles increased, the protrusions became more pronounced (Figure 159 

2C).24 The corresponding extinction spectra exhibited broad LSPR peaks, particularly at the 160 

highest Ag content, making it difficult to distinguish the peak shifts before and after sulfidation 161 

(Figure 2D). The dynamic light scattering (DLS) results (Figure S10) ruled out the possibility that 162 
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nanoparticle aggregation during the sulfuration process affected the spectral response. The broad 163 

peaks were likely due to the multiple Ag2S protrusions through resonance coupling with the 164 

particle surface. It was noteworthy that the CD and g-factor spectra provided more intuitive peak 165 

shape changes (Figure 2E and Figure S11), possibly because the Ag2S layer had extinction 166 

activities but lacked chiroptical activities. After the sulfidation, the 𝜆𝑚 and 𝜆0 of the first three 167 

groups (i, ii, and iii) of c-Au@Ag NPs all showed a red shift trend. Unfortunately, the 𝜆0 of the 168 

third group (iii) could not be recorded due to the instrument limitation on detectable range of 169 

wavelength. However, the CD peak shape remained clearly discernible, indicating that c-Au@Ag 170 

NPs (iii) had the potential for higher sensitivity. We predicted that its sensing performance could 171 

be better captured and assessed with more advanced detectors, such as near-infrared detectors. In 172 

contrast, the fourth group (iv) exhibited broad peaks with weak intensity, making it difficult to 173 

pinpoint specific 𝜆𝑚  and 𝜆0  values. It should be noted that this phenomenon was more 174 

attributable to the reduced detection limit of the sensor itself rather than instrumental limitations. 175 

This indicated that Ag affected the performance of chiral plasmonic sulfide sensors in two ways. 176 

Firstly, Ag conferred the ability to sense sulfides, and its content directly affected the sensitivity 177 

(Figure S12). Secondly, Ag caused a loss in overall chiral characteristics and intensity, leading to 178 

a significant decrease in detection accuracy and data reliability. Based on these considerations, the 179 

ideal situation would be to use less Ag as the sensing layer to achieve better sensor performance. 180 

As shown in the Figures 2F and S13, the second group (ii) of c-Au@Ag NPs exhibited higher 181 

sensitivity, with a shift of up to 208 nm by ∆𝜆0 before and after sulfidation. Therefore, this c-182 

Au@Ag NPs was selected for further research as a chiral plasmonic sulfide sensor.  183 
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 184 

Figure 2. Characterization of c-Au@Ag2S NPs. (A) Schematic illustration of c-Au@Ag2S NPs 185 

obtained after sulfidation from c-Au@Ag NPs (final sulfide ion concentration: 25 µM). (B) STEM 186 

image, HAADF-STEM image and corresponding EDS mapping images of c-Au@Ag2S NPs (iis). 187 

The typical Ag2S protrusions were shown within the white circles. (C) SEM images of c-188 

Au@Ag2S NPs (is, iis, iiis and ivs) obtained after sulfidation from c-Au@Ag NPs (i, ii, iii and iv). 189 

(D) Extinction spectra and (E) CD spectra of c-Au@Ag2S NPs (is, iis, iiis and ivs). (F) Normalized 190 

CD spectra of c-Au@Ag NPs before (ii) and after (iis) sulfuration. The scale bars are 100 nm.  191 
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Chiroptical Sensing of Sulfides using c-Au@Ag NPs 192 

The chiroptical sensing of sulfides by c-Au@Ag NPs was closely related to the conversion of 193 

the Ag layer on the particle surface into Ag2S (Figure 3A). To investigate this process in detail, 194 

digital photographs were recorded of c-Au@Ag NPs after incubation in different sulfide ion 195 

concentrations (0-25 µM), along with their corresponding extinction and g-factor spectra. As the 196 

sulfide ion concentration gradually increased, the color of the colloidal solution gradually 197 

transitioned from pink to blue (Figure 3B). The extinction spectra revealed a red shift of 198 

approximately 24 nm in the  𝜆𝐿𝑆𝑃𝑅  when the sulfide ion concentration reached 5 µM, 199 

accompanied by a notable increase in FWHM (Figure 3C, D). Further increases in the sulfide ion 200 

concentration to 10 µM and 25 µM resulted in the emergence of an additional LSPR peak (will be 201 

explained in the subsequent section) at a higher wavelength range (650-700 nm), which coupled 202 

with the original LSPR peak to form a broad peak, making it difficult to accurately discern the 203 

𝜆𝐿𝑆𝑃𝑅 shift. In contrast, the CD spectra did not exhibit such peak shifts. The normalized spectra 204 

clearly demonstrated a red shift in 𝜆𝑚  with increasing sulfide ion concentration (Figure 3E). 205 

When the concentration of sulfide ion increased from 10 µM to 25 µM, the red shift slowed 206 

significantly, ultimately reaching 148 nm (Figure 3F). During the sulfidation process, the FWHM 207 

of the characteristic peaks inevitably increased, which is generally considered disadvantageous. 208 

However, the 𝜆0 in CD spectra could leverage this trend, exhibiting a more significant redshift, 209 

reaching up to 208 nm (Figure 3G, H). Compared to sensors suitable for detecting high and wide 210 

ranges of sulfide ion concentrations (hundreds of µM), this chiral plasmonic sensor exhibited 211 

significant shift capabilities within a relatively low and narrow sulfide concentration range (0.1-5 212 

µM). This indicated its potential to capture changes in sulfide concentration in specific 213 
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environments, such as the minor fluctuations in sulfide levels in the body caused by cellular 214 

anabolic and catabolic processes.52   215 

 216 

Figure 3. Optical response of the chiral plasmonic sulfide sensor. (A) Schematic illustration of c-217 

Au@Ag NPs for sulfide sensing. (B) The digital photograph of c-Au@Ag NPs colloidal solutions 218 

under a range of sulfide ion concentrations. (C) Extinction spectra and the magnified normalized 219 

extinction spectra (inset) of c-Au@Ag NPs at different sulfide ion concentrations, along with (D) 220 

the associated shifts in 𝜆𝐿𝑆𝑃𝑅. (E) Normalized CD spectra of c-Au@Ag NPs at different sulfide 221 

ion concentrations, and (F) the corresponding shifts in 𝜆𝑚. (G) The magnified normalized CD 222 

spectra of c-Au@Ag NPs at different sulfide ion concentrations, and (H) the corresponding shifts 223 

in 𝜆0.  224 
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To better understand the observed optical response behaviors, SEM images were obtained to 225 

document the morphological changes in c-Au@Ag NPs following incubation in varying 226 

concentrations of sulfide ions. When the sulfide ion concentration was increased from 0.1 to 1 µM 227 

(Figure 4A and Figure S14), the particle morphology remained largely unchanged, indicating that 228 

the reaction at this stage was primarily dominated by a uniform outward-to-inward sulfidation 229 

process. However, as the sulfide ion concentration increased to 2.5 µM (Figure 4B), one or two 230 

small Ag2S protrusions began to appear randomly within the recessed gaps on the particle surface. 231 

With a further increase in sulfide ion concentration to 5 µM (Figure 4C), both the number and size 232 

of these protrusions increased, yet they remained primarily located in the recessed areas. These 233 

protrusions may have formed because the recessed areas are rich in Ag content and exhibit higher 234 

surface energies, providing more favorable nucleation sites that consume excess sulfide ions 235 

during the initial stages of the reaction, until the sulfidation rate equilibrates with the diffusion 236 

rate.24 When the sulfide ion concentration was further increased to 10 µM (Figure 4D), the 237 

anisotropic sulfidation differences diminished, with smaller protrusions appearing randomly 238 

across other areas in addition to the larger ones in the recessed regions. At this period, the 239 

characteristic peaks no longer exhibited significant red shifts, suggesting that either the particles 240 

had nearly completed sulfidation or the refractive index had ceased to increase. Furthermore, it is 241 

worth noting that the high density of surface protrusions led to significant changes in the overall 242 

morphology and roughness of the particles, which might have induced multiple resonance mode 243 

coupling, thereby contributing to the broad peaks observed in the extinction spectra.53  244 
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 245 

Figure 4. Morphological changes in c-Au@Ag2S NPs after incubation with varying sulfide ion 246 

concentrations. SEM images of c-Au@Ag2S NPs after incubation with sulfide ion concentrations 247 

of 1 µM (A), 2.5 µM (B), 5 µM (C), and 10 µM (D). The scale bars are 100 nm.  248 
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Performance Evaluation of c-Au@Ag NPs as a Chiral Plasmonic Sulfide Sensor 249 

To validate the feasibility of c-Au@Ag NPs as a chiral plasmonic sensor for sulfide detection, a 250 

comprehensive evaluation of its sensing performance is necessary. In this study, we focused on 251 

the precise detection of sulfide ions in aqueous solutions. Initially, when c-Au@Ag NPs were 252 

exposed to a sulfide ion environment (2.5 µM), the CD peak exhibited a red shift and intensity 253 

decrease within 5 min (Figure S15). Extending the reaction time further had not significant affect 254 

on the spectral changes, indicating that the sulfuration process was complete. Subsequently, we 255 

recorded the peak shifts of various spectra at different sulfide ion concentrations (Figure 5A). Even 256 

in lower concentrations of sulfide ions, this detection strategy provided a clear linear curve. This 257 

suggests that under the current experimental conditions, the diffusion of sulfide ions did not limit 258 

the reaction rate. However, if the solution to be tested is a viscous fluid (such as body fluid), the 259 

detection time may need to be appropriately extended to ensure the reaction is fully completed. 260 

Compared to the changes in the extinction spectra (∆𝜆𝐿𝑆𝑃𝑅), the red shifts of the characteristic 261 

peaks in the CD spectra ( ∆𝜆𝑚 and ∆𝜆0 ) demonstrated good linear relationships over a wider range 262 

of sulfide ion concentrations (0.1-5 µM), with ∆𝜆0 exhibited the most significant shift and the 263 

highest linear correlation coefficient (R² = 0.996). Cross-validation based on multi-channel sensing 264 

signal output can effectively reduce the occurrence of false negatives or positives (Figure S16),54 265 

resembling dual-signal sensing strategies that enhance detection reliability by analyzing both peak 266 

shifts and extinction intensity changes in extinction spectra.55 By comparing the slopes of the linear 267 

equations (∆𝜆/S2-), the relative sensitivities of the three characteristic peak shifts were evaluated. 268 

For instance, the sensitivity of ∆𝜆0 was approximately three times larger than that of ∆𝜆𝑚 and 269 

six times larger than that of ∆𝜆𝐿𝑆𝑃𝑅 , lowering the limit of detection (LoD) to 0.1 µM. This 270 

performance significantly surpassed previously reported fluorescence-based organic molecular 271 
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probes for sulfide detection in live cells, whose LoD ranged from 1 to 10 µM, achieving an 272 

improvement of 1 to 2 orders of magnitude.56-58 Furthermore, upon complete sulfuration of the c-273 

Au@Ag NPs, 𝜆0 achieved a maximum red shift of 208 nm, surpassing the sensing limits reported 274 

for other plasmonic sulfide sensors (Figure 5B). Selectivity is also an important criterion for 275 

evaluating sensor performance. As shown in the Figure S17, the normalized CD spectra were 276 

recorded after incubating c-Au@Ag NPs in the presence of sulfide ions, a series of interfering ions 277 

(at 10 times higher concentration than that of sulfide ions), and their mixtures. Only the sulfide 278 

ions and their mixed solutions induced significant and similar shift changes (Figure 5C and Figure 279 

S18). Moreover, the corresponding colloidal solution turned blue, whereas the other interfering 280 

ions did not cause noticeable color changes (Figure S19). These results indicated that c-Au@Ag 281 

NPs exhibited high selectivity for sulfide detection, likely due to the extremely low solubility 282 

product constant of Ag2S (𝐾𝑆𝑃 = 6.3×10-50).59 283 

 284 

Figure 5. Performance of c-Au@Ag NPs as a chiral plasmonic sulfide sensor. (A) Linear 285 

relationships between peak shifts in the extinction spectra (∆𝜆𝐿𝑆𝑃𝑅: gray, 𝑦 = 4.989𝑥 − 0.900, 286 

R2 = 0.991) and CD spectra (∆𝜆𝑚 : red, 𝑦 = 11.936𝑥 − 0.103 , R2= 0.994; ∆𝜆0 : blue, 𝑦 =287 

33.625𝑥 − 4.665, R2=0.996) with varying sulfide ion concentrations. (B) Comparison of the 288 

maximum shift (∆𝜆𝑚𝑎𝑥) of c-Au@Ag NPs with other plasmonic sulfide sensors. Other sensors all 289 

featured Au-core-Ag shell structures with varying core shapes, including nanospheres (NS),18 nano 290 
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dimers (ND),21 nanorods (NR),22 nano triangular plates (NTP),24 nano rhombic dodecahedras 291 

(NRD),25 and nano bipyramids (NBR).26 (C) The zero-crossing point shifts (∆𝜆0) of c-Au@Ag 292 

NPs after incubation in the presence of sulfide ions (2.5 µM), other interfering ions (25 µM) and 293 

their mixtures (sulfide ions at 2.5 µM and all the aforementioned interfering ions at 25 µM).  294 
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CONCLUSIONS  295 

In summary, we have demonstrated a distinctive chiral bimetallic core-shell nanoparticle as a 296 

chiral plasmonic sensor for efficient sulfide detection. Unlike traditional plasmonic sulfide sensors, 297 

this chiral sensor provided clearer characteristic signals for tracking in its CD spectrum. Notably, 298 

the zero-crossing point in the CD spectrum was not only easy to identify but also effectively 299 

leveraged the trend of increasing linewidth, significantly enhancing the sensor's sensitivity. 300 

Furthermore, previous studies had indicated that the intrinsic chiral characteristics of chiral 301 

plasmonic nanoparticles could promote interactions with biological systems, such as reducing 302 

protein corona formation and enhancing cellular uptake efficiency.60 This potential advantage 303 

positions the chiral plasmonic sensor favorably for the efficient detection of endogenous sulfides 304 

in vivo. Future research will focus on integrating machine learning algorithms and multi-signal 305 

cooperative detection strategies to overcome current instrumentation limitations,61 further 306 

enhancing detection capabilities, including reliability and measurable range, a direction our 307 

research group is actively pursuing. Last but not least, the proposed structural design of the chiral 308 

core-sensor shell provides a promising reference scheme for customizing chiral plasmonic sensing 309 

platforms, allowing for the flexible adjustment of shell materials based on analyte requirements, 310 

including responsive molecules, polymers, and metals. 311 

 312 

METHODS 313 

Materials. Chloroauric acid (HAuCl4·3H2O, 99.9%), ʟ-Glutathione reduced (ʟ-Gsh, ≥98.0%), 314 

sodium borohydride (NaBH4, 99.0%), ascorbic acid (AA, 99%), cetrimonium bromide (CTAB, 315 

BioXtra, ≥99%), potassium iodide (KI, ≥99.0%) and sodium iodide (NaI, ≥99.5%) were purchased 316 
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from Sigma-Aldrich. Hexadecyltrimethylammonium chloride (CTAC) and silver nitrate (AgNO3, 317 

99.8%) were purchased from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan). 318 

Characterization. The UV-vis and CD spectra of the sample aqueous solutions were recorded 319 

using a JASCO V-770 spectrophotometer and J-1500 spectropolarimeter, respectively. The path 320 

length of the cuvette was 1 cm. The CD measurements were conducted with the following 321 

parameter settings: a scan speed of 200 nm/min, a response time of 1 ms, a sampling interval of 1 322 

nm, a bandwidth of 10 nm, and two scan repetitions. Field-emission scanning electron microscopy 323 

(SEM) measurements were carried out using an ultimate field emission scanning electron SU-8230 324 

(Hitachi High-Tech, Tokyo, Japan) at an acceleration voltage of 8 kV. Scanning transmission 325 

electron microscope (STEM) observations were carried out using a HD-2000 (Hitachi High-Tech, 326 

Tokyo, Japan) with a 200 kV accelerating voltage. High-resolution transmission electron 327 

microscopy (HRTEM) images were obtained using a JEM-ARM200F (JEOL Ltd., Tokyo, Japan) 328 

with a 200 kV accelerating voltage. The dynamic light scattering (DLS) measurements were 329 

performed with a Zetasizer Nano ZS (Malvern Panalytical Ltd, UK).   330 

Synthesis of Au ONPs. The synthesis of Au ONPs (edge length: 50 nm) was achieved via a 331 

seed-mediated method with iodide assistance. First, Au nanoseeds were prepared by rapidly 332 

injecting freshly prepared NaBH4 solution (225 µL, 20 mM) into an aqueous CTAC solution (0.1 333 

M, 5 mL) containing HAuCl4 (0.25 µM) with vigorous stirring for 2 min. The seed solution was 334 

then allowed to age at 30 °C for 1 h to ensure the degradation of excess NaBH4 before use. Next, 335 

growth solutions A and B were prepared. Growth solution A consisted of CTAC (5 mL, 0.2 M), 336 

water (4.5 mL), HAuCl4 (250 μL, 10 mM), KI (5 μL, 1 mM), and AA (220 μL, 40 mM). Growth 337 

solution B consisted of CTAC (40 mL, 0.2 M), water (36 mL), HAuCl4 (2 μL, 10 mM), KI (40 μL, 338 

1 mM), and AA (1.76 mL, 40 mM). The seed solution (25 μL) was injected into growth solution 339 
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A and shaken for 5 s (the solution turned pale pink). Then, this mixture (200 μL) was quickly 340 

transferred to growth solution B, thoroughly mixed, and left to stand at 30 °C for 15 min to allow 341 

for particle growth. The products were centrifuged twice (4230g, 10 min) to remove excess 342 

surfactant, and the collected product was subsequently redispersed in a CTAB solution (1 mM). 343 

Prior to the subsequent chiral growth, the final volume of the Au ONPs solution was adjusted such 344 

that, after dilution by a factor of 20, the absorbance at a wavelength of 400 nm reached 0.3. 345 

Synthesis of c-Au NPs. The preparation of c-Au NPs was achieved through the regrowth of Au 346 

ONPs mediated by chiral ligands ʟ-Gsh. In a typical growth protocol, a growth solution consisting 347 

of water (3.458 mL), HAuCl4 (200 µL, 10 mM), CTAB (800 µL, 100 mM), and AA (480 µL, 100 348 

mM) was prepared in a scintillation vial. Subsequently, ʟ-Gsh (27 µL, 2 mM) and Au ONPs (35 349 

µL) were sequentially added to the growth solution, followed by thorough vortexing for 30 s. The 350 

mixture was then allowed to stand at a constant temperature in a water bath (30 °C, 2 h) to obtain 351 

c-Au NPs. Similarly, the resulting products were centrifuged twice (1440g, 6 min), and the 352 

collected products were redispersed in a CTAC solution (1 mM). 353 

Synthesis of c-Au@Ag NPs. The c-Au@Ag NPs core-shell structure was achieved through the 354 

epitaxial growth of a Ag layer on the Au surface. Specifically, a mixture of CTAC (1.5 mL, 80 355 

mM) and c-Au NPs (75 µL) was prepared in a scintillation vial and preheated in an incubator 356 

(65 °C, 10 min). Subsequently, AgNO3 (10 mM) and AA (15 µL, 100 mM) were sequentially 357 

added to the above solution, followed by thorough vortexing for 30 s. The vial was then returned 358 

to the incubator (65 °C, 4 h). The amount of AgNO3 (5/10/20/30 µL) was varied to adjust the Ag 359 

content in the bimetallic composition. The resulting solution was centrifuged twice (1440g, 6 min) 360 

and redispersed in deionized water, with the final volume maintained at 990 µL. 361 



 23 

Detection of sulfide in aqueous solutions. The above c-Au@Ag NPs solution (990 µL) was 362 

mixed by vortexing with varying concentrations of Na2S solution (10 µL), and adjusting the final 363 

concentration of sulfide ions to 0.1/0.5/1/2.5/5/10/25 µM. To ensure complete reaction, the 364 

samples were allowed to stand at room temperature for 30 min before testing. 365 

Calculation of the g-factor. The asymmetry factor of polarization rotation, also known as the 366 

g-factor, is a concentration-independent parameter. The ratio of the different extinction values of 367 

a substance between LCP and RCP light to the total extinction value is calculated using the 368 

following formula: 369 

g-factor=
𝐶𝐷(𝑚𝑑𝑒𝑔)

32980∙Extinction
  370 
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